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With the formation of structural vacancies, zirconium nitrides (key materials for cutting coatings, super wear-
resistance, and thermal barrier coatings) display a variety of compositions and phases featuring both cation and nitrogen
enrichment. This study presents a systematic exploration of the stable crystal structures of zirconium heminitride combin-
ing the evolutionary algorithm method and ab initio density functional theory calculations at pressures of 0 GPa, 30 GPa,
60 GPa, 90 GPa, 120 GPa, 150 GPa, and 200 GPa. In addition to the previously proposed phases P4, /mnm-, Pnnm-, and
Cmem-ZrN, five new high-pressure ZryN phases of P4/nmm, 14 /mcm, P2y /m, P3m1, and C2/m are discovered. An en-
thalpy study of these candidate configurations reveals various structural phase transformations of Zr, N under pressure. By
calculating the elastic constants and phonon dispersion, the mechanical and dynamical stabilities of all predicted structures
are examined at ambient and high pressures. To understand the structure—property relationships, the mechanical properties
of all Zr,N compounds are investigated, including the elastic moduli, Vickers hardness, and directional dependence of
Young’s modulus. The Cmcm-Zr;N phase is found to belong to the brittle materials and has the highest Vickers hardness
(12.9 GPa) among all candidate phases, while the /4/mcm-Zr,N phase is the most ductile and has the lowest Vickers hard-
ness (2.1 GPa). Furthermore, the electronic mechanism underlying the diverse mechanical behaviors of ZrpN structures is

discussed by analyzing the partial density of states.

Keywords: phase transition, phonon dispersion, Zr; N, first-principles calculations

PACS: 64.60.—1, 63.20.D—, 81.05.Je, 71.15.Mb

1. Introduction

As key materials for cutting coatings, super wear-
resistance, and thermal barrier coatings, group IVB transi-
tion metal nitrides (TMNs; TM=Ti, Zr, and Hf) have been
widely used in mold-making industries, automobile manufac-
turing, and aerospace industries owing to their high melting
point, excellent chemical stability, corrosion resistance, and
metallic conductivity.['~#! In the TMNs, the well-known stable
phase is the stoichiometric B;-TMN compound with a rock-
salt structure (space group Fm3m). However, the TMNs may
display a variety of compositions and phases featuring both
cation and nitrogen enrichment.>8] Owing to the improve-
ment of high-temperature and high-pressure experimental con-
ditions, novel TMNs such as Th3P4-Zr;Ny®! and 14/mem-
TiN, 191 have been experimentally synthesized and exhibit
excellent mechanical properties. With metalloid vacancies
displaying long- or short-range order, or both, most TMNs
(TMN,, for x = 0-1) exist on the metal-rich side (i.e., x<0.5)
of the phase diagram.>~") However, compared to transition
metal (TM) sub-nitrides, more research has focused on stoi-
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chiometric TMNs and nitrogen-rich TMNs. Consequently, an
investigation of novel stable crystal structures for metal-rich
TMNs under high pressure is essential for the development of
practical applications.

Numerous studies exist on the phase stability, elec-
tronic structure, and mechanical properties of Ti-N, =171 75
N, H1-16,18-201 apnd HE-N[12-1618.211 gystems. Recent studies
using the evolutionary algorithm/search algorithm and den-
sity functional theory (DFT) have investigated the stable struc-
tures and possible stoichiometries of the TMN13-17.20211 gy
tems. Yu et al.!'”! explored the stable structures and pos-
sible stoichiometries of the Ti-N system at the pressures of
0 GPa, 20 GPa, and 60 GPa and found the new ground
structures TizNj, TiyN3, and TigNs at atmospheric pressure
and two novel stable phases Cmcm-TioN and I4/mcm-TiN,
at high pressures (synthesized by Bhadram et al. using the
laser-heated diamond anvil cell technique at 73 GPa and
2400 K%y, Weinberger et al.!'! investigated candidate stable
structures of the group IVB and group VB TMNs at ambient
pressure and demonstrated that the stable phase of TipN and
ZrN is the tetragonal P4,/mnm phase, while Hf,N is more
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energetically favorable in the orthorhombic Pnnm phase. Re-
search by Yu et al. [20] revealed that Fm3m-ZrN, P4, /mnm-
Zr)N, C2/m-ZryN3, C2/m-Zr¢Ns, C2/m-ZrgN7, P1-Zr sNyg,
P1-Zr7Ng, and C2 /m-Zr4Ns are ground-state structures at
0 GPa and low temperatures. Zhang et al.>'! studied the
pressure-composition phase diagram for the Hf-N system un-
der 0-60 GPa and revealed new candidate phases with a Hf : N
ratioof 6: 1,3 : 1, and 3 : 2 at zero pressure. Zirconium as well
as Ti and Hf are group IVB TMs whose nitrides display simi-
lar phase transitions, chemical bonding, and elasticity. Unlike
many studies for titanium and hafnium nitrides, the investi-
gations of novel structural phases of high-pressure zirconium
nitrides are limited. Specifically, no theoretical study has yet
focused on new crystal structures of Zr-rich nitrides under high
pressures.

Considering this background, the present research fo-
cuses on novel crystal configurations of zirconium sub-nitride
Zr;N at 0-200 GPa by combining evolutionary searches and
first-principles calculations. By calculating the elastic con-
stants and phonon spectra, the mechanical and dynamical sta-
bilities for all candidate structures are evaluated. Additionally,
the electronic and mechanical properties of the crystal phases
are systematically analyzed to reveal the potential applications

of the binary zirconium heminitrides.

2. Computational methods

To identify all potential novel ZryN crystal structures,
the evolutionary algorithm method implemented in the US-
PEX code!>>?*! with variable cell number (up to 30 atoms)
is performed at pressures of 0 GPa, 30 GPa, 60 GPa, 90 GPa,
120 GPa, 150 GPa, and 200 GPa. We set the number of struc-
tures in the population to be 100, thus producing at random the
first generation of structures. The 50 structures in the subse-
quent generations are produced by heredity (40%), soft muta-
tion (20%), transmutation (20%), and randomness (20%).

The structural relaxations (i.e., optimization of lattice
shape, volume, and atomic positions) and energies of every
structure along with all calculations of the properties of inter-
est are executed in the VASP code!>! based on DFT.[?%27] The
projector augmented-wave method(?8! is adopted for the ion-
electron interactions, and the generalized gradient approxima-
tion of Perdew er al.!*®! is used for the exchange-correlation
function. Electrons in the 4s?4p®4d*5s” and 2s*2p> orbitals
are considered as valence electrons for Zr and N, respec-
tively. The plane-wave kinetic energy cutoff is set to 600 eV.
Monkhorst-Pack*%! k-meshes with a resolution of 27t x 0.04 A
are adopted to characterize the energy integration in the Bril-
louin zone. The criteria for the force on the atoms are set at
0.01 eV/A for ion self-consistency, while the energy conver-

gence of the electronic self-consistency is set to be 107> eV
per atom.

Using a 2 x 2 x 2 supercell, the phonon dispersion re-
lations are achieved in the framework of density functional
perturbation theory 332! as implemented in the PHONOPY
package®*! as well as the VASP code.
stants are calculated by the strain—stress method, 341 and the

The elastic con-

elastic moduli (i.e., bulk modulus B, shear modulus G, and
Young’s modulus E) as well as Poisson’s ratio v, are obtained
under the Voigt-Reuss—Hill approximation. 33371 Employing
Chen’s model,?® the theoretical Vickers hardness values are

estimated using
Hy =2(*G)™*% =3, (1

where k¥ = G/B is the Pugh ratio. The directional dependence
of Young’s modulus is also calculated to reveal the anisotropy
of all potential ZryN phases.

3. Results and discussion

Besides the known &-ZrN (i.e., P4, /mnm-Zr,N), Pnnm-
ZroN,115:21 and Cmem-ZroN phases, five novel phases (i.e.,
P4/nmm, 14/mcm, P2y/m, P3ml, and C2/m) of Zr,N are
predicted in this work via the evolutionary structure search
and ab initio calculations. We note that, although there is
no research reporting a Cmcm-type ZryN, the Cmcm phase

U7 and hafnium

has been discovered in titanium heminitride
heminitride!?!! at high pressure. Detailed crystallographic
data and schematic crystal structures of all these phases at am-
bient pressure are shown in Table 1 and Fig. 1, respectively.
Noticeably, our evolutionary simulations successfully identify
the well-known €-Zr, N phase, representing the reported stable
structure for zirconium heminitride at 0 GPa by Yu et al.[?!
Additionally, the calculated equilibrium lattice constants for
P4y /mnm-ZrN (a = b = 5.422 A, ¢ = 3.307 A) are consistent
with the DFT-obtained values previously reported in Ref. [20].
Similar to the scenario represented by the €-TioN and Pnnm-
Hf,N phases, !> we note that Pnnm-Zr;N is a distorted ver-
sion of €-Zr,N with lower crystal structure symmetry. To
more easily observe this distortion, the crystal structures of
P4, /mnm-Zr,N and Pnnm-Zr,N viewed along the a-axis (i.e.,
[100] direction) are plotted in the lower panels of Figs. 1(a)
and 1(b), respectively. By drawing the Zr—N bonds, the bond
angles in the P4,/mnm-Zr;N phase can be seen as axially
symmetric along the [110] and [110] directions, while these
symmetries are absent in Pnnm-Zr,N and the bond angles dis-
play subtle distortions. It can be expected that the bonding
character and mechanical behaviors of the Pnnm-phase will
be similar to those of &-Zr,N.
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I4/mem

P3ml

C2/m

Fig. 1 Schematic crystal structures of potential Zr,N for (a) P4y/mnm, (b) Pnnm, (c) Cmcm, (d) P4/nmm, (€) 14/mcm, (f) P2y /m,
(g) P3m1, and (h) C2/m phases at 0 GPa. The schematic shows the N atoms (gray circles) in the centers of the gray polyhedrals and the Zr

atoms (green circles).

As displayed in Fig. 1, although the Cmcm, P4/nmm,
and P2;/m phases belong to different crystal systems and
have different symmetries, they demonstrate similar charac-
ters wherein all N atoms are octahedrally coordinated by six
Zr atoms and the NZrg octahedrons arrange along a uniform
direction. In fact, the Cmcm, P4 /nmm, and P2, /m phases are
versions of the rocksalt B1-TiN (space group Fm3m, No. 225)
with ordered N-vacancies. Likewise, vacancy-ordered phases

17211 and

have also been reported for group IVB TMNs!
carbides.[3%4% In the P3m1 and C2/m phases, N atoms are
also centered in the octahedron (composed of Zr atoms) inter-
stices, though NZrg octahedrons arrange along different ori-
entations. There are 12 atoms in a unit cell of the anti-rutile
structure of the 74/mcm phase, of which the metal Zr and non-
metal N atoms occupy the Wyckoff 8h and 4a positions, re-
spectively. Each N atom is coordinated by eight Zr atoms,
forming a decahedron. This crystal structure naturally reminds
us of the I4/mem-TiN, phase belonging to the same space
group, where the metal atoms and nitrogen atoms in /4/mcm-
TiN, and I4/mcm-Zr,N phases occupy the opposite Wyckoff
positions. However, unlike the short NN dumbbell bond length
of 14/mem-ZrN,, which is as short as 1.424 A at 1 atm,['! the
Zr-Zr bond length of I4/mcm-Zr,N is as long as 2.981 A at

ambient pressure. It can therefore be predicted that the me-
chanical strength and hardness of /4/mcm-Zr,N will be signif-
icantly less than those of /4/mcm-ZrN,.

To ascertain the thermodynamic stability of the predicted
ZrpN configurations, we obtain the formation enthalpies per
atom AH using

AH = |H(Zr,N) — 2H (Zr) — %H(Nz) /3, )

where H(Zr,N), H(Zr), and H(N;) are the enthalpies per for-
mula unit of Zr,N, P63/mcm-Zr, and ¢-N,, respectively, at a
specific pressure. Our determined formation enthalpies of all
Zr)N candidate phases at 0 GPa are summarized in Table 1.
It can be seen that P4,/mnm-Zr,;N is the most stable phase of
zirconium heminitride at atmospheric pressure with the for-
mation enthalpy calculated to be —1.2914 eV per atom, which
agrees well with the result of —1.249 eV/atom from Ref. [21].
As a distorted version of €-Zr,N (see Figs. 1(a) and 1(b)), we
note that the AH of the Pnnm phase is only slightly higher
than that of P4,/mnm-Zr,N. As shown in Table 1, the I4/mcm
phase exhibits the highest formation enthalpy among the eight
phases, indicating that /4/mcm Zr,N is the least energetically
favorable phase for zirconium heminitride at 0 GPa.
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Table 1. Structural parameters (lattice constants and atomic coordinates) and formation enthalpies AH of the candidate phases of

ZrN at 0 GPa, along with other DFT-predicted values.

‘Wyckoff positions

Phases Lattice parameters (A, degree) . AH (eV-atom™!)
atom site X y z
P4y/mnm a=b=5422,¢c=3.307 Zr 4g 0.796 0.796 0.500 —1.2914
a=b=>5426 ¢=3.319* N 2a 0.00 0.00 0.00 —1.249°
Pnnm a=5.449,b=5.397 Zr 4g 0.302 0.209 0.00 —1.2912
c=3.305 N 2¢ 0.500 0.00 0.500
Cmem a=23.244,b = 12.468 Zrl 4c 0.00 0.187 0.75 —1.2708
c=4.771 Zr2 4c 0.500 0.064 0.25
N 4c 0.00 0.186 0.25
P4 /nmm a=b=3.252,c=18.049 Zrl 8j 0.00 0.500 0.934 —1.2041
Zr2 8j 0.00 0.500 0.440
Zr3 8j .00 0.500 0.189
Zrd 8j 0.500 0.00 0.318
N1 8j 0.00 0.500 0.063
N2 8j 0.00 0.500 0.809
4/mem a=b=5721,c=5437 Zr 8h 0.324 0.824 0.500 —0.6913
N 4a 0.500 0.500 0.75
P2y /m a=12.511,b=4.733 Zrl 2e 0.949 0.25 0.751 —1.2170
c=3.241 Zr2 2e 0.434 0.25 0.250
a=v7=90, 5 =289.944 Zr4 2e 0.813 0.75 0.749
N1 2e 0.693 0.75 0.249
N2 2e 0.434 0.75 0.250
P3ml a=b=06.544,c=5.224 Zrl 6i 0.166 0.332 0.253 —1.2576
a=p=90,y=120 Zr2 2d 0.333 0.667 0.733
N1 3f 0.500 0.500 0.500
N2 la 0.00 0.00 0.00
C2/m a=16.598,b=13.313 Zrl 4i 0.898 0.500 0.206 —1.2803
c=5.331 Zr2 4i 0.563 0.500 0.291
a=7=90, 5 =91.993 7Zr3 4i 0.730 0.00 0.241
N1 4i 0.834 0.00 0.979
N2 2d 0.500 0.00 0.500

aRef. [20], PRef. [15].

To further investigate the phase transition of Zr, N at high
pressure, the enthalpies of these candidate configurations are
calculated as a function of pressure up to 200 GPa. Figure 2
plots the calculated enthalpy (relative to the Cmcm phase) per
atom as a function of pressure for all candidate phases and the
inset shows a detail of the enthalpy-pressure curves for the 3—
17 GPa pressure range. As demonstrated in Fig. 2, the diverse
crossings between different structures in the pressure range of
0-200 GPa indicate the existence of various structural phase
transformations for Zr,N under pressure. The P4,/mnm-Zr,N
transforms to Pnnm-Zr,N at approximately 6.5 GPa, where-
upon Pnnm-ZrN transforms to Cmem-Zr,N at 16.3 GPa. This
is different from the scenario of Ti;N and Hf;N. Specifi-
cally, the stable crystal structure of titanium heminitride at the
ambient pressure (i.e., P4o/mnm-Ti;N) transforms directly to
Cmem-TipN at 20.8 GPa.!'] In terms of hafnium heminitride,
the orthorhombic Pnnm-Hf;N phase, which is the most stable
configuration at atmospheric pressure, transforms to Cmcm-
Hf>N at 12.5 GPa.l?!l According to Fig. 2, though the Cmcem-
ZrN is initially the most energetically favorable when the
pressure exceeds 16.3 GPa, other phases become more ener-
getically favorable as the pressure increases further. For ex-
ample, the P4/nmm-Zr,N phase exhibits a lower enthalpy than
Cmcem-ZrpN at 55.2 GPa, as does the P2, /m-Zr,N phase at
65.0 GPa, where the P4/nmm-Zr,N phase possesses the low-

est enthalpy from 55.2 GPa to 144.4 GPa. When the pressure
further increases, the P4/nmm and P2 /m phases both trans-
form to the I4/mcm configuration at pressures of 122.8 GPa
and 144.4 GPa, respectively. This signifies that the /4/mcm-
ZrN phase is the most energetically-favored structure in the
144.4-200 GPa pressure range. The enthalpies of the P3ml
and C2/m phases are higher than those of the Pnnm phase dur-
ing the entire studied pressure range, but these phases possess
a lower enthalpy than the P4,/mnm phase when the pressure
exceeds 34.5 GPa and 40.3 GPa, respectively.

0.6 L —8— P4,/mnm —e— Pnnm —A— Cmem
~ —v— P4/nmm ——I4/mcm ——P2;/m
*
0.4+ ‘\‘\jb— P3m1 ——C2/m ./-/
N ___—n
0.2} e
g —r

144.4 GPa

H—Hcmem (eV/atom)

120 160

0 40 80
Pressure (GPa)

200

Fig. 2. Calculated enthalpy curves as a function of pressure for the differ-
ent phases of Zr, N, with reference to the Cmcm phase. Inset: Detail of the
enthalpy—pressure curves in the 3—17 GPa pressure range.
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Fig. 3. Phonon dispersion curves for (a) P4,/mnm, (b) Pnnm, (c) Cmcm, (d) P4/nmm, (e) I4/mcm, (f) P2y /m, (g) P3m1, and (h) C2/m

phases at 0 GPa, respectively.

Next, the dynamical and mechanical stabilities of the can-
didate Zr, N structures are investigated using the phonon spec-
tra and elastic constants. The calculated phonon frequencies of
the five novel structures (P4/nmm, I4/mcm, P2,/m, P3m1, and
C2/m) and the P4,/mnm, Pnnm, and Cmcem phases of Zr,N at
atmospheric pressure are plotted in Fig. 3. Clearly, there are

no imaginary frequencies for all predicted phases at 0 GPa,

signifying that these configurations are all dynamically stable.
The calculated phonon dispersion curves of P4,/mnm-Zr;N in
this study are consistent with previous DFT results.?’! In ad-
dition to ambient pressure, we also study the phonon stability
of all structures under high pressure. Soft phonons are found
in &-ZrpN, P4/nmm-Zr,N, and C2 /m-Zr,N with an initial neg-
ative slope at the I" point (related to crystal instability under a
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homogeneous deformation) for pressures of 20 GPa, 200 GPa,
and 120 GPa, respectively. This suggests the existence of me-
chanical instability in £-Zr,N, P4/nmm-Zr,N, and C2 /m-Zr,N
at these corresponding pressures.*!! The Cmcem, I4/mem, and
P2 /m phases, however, maintain their phonon stability above
200 GPa, while the Pnnm and P3m]1 configurations hold dy-
namic stability up to 200 GPa and 160 GPa, respectively.

The elastic constants were obtained using the strain-
stress method and are summarized in Table 2. The P4,/mnm,
P4/nmm, and I4/mcm structures belong to the tetragonal crys-
tal system (Laue class of 4/mmm) and have six independent

elastic constants. The mechanical stability criteria of the

tetragonal crystal are given as[4>~+4]

Ci1 > |Cr2], Cag > 0,Ce6 > 0, C33(C11 4+ C12) > 2C%3. 3)

The Pnnm- and Cmcm-ZryN are both orthorhombic crystal

systems with nine independent elastic constants. The mechan-

ical stability criteria for an orthorhombic class are!*!

Ci1 >0, Cyy >0, C55 >0,

Ces >0, C11Cp > Chy,

C11C2C33 +2C1C13C23 — C11Cs

—CpCl —C33Ch > 0. (4)

With thirteen independent C;;, the mechanical stability criteria

of the two monoclinic Zr,N phases (i.e., P2;/m and C2/m)

are given by![40]

Ci1 >0, Ca >0, C11Cx—Ch >0, CaaCo5—Cig >0,

T = C11C2C33 +2C12C13Ca3 — C11C34
—~CCy — C33CE, > 0,
C15(C33 — CnC33) + C35(Cl3 — Cii C33)
+C35(C, — C11Ca) +2C15C35(C13C20 — C12Ca3)
+2C15C5(C12C33 — C13Ca3)
+2C»5C35(C3C11 — C12C13) +CssT > 0. 5)

The P3m1-Zr,N phase belongs to the trigonal crystal system
(Laue class of 3m) and has six independent elastic constants.

The mechanical stability criteria of a trigonal crystal are[*’]

Ci1 > |Cr2|, C33>0, Cy4 >0,
(C11 +C12)C33 > 2CF, (Ci1 —C12)Cag > 2C34. (6)

According to Table 2, the calculated elastic constants of
the eight candidate Zr,N phases all satisfy the mechanical sta-
bility criteria, indicating that these Zr,N configurations are
mechanically stable at ambient pressure. The above discus-
sions of phonons reveal that P4,/mnm-, C2/m-, and P4/nmm-
Zr,N will exhibit mechanical instability at 20 GPa, 120 GPa,
and 200 GPa, respectively. We calculate the C;; values and ex-
amine the mechanical stability criteria of a tetragonal crystal
using Eq. (3), and find that the lattice of P4,/mnm phase be-
comes mechanically unstable when C;1 <Cj, at 20 GPa, while
the mode of failure for the P4/nmm structure is C33(Cy) +
C12) < 2C%; at 200 GPa. In terms of C2/m phase, the lattice is
found to become mechanically unstable in the C44 <0 mode at
120 GPa according to Eq. (5).

Table 2. Calculated elastic constants (C;;), elastic moduli (i.e., bulk modulus By, shear modulus Gy, and Young’s modulus E), B /G ratio,
Poisson’s ratio (v), and Vickers hardness (H,) of the Zr,N compounds at zero pressure, along with other DFT calculated values. C;;, By,

G, E, and H, are in GPa, B/G, and v are dimensionless.

Phase P4, /mnm Pnnm Cmcm P4/nmm 14/mem P2y/m P3ml C2/m
Cn 248.9 305¢ 2320 2344 334.1 289.5 225.6 207.8 291.4 272.5
Ci 169.0 1422 163° 178.4 69.9 119.9 176.6 108.3 105.0 100.0
Ci3 97.8 108? 107° 109.1 72.2 94.7 96.5 75.6 91.7 135.0
Cig 7.1
Cis -3.9 —32.4
Cx 240.3 259.7 261.5 336.5
C3 86.8 84.4 68.9 76.6
Cys 0.8 14.4
C33 358.3 362¢ 348b 355.0 259.4 150.8 278.6 318.3 264.5 256.5
Css 0.9 28.6
(o 119.1 119% 114° 118.3 103.6 81.0 422 78.0 70.9 105.4
Cue 0.0 35
Css 118.8 88.8 17.0 69.3
Ceo 117.0 1142 120° 117.1 60.1 99.5 81.5 70.2 93.2 121.7
By 175.9 187% 173P 175.1 144.6 140.8 163.1 142.7 157.9 164.6
Gu 94.7 109% 8gP 87.3 89.8 77.5 51.1 56.8 83.3 86.7

E 240.8 2742 227° 224.5 2232 196.4 138.8 150.4 2124 221.3
v 0.272 0.2562 0.28° 0.286 0.243 0.268 0.358 0.324 0.276 0.276

B/G 1.859 1.7212 1.966° 2.006 1.610 1.818 3.191 2514 1.897 1.898

H, 10.9 13.52 9.5% 9.1 12.9 9.7 2.1 4.2 9.6 9.9

aRef. [20], PRef. [48].
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The constants Cy1, Cy,, and Cs3 reflect the resistance of
the crystal to normal strain in the [100], [010], and [001] direc-
tions, respectively. As mentioned above, the Cmcm, P4/nmm,
and P2 /m phases are versions of the cubic B1-TiN possessing
ordered nitrogen vacancies. As shown in Table 2, P2 /m-Zr,N
possesses the lowest Cj; among the eight predicted structures.
This is because the N-vacancies of the P2;/m phase are dis-
tributed in the (100) plane and the least-dense atomic arrange-
ment is in the [100] direction (see Fig. 1). Similarly, the N-
vacancies of the P4/nmm phase are distributed in the (001)
plane and the atomic compactness in the [001] direction is the
worst (shown in Fig. 1). The P4/nmm-Zr,N phase possesses
the lowest C33 value among the eight candidate structures.
Conversely, the Cmem, C2/m, and P4,/mnm phases respec-
tively exhibit the highest Cy1, C2;, and C33 values. We note that
our calculated elastic constants (except Cy1) of P4,/mnm-Zr,N
are consistent with the results of Yu et al.,!*°! and our calcu-
lated Cy of €-Zr;N agrees well with the result of Ref. [48].

The elastic moduli (i.e., bulk modulus By, shear modu-
lus Gy, and Young’s modulus E), B/G ratio, Poisson’s ratio v,
and Vickers hardness Hy of the Zr,N compounds at zero pres-
sure are further studied by the methods mentioned in Secion 2
and are summarized in Table 2. Clearly, €-Zr,N exhibits the
largest bulk, shear, and Young’s moduli among the Zr,N com-
pounds, which indicates that €-Zr,N has the best resistance
to volume change and shear shape deformation, and the best
stiffness. Notably, the Pnnm phase, which is a distorted ver-
sion of the €-Zr,N phase, has similar but lower elastic moduli
compared with those of the € phase. The P4/nmm-Zr,N phase
exhibits the smallest By value, while /4/mcm-Zr;N possesses
the smallest Gy and E values.

The B/G ratios (proposed by Pugh!®1) of all structures
except the Cmcm phase are larger than 1.75, implying that
the P4y/mnm, Pnnm, PAlnmm, [4/mcm, P2, /m, P3ml, and
C2/m phases belong to ductile materials, where the I4/mcm
phase is the most ductile among these configurations. In con-
trast, Cmcm-Zr,N possesses the smallest B/G ratio and Pois-
son’s ratio v, which is the most brittle phase among the Zr,N
compounds. Intriguingly, owing to its brittleness, Cmcm-Zr,N
exhibits the highest Vickers hardness (12.9 GPa), though its
shear modulus is lower than that of &-Zr,N. Contrarily, the
I4/mcm phase has the lowest hardness as small as 2.1 GPa at
ambient pressure. Note here that the /4/mcm phase has the
lowest shear modulus, Young’s modulus, and hardness among
the studied structures, where its abnormal and relatively higher
bulk modulus primarily originates from its large mass density.

Moreover, we investigate the directional dependence of

Young’s modulus for all predicted Zr,N phases (see Fig. 4).

Although the eight candidate configurations possess identical
chemical composition ratios, their mechanical properties ex-
hibit considerable differences. Young’s modulus of the P3m1
phase displays the most isotropic features among the Zr,N
compounds because its three-dimensional Young’s modulus
diagram shape is the closest to a sphere. Looking at the di-
agram shapes in Fig. 4 and the degree of their deviation from
spherical, the P2, /m-Zr,N phase exhibits the most anisotropic
features, followed by the Pnnm and I4/mcm phases. The
anisotropy of the P2;/m-Zr;N arises from the high C33 and
C»; values and the low C»3 value, resulting in a large Young’s
modulus in the y- and z-axis directions and a small E in the
diagonal directions of the y—z plane. The anisotropy of the
Pnnm and I4/mcm phases is mainly owing to their relatively
low Cy1 and Cy; values and high C; value, resulting in a small
Young’s modulus in the x- and y-axis directions and a large £
in the diagonal directions of the x—y plane.

To understand the electronic properties and bonding fea-
tures of these zirconium heminitrides, we further study the
density of states (DOS) of each system. Figure 5 shows the
s- and p-orbital partial DOS of N, the d-orbital partial DOS
of Zr, and the total DOS for all Zr;N phases. Notably, all
Zr;N compounds are metallic owing to the finite DOS at the
Fermi level, which are dominated by the 4d orbitals of the zir-
conium atoms (see Fig. 5). Owing to the contribution of the
2s orbitals of the N atoms, all studied configurations exhibit
a deep valence band below —12 eV. Similar to the scenario
reported in the Ti,, N, (n = 1, 2, 3, and 5) structures,!!”! in-
teractions exist here between Zr and N atoms. According to
Fig. 5, these interactions originate from the hybridization of
the N-2p states and Zr-4d states in the energy region of —7 eV
to —2.5 eV. We note that the interaction between Zr and N
in the Cmcm phases exhibits greater hybridization than that in
the P4/nmm and P2 /m structures. This suggests that Cmcm-
ZroN will possess better mechanical strength and deforma-
tion resistance than the P4/mmm and P2;/m phases, which
is consistent with the calculated results of the elastic mod-
uli in Table 2. Unlike the strong covalent N-N bonding na-
ture in the /4/mcm-type TM pernitrides, weaker interactions
are exhibited by the covalent-like Zr—N bond and metallic Zr—
Zr bond in the I4/mcm-Zr;N phase. Consequently, compared
with I4/mcm-type TM pernitrides, the I4/mcm-type TM hem-
initrides possess reduced mechanical strength and hardness.
For example, compared with the values exhibited by /4/mcm-
ZrN, the I4/mem-ZrN, structure exhibits larger calculated
bulk modulus (1.7x), shear modulus (3.4x), Young’s mod-
ulus (3.1x), and hardness (12.3x).!1¢]
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Fig. 4! Directional dependence of Young’s modulus (in GPa) of (a) P42/mnm, (b) Pnnm, (c) Cmcm, (d) P4/nmm, (e) I4/mem, (f) P2, /m,
(g) P3m1, and (h) C2/m phases at 0 GPa.
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Fig. 5. Projected density of states (DOS) of Zr,N compounds at ambient pressure, showing the partial DOS of the N 2s (red line) and N
2p (blue line) orbitals, the Zr 4d orbital (green line), and the total DOS (black line).
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4. Conclusion

In summary, the pressure-dependent phase diagram of
zirconium heminitride is investigated using ab initio evolu-
tionary algorithm methods. Five novel high-pressure phases
(i.e., P4/nmm, I4/mem, P2;/m, P3ml, and C2/m) of Zr,N
are predicted in the present study. As the pressure increases
from 0 GPa to 200 GPa, Zr,N moves sequentially through the
phases as P4,/mnm— Pnnm — Cmcm — P4/nmm— [4/mcm
at the corresponding transition pressures of 6.5 GPa, 16.3 GPa,
55.2 GPa, and 144.4 GPa, respectively. The calculated phonon
spectra reveal that all candidate Zr,N structures are dynam-
ically stable at ambient pressure. According to the calcu-
lated elastic constants, all predicted Zr,N configurations are
expected to be mechanically stable at atmospheric pressure.
Although the eight candidate configurations possess identical
chemical composition ratios, their mechanical properties ex-
hibit considerable differences. Excepting the Cmcm phase, the
Zr)N structures are ductile materials, among which the I4/mcm
phase is the most ductile configuration. At atmospheric pres-
sure, the Vickers hardness of the Zr,N compounds is or-
dered as Cmcm > P4, /mnm > C2/m > P4/nmm > P3m1 >
Pnnm > P2y /m > I4/mcm. The calculated electronic struc-
tures demonstrate that the high mechanical strength and hard-
ness of the Cmcm phase originate from the strong hybridiza-
tion of the N-2p states and Zr-4d states, while the weaker in-
teractions between the Zr and N atoms are likely responsible
for the weaker mechanical behaviors of I4/mcm-Zr,N. These
results provide important additional insight into the structure-
property relationships of TM heminitrides and the develop-
ment of practical applications for Zr,N.
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