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The electronic and mechanical properties of 5d transition metal mononitrides from LaN to AuN are
systematically investigated by use of the density-functional theory. For each nitride, six structures are
considered, i.e., rocksalt, zinc blende, CsCl, wurtzite, NiAs and WC structures. Among the considered
structures, rocksalt structure is the most stable for LaN, HfN and AuN, WC structure for TaN, NiAs
structure for WN, wurtzite structure for ReN, OsN, IrN and PtN. The most stable structure for each
nitride is mechanically stable. The formation enthalpy increases from LaN to AuN. For LaN, HfN and TaN,
the formation enthalpy is negative for all the considered structures, while from WN to AuN, except
wurtzite structure in ReN, the formation enthalpy is positive. The calculated density of states shows that
they are all metallic. ReN in NiAs structure has the largest bulk modulus, 418 GPa. The largest shear
modulus 261 GPa is from TaN in WC structure. Trends are discussed.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Due to their unique properties including high hardness, high
melting point, good electrical-thermal conductivity, catalytic
activity, chemical inertness and superconductivity, the transition
metal mononitrides have been studied extensively and used
widely in variety of industrial applications, such as hard coatings
for cutting tools and magnetic storage devices, diffusion barriers
in advanced semiconductor device technologies, generators,
maglev trains, optoelectronics and high-power energy industry
[1,2]. Till now, there were many studies on transition metal
mononitrides. A brief introduction of these studies is given in the
following. For 3d transition metal mononitrides from ScN to NiN,
the structural, electronic and magnetic properties were studied by
use of the linear muffin tin orbital (LMTO) method both in rocksalt
[3,4] and zinc blende structures [3]. The cohesive properties of 4d
transition metal mononitrides from YN to PdN in rocksalt
structure were studied by use of LMTO method [5]. In addition,
a systematic theoretical study of the zinc blende 4d transition
metal mononitrides from YN to AgN was performed by full-
potential linearized augmented-plane-wave (FLAPW) method
[6,7]. It was shown that except the insulating YN, all other
mononitrides are metallic, and the paramagnetic state was
predicted to be stable for the whole series [6,7]. Although there
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were also many studies on the individual compound on the 3d and
4d transition metal mononitrides, a detailed description will not
be given in this paper since our research focuses on the 5d
transition metal mononitrides. For the 5d transition metal
mononitrides from LaN to AuN, many studies were available
[8-47,53].

On the experimental side, LaN, HfN, TaN, WN and platinum
nitride have been synthesized under different methods. LaN was
prepared in the rocksalt structure [8,9]. HN was grown by zone-
annealing technique in the rocksalt structure [10,11], and it was
identified as a superconductor [11-13]. The measured bulk
modulus of HfN was 306 GPa by neutron scattering measurements
[11]. TaN was synthesized in the rocksalt [14-17] and WC
(tungsten carbide) structures [17-19] by diverse methods. HfN
and TaN thin films were considered to be suitable materials for
diffusion barriers in semiconductor technology [20,21]. In addi-
tion, TaN film was an attractive interlayer as well as a diffusion
barrier layer in [FeN/TaN], multilayers for the application as
potential write-head material in high-density magnetic recording
[22]. WN was synthesized in WC structure in a high-frequency
vacuum induction furnace [19]. Recently, platinum nitride was
synthesized by laser-heated diamond anvil cell techniques with
temperature exceeding 2000K and pressure around 50 GPa and
recovered in zinc blende structure back to ambient conditions.
The measured bulk modulus is 372 GPa [23], which was compared
to that of cubic boron nitride (cBN). Here, we use the term
platinum nitride, instead of PtN. The reason will be given in a
later section.
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On the theoretical side, more studies [24-47] were available
compared with the experimental studies. For the series from LaN
to PtN, the electronic properties in the rocksalt structure were
studied by the LMTO method [24,25]. For individual studies, the
structure phase stability and superconductivity of LaN was
studied by the tight-binding LMTO (TB-LMTO) method within
the local density approximation (LDA) [26]. Quite recently, Ciftci
et al. [27] have studied the structural, elastic, thermodynamic and
electronic properties of LaN by use of the plane-wave pseudopo-
tential (PW-PP) method within the generalized-gradient approx-
imation (GGA). It was found that the phase transition from
rocksalt to CsCl structures occurs at the pressure of 25.25 GPa, in
consistent with the other theoretical value (26.9GPa) [26]. In
addition, metallic behavior was found for LaN from both the GGA
[27,28] and LDA [28] methods. However, the screened-exchange-
LDA (sX-LDA) predicted LaN to be a semiconductor with an
indirect gap of 0.75eV [28]. Studies on the electronic structure of
HfN have been reported by use of the FLAPW method within GGA
and LDA [28], relativistic Korringa, Kohn and Rostoker (KKR)
method [29], FLAPW plus local orbitals (FLAPW+lo) method
within GGA [30], and density-functional perturbation theory
(DFPT) [31]. The mechanical properties have been investigated
for HfN in the rocksalt structure [11,28,30-33]. HfN exhibited the
strongest anisotropy in IVB transition metal mononitrides, which
originated from the strong covalent bonding between metal and
nitrogen atoms along < 100) direction [32]. It has been found that
a transition from rocksalt to CsCl structure occurs at the pressure
of 130GPa [33]. In rocksalt structure, HfN was found to be a
superconductor with the superconducting temperature of 8.9K
[34], in excellent agreement with the experimental value of 8.83 K
[13]. The lattice dynamics for the early 5d transition metal
mononitrides (HfN, TaN and WN) has been studied by the
ultrasoft pseudopotential (US-PP) method within GGA [35]. It
showed that the rocksalt TaN and WN were predicted to be
dynamically unstable, while HfN with rocksalt structure and WN
with WC structure were dynamically stable [35]. The super-
conductivity in HfN is directly related to the anomalies in the
phonon spectra which in turn are connected to the number of
valence electrons [34,35]. For TaN in the rocksalt structure, the
electronic structure and physical properties were studied by
diverse theoretical methods, for instance, FLAPW method within
GGA and LDA [28], KKR method [29], DFPT [30], US-PP method
within GGA [35], FLAPW+lo method within GGA [36], and
augmented-plane-wave (APW) method within Hedin-Lundqvist
(HL) [37]. In addition, the electronic and elastic properties
have been reported for WN [37,38], ReN [38] and OsN [38,39].
Among these nitrides, rocksalt ReN has the largest bulk modulus
(396 GPa) [38].

As mentioned earlier, platinum nitride has been recently
synthesized [23]. Initially, it was suggested that platinum nitride
has the stoichiometry 1:1, i.e., PtN, and crystallized in zinc blende
structure. This has triggered extensive theoretical studies on the
physical properties of PtN in diverse structures including zinc
blende structure [40-47]. The detailed studies showed that PtN
underwent a phase transition from zinc blende to rocksalt
structure [41,42,46]. The study on PtN with zinc blende, rocksalt,
caesium chloride (CsCl) and wurtzite structures revealed that
wurtzite structure was the most stable structure and predicted to
transform to rocksalt structure at 41.4GPa pressure [47]. In
addition, it was found that zinc blende PtN is mechanically
unstable [43-45], and its bulk modulus [41-44,46,47] is only half
of the experimental value 372 GPa [23]. Thus, it casts doubt on the
stoichiometry of platinum nitride. On this background, platinum
nitride with stoichiometry 1:2, i.e.,, PtN,, was studied. From
theoretical studies, it was found that PtN; is mechanically stable
in fluorite [48] and pyrite [49,50] structures, and pyrite PtN; is

energetically more stable than the fluorite one [49,50]. In pyrite
structure, its bulk modulus (312 GPa) is comparable with that of
experiment (372GPa) [23], larger than 290GPa of fluorite
structure [48]. Almost at the same time, PtN, with pyrite structure
was synthesized by Crowhurst et al. [51], and they confirmed the
results from the previous theoretical studies that the stoichio-
metry of platinum nitride is 1:2, and pyrite structure is the most
stable phase for PtN, [49,50,52]. Nonetheless, the theoretical
studies on PtN in diverse structures [40-47] would provide useful
references for the current study. Finally for AuN, the structural
stability and electronic properties have been investigated by use
of the FLAPW+lo method within the GGA and LDA methods, in
which the rocksalt structure was the ground state among zinc
blende, rocksalt, CsCl and wurtzite structures [53].

Since the superior mechanical properties of the mononitrides
are closely related to the electronic structure, in this paper, the
physical properties of 5d transition metal mononitrides from LaN
to AuN are studied by use of the density-functional theory. The
general trends are discussed and they might be important for
designing new materials. For each nitride, six structures are
considered, i.e., rocksalt, zinc blende, CsCl, wurtzite, NiAs and WC.

2. Computational method and crystal structure

All the calculations conducted in this paper were performed
within the CASTEP code [54], based on the density-functional
theory. The code is suitable for calculations using periodic
boundary conditions to infinite lattice system. The Vanderbilt
US-PP [55], which describes the interaction of valence electrons
with ions, was used with the same cutoff energy of 600eV. The k-
points of 8 x 8 x 8 for Fm-3m (rocksalt) and F-43m (zinc blende),
16 x 16 x 16 for Pm-3m (CsCl), 10 x 10 x 5 for P63mc (wurtzite),
9 x 9 x 6 for P65/mmc (NiAs) and 12 x 12 x 11 for P-6m2 (WC) are
generated using the Monkhorst-Pack scheme [56]. The exchange
and correlation functional were treated by the generalized-
gradient approximation (GGA-PBE) [57]. Formation enthalpy was
calculated from AH = E(MN)—E(solid M)—1E(solid N,) at OK. The
solid molecular N, is from its & phase [58]. Lattice parameters and
atomic positions were optimized simultaneously. For the self-
consistent field iterations, the convergence tolerance for geometry
optimization was selected as the difference in total energy, the
maximum ionic Hellmann-Feynman force, the stress tensor, and
the maximum displacement being within 5.0 x 10~%eV/atom,
0.01eV/A, 0.02GPa, and 5.0 x 10~*A, respectively. The calculated
bulk modulus B and shear modulus G were from the Voig-
t-Reuss-Hill approximations [59-61]. Young’s modulus E and
Poisson’s ratio v are obtained by the following formulas:

E = 9BG/(3B+G) v = (3B — 2G)/[2(3B + G)]

In our calculation, GGA method is used. It is known that in GGA,
besides LDA formulation, density gradient is included in the GGA
formulation. Therefore, it is not surprising that different formation
enthalpy is obtained by the two methods. Thus, in the following
paper, comparison will only be made with the results from
experiments and other GGA calculations; LDA results will be
shown as a reference. From previous studies on the 3d, 4d and 5d
early transition metal mononitrides, it is known that GGA method
gives better results than LDA method, and both methods give the
same trends [28].

The considered crystal structures are shown in Fig. 1. In the
well-known rocksalt structure, each M atom is coordinated by six
nitrogen atoms and forms the MNg octahedron. The MNg
octahedra are edge shared. In zinc blende structure, M atom is
tetrahedrally coordinated by four nitrogen atoms. The MN,
tetrahedra are corner shared. In CsCl structure, M atom is at the
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Fig. 1. (Color online) Crystal structures of MN (M = La-Au): (a) rocksalt, (b) zinc blende, (c) CsCl, (d) wurtzite, (e) NiAs, and (f) WC like. The large (cyan) and small (blue)

spheres represent 5d transition metal and nitrogen atoms, respectively.

body-centered-cubic position, while the nitrogen atoms occupy
the eight corner sites. Both M and N atoms are eightfold
coordinated. In the wurtzite structure, similar to zinc blende
structure, M atom is surrounded by four nitrogen atoms, and
nitrogen atom is fourfold coordinated by M atoms. The MN,
tetrahedra are also corner shared. In the NiAs structure, each M
atom is surrounded by two M and six nitrogen atoms, and N atom
is coordinated by six metal atoms. In WC structure, the M atom is
located at the center of a trigonal prism formed by nitrogen atoms,
and nitrogen has the six nearest M neighbors. From the fractional
coordinates, it is known that in WC, W is in (0, 0, 0), C is in (1/3,
2/3,1/2); while in NiAs structure, Ni is in (0, 0, 0), As is in (1/3, 2/3,
1/4). Therefore, it is clear that for each unit cell, NiAs contains the
two units (double in z direction) of the WC structure.

3. Results and discussion

The calculated lattice parameters and elastic stiffness con-
stants from LaN to AuN are listed in Tables 1-9. For the
mechanically unstable structures, their elastic stiffness constants
were not presented. Besides the nitrides, the calculated lattice

parameters and elastic stiffness constants of the pure metals from
their ground state structures are also listed for comparison
[62-67]. In order to show the trends of MN (M = La-Au)
compounds, the calculated M-N bond distance, cell volume per
formula unit, bulk modulus and formation enthalpy per formula
unit from LaN to AuN are also sketched in Fig. 2. The total and
partial density of states (DOS) for rocksalt structure are shown in
Fig. 3.

3.1. Lattice parameters and elastic properties for each nitride

LaN: From Table 1, it is seen that many investigations were
available for rocksalt structure. The calculated formation enthalpy
is —2.68, 0.44eV greater than the experimental value —3.12eV
[68]. In addition, our calculated value is also different from those
obtained by LDA method, i.e., —3.77 eV [26] and —3.20eV [28]. In
particular, at CsCl structure, LDA method gives a formation
enthalpy —3.42 eV [26], differing significantly from —1.21 eV from
our GGA calculation. These deviations in theoretical calculation
are mainly caused by the different methods as mentioned earlier.
Among the considered structures, all of them are thermodynami-
cally stable by the GGA method due to the negative formation
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Table 1

LaN
NaCl Fm-3m rocksalt ZnS F-43m zinc-blende CsCl Pm-3m ZnS P6smc wurtzite NiAs P63/mmc WC P-6m2 hcp La

AH —2.68 —2.55 —1.21 —2.66 —2.03 —2.01
—3.123, —3.77°, —3.20¢ —3.42°

a 5.348 5.688 3.237 4197 3.693 3.612 3.77¢
5163, 5.27¢, 5.293¢ 2.970°
5.32¢, 5.302f, 5.2958, 3.167"
5.307", 5.638!

c 5.932 6.516 3.293 12.266¢

1% 38.2 46.0 33.9 452 38.5 37.2

La-N 2.674 2.463 2.803 2.470 2.683 2.657
2.560° 2.572°

T 221 110 286 223 88/
213" 315"

e 310 56!

Con 75 43 —69 23 15/
71" 81"

T 62 79 24 75 37!
84" 164"

Ci3 30 13/

B 115 90 111 91 114 106 36
152°, 173¢, 120¢ 282° 224
148°, 116.947" 114.18"

G 77 28 53 47
64.464"

E 188 77 137 101
170.88"

v 0.23 0.36 0.30 0.07)
0.2505"

Calculated formation enthalpy per formula unit AH (eV), lattice parameters a and ¢ (A), cell volume per formula unit V (A%), the shortest La-N bond distance (A), elastic
stiffness constants Cj; (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young's modulus E (GPa), Poisson’s ratio v at the GGA level for LaN from various space groups:
cubic (Fm-3m, no. 225; F-43m, no. 216; Pm-3m, no. 221) and hexagonal (P6smc, no. 186; P63/mmc, no. 194; P-6m2, no. 187) phases. Comparison has been made with both
experimental and previous theoretical data. Data for elemental La at hexagonal close packed (hcp) phase were also presented.

2 Ref. [68], experiment.

b Ref. [26], TB-LMTO method within LDA.
¢ Ref. [28], FLAPW method within LDA.

d Ref. [35], US-PP within GGA.

€ Ref. [28], FLAPW method within GGA.

T Ref. [8], experiment.

€ Ref. [9], experiment.

" Ref. [27], PW-PP method within GGA.

I Ref. [69], experiment.

J Present work, the B, G, E, v values are calculated from the Voigt-Reuss-Hill approximations based on the elastic stiffness constants.

enthalpy. Rocksalt structure is the most stable, followed by
wurtzite and zinc blende structures. This indicates that all the
considered structures can be synthesized at ambient conditions,
although only rocksalt structure was synthesized up to now
[8,9,69]. The calculated lattice parameter 5.348 A for rocksalt LaN
deviates by 1% from the early experimental values 5.302 A [8] and
5.295A [9]. However, compared with the recent experimental
value 5.638A [69], the deviation is large and reaches to 5%.
Compared with the previous theoretical values 5.293A [35],
5.32A [28] and 5.307 A [27] from the GGA method, our result
5.348 A matches them within 1%. For CsCl structure, our
calculated lattice parameter 3.237 A matches 3.167 A [27] from
the recent study with the GGA method within 2%.

For rocksalt, zinc blende and NiAs structures, the calculated
elastic stiffness constants (Table 1) indicate that they are
mechanically stable because they satisfy the elastic stability
criteria [70]. In rocksalt structure, the calculated elastic stiffness
constants, bulk modulus, shear modulus, etc., are in excellent
agreement with the recent theoretical study by the GGA method
[27]. From the calculated DOS (Fig. 3), it is seen that LaN in
rocksalt structure is metallic due to the finite DOS at the Fermi
energy level, in agreement with the calculation by both GGA and
LDA methods [28]. This also agrees with the recent GGA
calculation [27]. Nonetheless, the sX LDA method [28] predicted
that LaN is a semiconductor with a band gap 0.75eV. In addition,
ScN [4,28] and YN [5,28] were also predicted to be semiconduc-

tors. This might suggest that further study, in particular experi-
mental ones, are necessary to elucidate the conducting properties
of rocksalt LaN.

For CsCl structure, from Table 1, it is noted that it is
mechanically unstable from our calculation due to the negative
C44 value (—69 GPa). However, the recent study by Ciftci et al. [27]
with the GGA method predicted that it is mechanically stable with
the C44 value 81 GPa. So, further study is necessary to solve the
discrepancy.

Compared with the pure metal La, the mechanically stable
structures, i.e., rocksalt, zinc blende and NiAs, have the bulk
modulus around 111 GPa, much larger than 36 or 22 GPa [35] for
La. This suggests that the insertion of nitrogen into the La lattice
enhances the bulk modulus significantly.

HfN: All the considered structures are thermodynamically
stable from their negative formation enthalpy (Table 2), in which
rocksalt structure is the most stable, followed by NiAs and zinc
blende structures. This indicates that they can be synthesized at
ambient conditions, although experimental study was only
available for rocksalt structure [10-12]. For rocksalt structure,
the calculated formation enthalpy —3.11eV deviates by 1.02eV
from the LDA result —4.13eV [28]. The calculated lattice
parameter 4.627 A deviates by around 2% from the experimental
value 4.525 A [10,12], and from previous theoretical calculations
[28-30,32,34,35,71]. The calculated elastic stiffness constants are
also comparable to both experiment and previous theoretical
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Table 2
HfN
NaCl Fm-3m rocksalt ZnS F-43m zinc-blende CsCl Pm-3m ZnS P6smc wurtzite NiAs P63/mmc WC P-6m2 hcp Hf
AH —3.11 253 —-1.27 —2.18 —253 —2.46
—413?
a 4.627 5.020 2.873 3.538 3.191 3.150 3.19°
4.48?% 4.525%9, 4.518°
4.54"8h 45391 453
4.47% 4.519'
c 5.863 5.801 2.958 5.05°
1% 24.8 31.6 23.7 31.8 25.6 25.4
23.3™, 22.0"
Hf-N 2314 2.174 2.488 2177 2.345 2344
2.263¢
i 628 303 518 255 394 440 188.1°
5971, 664), 679™
694™P, 5669
T 261 425 645 196.9°
Cas 105 77 14 38 122 103 55.7°
118!, 154}, 150™
134", 135P, 1394
Gz 95 163 117 153 102 172 77.2°
1211, 115¢, 119™
112"P, 1394
Gis 169 231 109 66.1°
B 272 210 251 194 247 253 110°
3207, 278", 269%" 109°
279.81, 284}, 303%
276", 306™"P, 344"
G 155 74 55 44 116 137 57°
E 390 198 155 123 303 349 147°
v 0.26 0.34 0.40 0.39 0.30 0.27 0.28°

For detailed expressions, see Table 1.
2 Ref. [28], FLAPW method within LDA.
b Refs. [62,63], experiment.
¢ Ref. [10], experiment.
d Ref. [12], experiment.
€ Ref. [29], KKR method.
f Ref. [28], FLAPW method within GGA.
g Ref. [34], US-PP within GGA.
h Ref. [35], US-PP within GGA.
I Ref. [32], US-PP within GGA.
I Ref. [30], FAPW+lo method within GGA.
k Ref. [71], PP within LDA.
! Ref. [71] in Ref. [16], experiment.
™ Ref. [11], experiment.
" Ref. [11], US-PP within LDA.
© Ref. [64], experiment.
P Ref. [31], DFPT.
9 Ref. [33], two-body interionic potential theory.
" Ref. [13], experiment.

* Present work, calculated from the Voigt-Reuss-Hill approximations based on the elastic stiffness constants.

studies (for comparison, see Table 2). In addition, all the
considered structures are mechanically stable since the calculated
elastic stiffness constants satisfy the mechanical stability criteria
[70]. Compared with the pure metal Hf, calculated bulk modulus
and shear modulus are much larger than those from hexagonal
close-packed (hcp) Hf (110 and 57 GPa, respectively), in particular
for rocksalt structure (272 and 155GPa, respectively). This
suggests that the insertion of nitrogen enhances the incompres-
sibility, and may result in a higher hardness. Similar to LaN,
among the considered structures, the rocksalt structure is the
hardest due to its largest bulk modulus, shear modulus and
Young’s modulus, and the smallest Poisson’s ratio.

TaN: From Table 3, all the considered structures are thermo-
dynamically stable. Different from LaN and HfN, in which the
rocksalt structure is the most stable, in TaN, WC structure is the
most stable. The second stable structure is NiAs, while rocksalt
structure is the third one. For rocksalt structure, our calculated
formation enthalpy —1.95eV is close to the previous GGA result
—1.70eV [28], but differs significantly from the LDA result

—2.48 eV [28]. The calculated lattice parameter 4.395 A deviates
by around 2% from the experimental values [14-17,22]. For WC
structure, the calculated lattice parameters 2.922 and 2.865 A are
in excellent agreement with the observed values [17-19]. They
match each other within 0.2% for a-axis and 0.5% for c-axis.
Although the calculated bulk modulus is in agreement with the
previous studies, the calculated elastic stiffness constants do
show larger deviation compared to previous theoretical studies
(Table 3). On the other hand, the calculated elastic stiffness
constants also indicate that only wurtzite structure is mechani-
cally unstable. The most stable structure WC has also the largest
bulk modulus 384 GPa, shear modulus 261 GPa, Young’'s modulus
638 GPa and the smallest Poisson’s ratio 0.22. The value 384 GPa is
comparable with that of cBN, which is 382 GPa [72] and known as
the second superhard material. The calculated bulk modulus
ranging from 280 to 384 GPa for all the considered structures is
also larger than 200 GPa for the pure metal Ta. In addition, TaN in
WC structure will be harder than the ground state of LaN and HfN.
This is because the bulk and shear moduli in TaN at WC structure
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Table 3
TaN
NaCl Fm-3m rocksalt ZnS F-43m zinc-blende CsCl Pm-3m ZnS P63mc wurtzite NiAs P63/mmc WC P-6m2 bcc Ta
AH -1.95 -1.53 -1.13 -1.29 —2.31 —2.73
—1.70°%, —2.48°
a 4.395 4.734 2.731 3.435 2.895 2.922 3.30°
4.4239 437" 433°f8 2.934"
4.3363M, 4.408), 4.40%, 4.338™, 4.427" 2.938!, 2.93°
c 5.173 5.836 2.865
2.880M°
2.868!
1% 21.2 26.5 20.4 26.4 212 212
Ta-N 2.197 2.050 2.365 2.036 2.219 2213
T 881 318 1006 508 672 260.23P
675.959, 886.90°, 7834
Cs3 890 911
o 74 22 107 331 287 82.55P
266.929, 355.86°, 209
Ci2 122 261 33 394 256 154.46P
154.489, 162.33¢, 1679
e 172 179
B 375 280 357 280 373 384 1907
3382, 378P, 328.3¢ 200¢
403.85¢, 329, 3724
G 153 24 208 167 261 69"
E 404 71 522 437 638 185"
v 0.32 0.46 0.26 0.31 0.22 0.34"

For detailed expressions, see Table 1.
@ Ref. [28], FLAPW method within GGA.
b Ref. [28], FLAPW method within LDA.
¢ Refs. [62,63], experiment.
9 Ref. [36], FLAPW+lo method within GGA.
¢ Ref. [36], FLAPW+lo method within LDA.
f Ref. [29], KKR method.
& Ref. [15], experiment.
N Ref. [17], experiment.
I Ref. [14], experiment.
i Ref. [35], US-PP within GGA.
k Ref. [37], APW method within HL.
! Ref. [18], experiment.
™ Ref. [16], experiment.
" Ref. [22], experiment.
° Ref. [19], experiment.
P Ref. [64], experiment.
9 Ref. [31], DFPT.

" Present work, calculated from the Voigt-Reuss—Hill approximations based on the elastic stiffness constants.

(384 and 261 GPa) are larger than those in LaN (115 and 77 GPa,
Table 1) and in HfN (272 and 155GPa, Table 2) at rocksalt
structure. TaN in CsCl structure is also a potential candidate to be
hard because of the large shear modulus (208 GPa).

WN: Data on WN are much less than on LaN, HfN and TaN.
Experimental studies were only available for rocksalt [73] and WC
[19] structures. The calculated formation enthalpy indicates that
they are all thermodynamically unstable because of the positive
formation enthalpy (Table 4). Among the considered structures,
NiAs structure is energetically the most stable, followed by WC
and zinc blende structures. Therefore, high temperature and/or
high pressure will be necessary for the experimental synthesis.
From the previous experimental studies, it is indeed noted that
bulk WN in WC structure was synthesized at temperatures
between 600 and 800°C [19]. The thin film of WN in rocksalt
structure was prepared at temperatures 723-923 K and pressure
30Pa [73]. From Table 4, it is seen that the calculated lattice
parameter 4.446A in rocksalt structure show a slightly large
deviation (6%) from the experimental value 4.154 A [73], but close
to 4.35A (deviating by 2%) from the previous GGA calculation
[35]. For WC structure, the calculated lattice parameters 2.922 and
2.915 A are in good agreement (deviating by 1% in a-axis and 3% in
c-axis) with the experimental values 2.89 and 2.83 A [19]. The
calculated elastic stiffness constants indicate that only NiAs and

WC structures are mechanically stable. The calculated bulk
modulus 349 GPa and shear modulus 211 GPa at NiAs structure
are larger than or equal to the corresponding values at WC
structure and pure metal W. In addition, it is also noticed that the
difference of the bulk modulus between the nitride and pure
metal decreases from LaN, HfN, TaN to WN. The hardest structures
for LaN, HfN, TaN and WN are also the most stable.

ReN: From ReN to AuN (except platinum nitride), we are not
aware of any experimental studies on these binary nitrides and
only few theoretical studies are found in the literature.

From Table 5, it is noted that only wurtzite structure is
thermodynamically stable because of the negative heat of
formation (—0.29eV). Of course, it is also the most stable
structure among the considered structures. From the calculated
elastic stiffness constants, only wurtzite, NiAs and CsCI structures
are mechanically stable. At NiAs structure, it is noted that the
calculated bulk modulus 418 GPa is the largest among all the
considered structures from LaN to AuN (Tables 1-9). It is also
larger than 372 GPa for the pure metal Re and 382 GPa for cBN
[72], next to 428 GPa for IrN, [74] and 442 GPa for diamond. The
relatively larger shear modulus 238 GPa also indicates that ReN in
NiAs structure is a potential candidate to be superhard. Since the
positive formation energy (0.29eV) indicates that ReN in NiAs
structure cannot be synthesized at ambient conditions, further
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Table 4
WN
NaCl Fm-3m rocksalt ZnS F-43m zinc-blende CsCl Pm-3m ZnS P63mc wurtzite NiAs P63/mmc WC P-6m2 bcc W
AH 1.62 0.63 2.33 0.80 0.47 0.62
a 4.446 4.730 2.772 3.535 2913 2.922 3.16%
4.35° 4.20%, 4.364 2.89°
4.154f
c 4.721 5.839 2.915
2.83¢
\'4 22.0 26.5 213 25.6 21.5 21.6
W-N 2.223 2.048 2.401 2.057 2.227 2.230
Cn 576 610 522.398
Ca 720 712
Caa 238 85 160.832
Ci2 217 189 204.378
Cie 218 214
B 319 271 306 236 349 349 310"
354P, 394¢ 3237
G 211 148 160"
E 526 390 410"
v 0.25 0.31 0.28"
For detailed expressions, see Table 1.
@ Refs. [62,63], experiment.
b Ref. [35], US-PP within GGA.
¢ Ref. [37], APW method with HL.
d Ref. [38], PW-PP within LDA.
€ Ref. [19], experiment.
f Ref. [73], experiment.
¢ Ref. [64], experiment.
" present work, calculated from the Voigt-Reuss—Hill approximations based on the elastic stiffness constants.
Table 5
ReN
NaCl Fm-3m rocksalt ZnS F-43m zinc-blende CsCl Pm-3m ZnS P6smc wurtzite NiAs P63/mmc WC P-6m2 hcp Re
AH 1.61 0.51 1.98 -0.29 0.29 0.85
a 4.297 4.569 2.679 2.750 2.759 2.748 2.76%°
4.113¢, 4314
c 6.641 5.842 3.005 4.46%P
\'4 19.8 23.8 19.2 21.7 19.3 19.6
Re-N 2.148 1.978 2.320 2.034 2.161 2.185
Cn 900 562 727 618.2¢
Cs3 777 852 683.5¢
Caa 128 106 216 160.6¢
Ci2 122 233 247 275.3¢
Cis 206 245 207.8°
B 396 310 382 349 418 398 367"
3964 37220
G 204 151 238 178f
E 519 396 599 461"
v 0.27 0.31 0.26 0.29°

For detailed expressions, see Table 1.
2 Ref. [62], experiment.
b Ref. [63], experiment.
¢ Ref. [24], LMTO method.
d Ref. [38], PW-PP method within LDA.
€ Ref. [64], experiment.

f Present work, calculated from the Voigt-Reuss-Hill approximations based on the elastic stiffness constants.

study is conducted by applying the pressure (Fig. 4). It is seen that
NiAs (P63/mmc) and CsCl (Pm-3m) structures become thermo-
dynamically stable at above 5 and 45 GPa, respectively. Wurtzite
structure is thermodynamically the most stable when the
pressure is less than 42 GPa. Above 42 GPa, the most interesting
NiAs structure becomes the most stable. Recalling that recently,
PtN, [51], IrN; [51,74] and OsN, [74] have been synthesized by
laser-heated diamond anvil cell technique with temperature
exceeding 2000K and pressure around 50GPa. Thus, ReN in
wurtzite and NiAs structures could be synthesized by use of the
same experimental conditions.

OsN: Among the transition metals, osmium has the highest
bulk modulus (see Table 6 for details). The studies on the pure
metal Os are also the recent focus [65-67]. Although OsN, has
been synthesized recently [74], the study on OsN is far and few
between and no experimental report is available on OsN.

From Table 6, the calculated lattice parameter 4.327A in
rocksalt structure is quite close to 4.335A from previous GGA
calculation [39]. For WC structure, the calculated parameters are
also in reasonable agreement with the previous GGA calculation
[39]. Among the considered structures, wurtzite is the most
stable. It is also the only one that is mechanically stable.
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Table 6
OsN
NaCl Fm-3m rocksalt ZnS F-43m zinc-blende CsCl Pm-3m ZnS P6smc wurtzite NiAs P63/mmc WC P-6m2 hcp Os
AH 2.55 0.79 2.87 0.46 1.69 212
a 4.327 4.565 2.698 2.745 2.777 2.734 2.74*P, 2.5907¢
4.058¢, 4.32° 2.743F 2.7318
4.335f
c 6.653 5.901 3.105 4.32%P 41161¢
3.100f 43188
4 20.3 23.8 19.6 21.7 19.7 20.1 13.749"
20.37° 20.186°
Os-N 2.164 1.977 2.337 2.024 2.179 2.214
Cn 651 769.4%
o 788 843.5¢
Caa 139 259.18
Ci2 162 226.8%
Ci3 144 247.68
B 337 301 348 331 369 423k
372¢, 342° 367" 418%P, 462°
4248, 444 8"
411, 382.3)
G 204 268
E 507 6655
v 0.24 0.24*
For detailed expressions, see Table 1.
@ Ref. [62], experiment.
b Ref. [63], experiment.
¢ Ref. [65], experiment.
9 Ref. [24], LMTO method.
€ Ref. [38], PW-PP method within LDA.
f Ref. [39], US-PP method within GGA.
& Ref. [66], US-PP method within GGA and LDA.
h Ref. [65], full-potential LMTO method within LDA.
i Ref. [67], experiment.
i Ref. [67], US-PP method within GGA.
k present work, calculated from the Voigt-Reuss-Hill approximations based on the elastic stiffness constants.
Table 7
IrN
NaCl Fm-3m rocksalt ZnS F-43m zinc-blende CsCl Pm-3m ZnS P6smc wurtzite NiAs P63/mmc WC P-6m2 fce Ir
AH 244 112 3.15 1.10 1.99 2.74
a 4.396 4.636 2.748 2.847 3.083 2.833 3.84%P
4.074¢
c 6.565 5.198 3.085
Vv 21.2 24.9 20.7 23.0 214 214
Ir-N 2.198 2.008 2.380 2.060 2.204 2.248
Cn 311 292 5804
Cs3 669
Con 43 88 2564
Crz 271 256 2424
Ci3 158
B 322 284 326 253 314 355¢
35530
G 31 60 216¢
B 91 167 540°¢
v 0.44 0.39 0.25¢

For detailed expressions, see Table 1.
@ Ref. [62], experiment.
b Ref. [63], experiment.
€ Ref. [24], LMTO method.
9 Ref. [64], experiment.

¢ Present work, calculated from the Voigt-Reuss-Hill approximations based on the elastic stiffness constants.

The calculated bulk modulus 331 GPa is less than that in pure
metal Os and 358 GPa in OsN, [74].

IrN: IrN; has been recently synthesized and the obtained bulk
modulus is 428 GPa [74]. The previous theoretical study gave a
bulk modulus of 354GPa (GGA-PBE) and 392 GPa (LDA-CAPZ)
[70], which are less than the experimental value 428 GPa. In

addition, IrN3 was also predicted to be a potential candidate for
superhard with bulk modulus 339 GPa (GGA-PBE) and 377 GPa
(LDA-CAPZ) [70]. For IrN, only one theoretical study is available
and only the lattice parameter was reported [24]. From Table 7, it
is seen that the wurtzite structure is the most stable, followed by
zinc blende structure. Both structures are the only two that are
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Table 8
PtN
NaCl Fm-3m rocksalt ZnS F-43m zinc-blende CsCl Pm-3m ZnS P63mc wurtzite NiAs P63/mmc WC P-6m2 fcc Pt
AH 243 1.97 341 1.85 234 2.95
a 4.484 4.776 2.814 3.007 3.082 3.027 3.922
4.137°, 4.518¢ 4.804¢, 4.779%, 4.801¢ 2.818¢ 3.040¢
4.4919, 4.521° 4.80417, 4.808, 4.794"
4.508, 4.504" 4.8250', 4.780'
c 6.614 5.552 2.957
6.606¢
\% 22.5 27.2 223 259 22.8 23.5
Pt-N 2.242 2.068 2.437 2.045 2.256 2.289
2.261° 2.079¢, 2.080°
Cny 296 193 188 346.7%
355! 184.1%, 210!
Cs3 340
Cyq 43 21 16 76.5%
36' 13.5), 14'
Cia 236 217 65 250.7%
248! 202.41, 241!
Cis 100
B 256 209 254 124 241 226 283™
215.7¢, 229.76¢ 185.5%,190.61¢, 187¢ 234.884 99.41¢ 278?
219¢, 2308 372f, 1902, 192"
226" 196.3', 194/
G 37 39 63™
E 105 107 177™
v 0.43 0.36 0.44™
For detailed expressions, see Table 1.
2 Refs. [62,63], experiment.
b Ref. [24], LMTO method.
¢ Ref. [41], fully relativistic FLAPW within GGA.
d Ref. [47], augmented plane wave plus lo (APW+lo) method within GGA.
€ Ref. [42], linear combination of atomic orbitals-crystal orbital (LCAO-CO) method within GGA.
f Ref. [23], experiment.
€ Ref. [46], US-PP method within GGA.
b Ref. [43], US-PP method within GGA.
I Ref. [44], US-PP method within GGA.
J Ref. [45], US-PP method within GGA.
k Ref. [64], experiment.
! Ref. [43], US-PP method within LDA.
™ Present work, calculated from the Voigt-Reuss-Hill approximations based on the elastic stiffness constants.
Table 9
AuN
NaCl Fm-3m rocksalt ZnS F-43m zinc-blende CsCl Pm-3m ZnS P6s3mc wurtzite NiAs P63/mmc WC P-6m2 fcc Au
AH 3.17 3.23 3.89 3.19 3.23 3.54
A 4.678 4.993 2.913 3.305 3.258 3.180 4.08°
4.662° 4.984° 2.915° 3.600°
4.541¢ 4.856° 2.831¢ 3.45¢
C 6.338 5.687 3.000
5.75P, 5.53¢
\% 25.6 31.1 24.7 30.0 26.1 26.3
Au-N 2.339 2.162 2.523 2112 2.358 2.371
Cn 204 278 103 192.444
Cs3 300
Caa 25 6 9 42.04
Cia 162 131 82 162.984
Cis 146
B 176 134 180 102 170 159 1732¢
163.13° 118.91° 162.58" 133.6°
223.42¢ 161.75¢ 225.66° 160.20¢
G 23 21 12 28¢
E 66 61 36 79¢
v 0.44 0.44 0.44 0.42¢
For detailed expressions, see Table 1.

2 Refs. [62,63], experiment.

b Ref. [53], FLAPW+lo method within GGA.
¢ Ref. [53], FLAPW+lo method within LDA.

d Ref. [64], experiment.

¢ Present work, calculated from the Voigt-Reuss-Hill approximations based on the elastic stiffness constants.
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Fig. 2. (Color online) The calculated (a) M-N bond distance d (A), (b) volume per formula unit V (A*), (c) bulk modulus B (GPa), and (d) formation enthalpy per formula unit
AH (eV) for all the considered structures of 5d transition metal nitrides MN (M = La-Au) and elemental 5d M (M = La-Au).

mechanically stable. The bulk modulus from the two mechanically
stable structures (284 GPa in zinc blende and 253 GPa in wurtzite)
are much smaller than 355 GPa for the pure metal Ir.

PtN: As mentioned in the Introduction, PtN has been studied
extensively, in particular for rocksalt and zinc blende structures.
In this paper, for clarity, only GGA results from the previous
studies are selected for PtN; LDA results are not listed. From
Table 8, it is seen that compared with previous theoretical studies
from the GGA method, the calculated lattice parameters and
elastic constants are reasonable. Wurtzite structure is the most
stable among the considered structures, followed by zinc blende
structure. This is in agreement with the previous theoretical study
that wurtzite structure is the most stable among the wurtzite,
zinc blende, rocksalt and CsCl structures for PtN [47]. This is also
similar to ReN, OsN and IrN, in which wurtzite structure is the
most stable. Mechanically stable structures are found for wurtzite
and rocksalt structures. Rocksalt structure gives the largest bulk
modulus 256 GPa among the considered structures. It is slightly
less than 278 GPa for pure metal Pt (Table 8). The small shear
modulus 37 GPa reveals that PtN in rocksalt structure is soft.

AuN: Only one theoretical study is available for AuN. From
Table 9, it can be seen that the calculated lattice parameter
4.678A for rocksalt structure is in good agreement with the
previous GGA result 4.662 A [53]. It also applies to zinc blende and

CsCl structures. For wurtzite structure, however, the deviation is
slightly larger. Our calculated value 3.305 A is 9% smaller than the
previous GGA result 3.600A [53]. Although rocksalt structure is
found to be the most stable among the considered structures, the
relative energy difference is small. For instance, the energy of the
least stable CsCl structure is only 0.72eV higher than the most
stable rocksalt structure. While for other nitrides from LaN to PtN,
the relative energy difference is large (see also Fig. 2d). From
previous theoretical study, it is also known that rocksalt structure
is the most stable among the rocksalt, zinc blende, CsCl and
wurtzite structures for AuN [53], in agreement with our predic-
tion. Mechanical stability was found for rocksalt, CsCl and
wurtzite structures. The bulk modulus 176 GPa from the most
stable rocksalt structure is comparable to 173 GPa for pure metal
Au. Finally, it is interesting to note that all the ground state
structures from LaN to AuN are mechanically stable structures, as
seen from Tables 1 to 9.

3.2. Trends of bonding properties from LaN to AuN

The M-N bond distance and cell volume per formula unit for
the considered structures of 5d transition metal nitrides MN
(M = La-Au) and pure metals M (M = La-Au) are shown in Fig. 2a



2824

Q
(on

E. Zhao, Z. Wu / Journal of Solid State Chemistry 181 (2008) 2814-2827

C

S

no

Density of States (electrons/eV)
Density of States (electrons/eV)

Density of States (electrons/eV)

0 L ' L 4 L 4 4 ' 0 \ T i . ) , ) 0
A t t t t 1 t t t t 1 f t t + t t t + t
LaN, Fm-3m, Total 12 HfN, Fm-3m, Total 3
3k 9 2
2F 6
1h 3k !
0 . . 1 . h f . \ \ 0 T i . . L . L
-10 -8 -6 -4 =2 0 2 4 6 8 10 -10 -8 -6 -4 -2 0 2 4 6 8 10 -10
Energy (eV) Energy (eV)

r T T - v - - - - - - 2 F T T T T T T T T T = 2 F T T T T T T T T T =
2 N-2p N-2p N-2p
1F 1 1F E
0 + t ¥ T t i + + t 0 0
2+ W-5d 4

wo

Density of States (electrons/eV)
~

Density of States (electrons/eV)

Density of States (electrons/eV)

L L L h 1 L 1 L I L L 1 h

0
-10 -8 -6 -4 -2 0 2 4 6 8 10

-10 -8 -6 -4 - 0 2 4 6 8 10 -10 -8 -6 -4 -2 0 2 4 6 8 10
Energy (eV) Energy (eV) Energy (eV)
1|
1t 117 <
S > 2
L 2 L
2 ] ]
S0 t t } t t t t ¥ S0 g9
;‘; Ir-5d § § e
g2r 1 82r < 3f
=~ = 2 2 fF
L 1F 1 2 1r 2
5 = Sir
72 @ 2
o 0 t t f t t t } t + =0 5 0
23 IrN, Fm-3m, Total ] > 4r S 4r
g g3 Z3F
g 2F 1 § 5
8 a 2+ é’ 2
1F b 1+ 1F
0 0 0

.
10 -8 -6 -4 -2 0 2 4 6 8
Energy (eV)

B
=)
Y
&
IS

22

0

Energy (eV)

2 4 6 8 10 10 -8 -6 -4 -2 0 2 4 6 8 10

Energy (eV)
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Fig. 4. Enthalpy-pressure diagram for ReN at the space groups Pm-3m (CsCl),
P63/mmc (NiAs) and P6smc (wurtzite) compared with the initial reactants Re+N
from the GGA calculation.

and b, respectively. From Fig. 2a, it is seen that for all the
considered structures, the bond distance decreases from LaN and
reaches minimum at ReN, and then increases. A similar trend is
also observed for the cell volume per formula unit (Fig. 2b). In
addition, we also note a slight rise at WN for both bond distance
and cell volume. For each nitride, the M-N bond distance
increases in the following order: zinc blende, wurtzite, rocksalt,
NiAs, WC, CsCl and pure metal. From previous theoretical study on
4d transition nitride YN, ZrN and NbN with zinc blende and
rocksalt structures, it was also found that zinc blende gives
shorter M-N bond distance than rocksalt structure [7]. In fact, a
careful checking on Fig. 2a shows that the M-N bond distances
can be divided into three groups according to the coordination
number of metal atom: (1) the M-N bond distances of zinc blende
and wurtzite structures with the coordination number of 4
(tetrahedral) for metal atom are the shortest and they are quite
close to each other; (2) the bond distances of rocksalt, NiAs and
WC structures with the coordination number of 6 for the metal
atom are longer than those of zinc blende and wurtzite structures
and they are also grouped together; (3) the bond distances of CsCl
with the coordination number of 8 for the metal atom are the
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longest ones and they form a group by themselves. This indicates
that the M-N bond distances are closely related to the coordina-
tion number of metal atom. As expected, larger coordination
number tends to give a longer bond distance. For the cell volume
shown in Fig. 2b, only two groups can be found: (1) the volumes of
zinc blende and wurtzite structures are relatively large; (2) the
volumes of the remaining four structures are relatively small. The
smaller cell volume of rocksalt structure than that of zinc blende
structure is also observed in 4d transition metal nitrides [7]. The
volume change between rocksalt and zinc blende structures might
be explained by the fact that the nitrogen atoms are inserted at
the octahedral sites in the rocksalt structure, which brings a
smaller lattice expansion than the tetrahedral sites of nitrogen
atoms in the zinc blende structure.

Compared with rocksalt and zinc blende 3d [3,4] and 4d [5-7]
nitrides, it is not surprising to see that the corresponding lattice
parameters of 5d nitrides (Tables 1-9) are larger than those of 3d
and 4d nitrides. With the increase of atomic number, the lattice
parameters also show the same trend, i.e., the lattice parameters
decrease initially, reach the minimum at the middle of the series
and then increase.

In addition, the bond distances of pure metals are longer than
those of the corresponding nitrides, while the volumes of pure
metals are smaller than those of the corresponding nitrides. This
may be explained by the fact that the coordination number of
metals La, Hf, Re, Os, Ir, Pt and Au is 12, while that of Ta and W is 8,
larger than those of the corresponding nitrides.

The bulk modulus for the considered structures is shown in
Fig. 2c, in which the bulk modulus of OsN and IrN in WC structure
is not presented due to failure in calculating the quantity. From
Fig. 2c, as expected, the bulk modulus shows the opposite
behavior compared with the M-N bond distance and cell volume.
On going from LaN to AuN, the bulk modulus increases initially,
reaches the maximum at ReN (except for a slight drop at WN),
then decreases. The drop at WN is due to the rise in the cell
volume (Fig. 2b). Similar trend is observed for pure metals, but the
maximum is shifted to osmium. From previous studies on zinc
blende 4d nitrides, it is also noticed that the bulk modulus shows
the same trend with the maximum at TcN [7]. While for pure
metals, the maximum is at Ru [7]. On the other hand, for LaN, HfN
and TaN, their corresponding bulk modulus are larger than that of
pure metals La, Hf and Ta, respectively. For WN and ReN, the bulk
modulus of pure metal is among the considered structures, while
for OsN, IrN, and PtN, the bulk modulus is less than that of the
pure metals. For AuN, the bulk modulus of pure metal is close to
the largest bulk modulus among the considered structures. Zinc
blende and wurtzite structures with the tetrahedral unit have
relatively smaller bulk modulus, followed by the CsCl structure.
Rocksalt, NiAs and WC structures with the coordination number
of 6 for metal atom have relatively larger bulk modulus. Similar to
5d transition metal carbides [38], the larger bulk modulus for the
nitride from LaN to ReN indicates that the directional (covalent)
bonding and large charge density are formed between 5d metal
and nitrogen (as shown in the DOS discussed below). From Os to
Au, strong directional bonding is formed for pure metals, and no
advantage is gained by the addition of nitrogen.

The formation enthalpy per formula unit for the considered
structures was shown in Fig. 2d. It is seen that the general trend of
the formation enthalpy increases from LaN to AuN. The increase of
formation enthalpy coincides with the fact that the bonding
strength decreases from LaN to AuN (for the bonding behavior
between metal 5d and N 2p states, see later section). For rocksalt
structure, the trend in our calculation is the same as that from the
previous study on the 5d transition metal nitrides (from LaN to
PtN) [24,25]. Similar trend was also observed in 3d and 4d nitrides
in rocksalt structure [25]. A rise in formation enthalpy was

observed for WN, as in the M-N bond distance and cell volume
(Fig. 2a and b), in particular for wurtzite, NiAs and CsCl structures.
For LaN, HfN and TaN, the formation enthalpy is negative for the
structures considered. This suggests the all the considered
structures can be synthesized at ambient conditions for the three
nitrides. From WN to AuN, except wurtzite structure in ReN, the
formation enthalpy is positive. This indicates the high tempera-
ture and/or high pressure are/is necessary for the synthesis of the
considered structures. Among the considered structures, rocksalt
structure is the most stable for LaN, HfN and AuN, and so is WC for
TaN, NiAs for WN, wurtzite for ReN, OsN, IrN and PtN. For the most
studied rocksalt and zinc blende structures, it is interesting to
note that the formation enthalpy of zinc blende structure is higher
than that in rocksalt structure from LaN to TaN and lower from
WN to AuN (Fig. 2d). CsCl structure is the least stable among the
considered structures due to the largest formation enthalpy.

Due to the similarity of the total and partial DOS for the
considered structures, only the DOS for rocksalt structure are
shown in Fig. 3. DOS for the other considered structures are given
in the Supplementary materials (Figs. S1-S5). It is seen that
metallic behavior is obtained for all the considered structures in
each 5d nitride due to the finite DOS at the Fermi energy level.

In rocksalt structure, it is seen that except the LaN, the DOS can
be divided into three regions: (1) from —10 to —4eV, the DOS is
composed of the contribution from metal 5d and N 2p states, which
have a strong hybridization; (2) from —4 to 0.0 eV, the contribution
is mainly from the metal 5d states, with small or negligible N 2p
states; (3) above the Fermi energy level, the contribution is from the
unoccupied 5d states. With the increase in atomic number, the
character of d states becomes obvious around the Fermi energy
level. In LaN, the bonding 5d states locates at the energy region from
—3.0 to 0.0eV. Upon increasing one electron in HfN, the 5d states
shift significantly and extend from —9.0 to 0.0 eV. From TaN to OsN,
the 5d states and N 2p states are very dispersive. From IrN to AuN,
both 5d states and N 2p states become localized again. Similar trend
is also observed for other structures shown compared to those given
in the Supplemental materials (Figs. S1 to S5), i.e., the dispersive 5d
states are observed in the middle of the series. After a careful
checking of Fig. 3 and Figs. S1-S5, it is also noted that for zinc
blende (Fig. S1) and wurtzite (Fig. S3) structures with tetrahedral
unit, the extent of dispersion is smaller than that of rocksalt (Fig. 3),
WLC (Fig. S4), NiAs (Fig. S5) structures with the coordination number
of 6 for metal atom and CsCl (Fig. S2) with the coordination number
of 8. Comparing with the M-N bond distances (Fig. 2a), it is seen
that the relatively short bond distances correspond to the dispersive
5d states. This indicates that the width of 5d states is closely related
to the bond distances. If the bond distance is increased, the
hybridization of 5d states with N 2p states will be reduced. That is,
the width of 5d states will be decreased, and 5d electrons will tend
to be localized. If the bond distance is decreased, the 5d states will
tend to be dispersive. The strong hybridization between 5d states
and N 2p states for the considered structures reveals that the
bonding between 5d metal and N is mainly covalent.

From the previous study on the rocksalt 3d transition metal
mononitrides [75], it is known that only the bonding states are
filled for ScN with 8 valence electrons per formula unit. For
valence electrons per formula unit from 9 in TiN to 12 in MnN, the
additional electrons will occupy the non-bonding states. This does
not modify the bonding properties significantly, but does make
the compound metallic. For valence electrons from 13 in FeN to 18
in ZnN, the anti-bonding states will be occupied. This makes the
rocksalt structure energetically unfavorable. The bond distance
will be enlarged and cohesion will be reduced [75]. From our
calculated DOS for rocksalt structure (Fig. 3), it is clear that the
above conclusions obtained for 3d transition metal nitrides also
apply to the 5d transition metal nitrides. From Fig. 3, for LaN with
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8 valence electrons per formula unit, the bonding between La 5d
and N 2p states is clearly seen in the region from —3.0 to 0.0 eV. By
adding an extra electron, non-bonding state appears in HfN with 9
valence electrons in the region from —3.0 to 0.0eV because 5d
states are dominant in that region, while nearly no contribution
occurs from the N 2p states. The non-bonding state continues till
ReN. From OsN with 13 valence electrons, the anti-bonding state
starts to appear due to the involvement of the N 2p states.
Although the above phenomenon was obtained for rocksalt
structure, similar behavior was also observed for other structures
considered (Figs. S1-S5). In addition, due to the filling of the anti-
bonding states, the calculated M-N bond distances (Fig. 2a)
increase from OsN with 13 valence electrons to AuN with 16
valence electrons, in agreement with those obtained in the 3d
transition metal mononitrides [75]. In addition, the filling of the
anti-bonding states also make the localization of DOS from OsN to
AuN, as reported for 3d transition metal nitrides [75].

4. Conclusions

5d transition metal mononitrides from LaN to AuN were
studied by the density-functional method. Six structures are
considered for each nitride, i.e., rocksalt, zinc blende, CsCl,
wurtzite, NiAs and WC structures. Our calculation shows that
metal and nitrogen bond distances M-N are closely related
to the coordination number of metal atom. Larger coordination
number tends to give a longer bond distance. The M-N bond
distance decreases initially and reaches minimum at ReN, and
then increases. Similar trend applies to the cell volume. For the
calculated bulk modulus, it increases initially, reaches the
maximum at ReN, then decreases. The formation enthalpy tends
to increase from LaN to AuN. Among the considered structures,
rocksalt structure is the most stable for LaN, HfN and AuN, and so
is WC structure for TaN, NiAs structure for WN, wurtzite structure
for ReN, OsN, IrN and PtN. The most stable structure for
each nitride is mechanically stable. For LaN, HfN and TaN, the
formation enthalpy is negative for all the structures considered,
while from WN to AuN, except wurtzite structure in ReN, the
formation enthalpy is positive. The negative formation enthalpy
indicates that the compound can be synthesized at ambient
conditions. Among all the considered structures, covalent beha-
vior was observed for metal-nitrogen bond because of the strong
hybridization between metal 5d and N 2p states. The calculated
DOS shows that all the considered structures are metallic. The
width of 5d states is closely related to the metal-nitrogen bond
distances. The long bond distance makes the width of 5d states
decrease, i.e., 5d electrons will tend to be localized. While the
short bond distance will make the 5d states to be dispersive.
Among the mechanically stable structures, ReN in NiAs structure
has the largest bulk modulus, 418 GPa, followed by 384 GPa for
TaN in WC structure. The largest shear modulus 261 GPa is from
TaN in WC structure, followed by 238 GPa for ReN in NiAs
structure. The pressure study indicates that ReN in NiAs structure
becomes thermodynamically stable above 5GPa and the most
stable above 42 GPa. Therefore, these potential superhard materi-
als, in particular their films, might have potential applications
such as hard coating for magnetic storage devices.
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