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First principles calculations were performed to investigate the structural, elastic, and electronic properties of
IrN2 for various space groups: cubic Fm-3m and Pa-3, hexagonal P3221, tetragonal P42/mnm, orthorhombic
Pmmn, Pnnm, and Pnn2, and monoclinic P21/c. Our calculation indicates that the P21/c phase with
arsenopyrite-type structure is energetically more stable than the other phases. It is semiconducting �the remain-
ing phases are metallic� and contains diatomic N-N with the bond distance of 1.414 Å. These characters are
consistent with the experimental facts that IrN2 is in lower symmetry and nonmetallic. Our conclusion is also
in agreement with the recent theoretical studies that the most stable phase of IrN2 is monoclinic P21/c. The
calculated bulk modulus of 373 GPa is also the highest among the considered space groups. It matches the
recent theoretical values of 357 GPa within 4.3% and of 402 GPa within 7.8%, but smaller than the experi-
mental value of 428 GPa by 14.7%. Chemical bonding and potential displacive phase transitions are discussed
for IrN2. For IrN3, cubic skutterudite structure �Im-3� was assumed. Our calculation indicated that it is also
promising to be superhard due to the large bulk modulus of 358 GPa and shear modulus of 246 GPa. The
diatomic N-N bond distance is even shorter �1.272 Å�.
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INTRODUCTION

Due to the importance in fundamental science and tech-
nological applications, superhard materials have been studied
both theoretically and experimentally.1–27 In the recent theo-
retical studies, hypothetical hard structures of carbon with
cubic symmetry, i.e., body centered C6 with 12 atoms per
unit cell and simple cubic C20 with 20 atoms per unit cell,
were studied by density functional theory �DFT�.3 It turns
out to be that both structures have similar bulk moduli of
about 350 GPa at ambient conditions.3 Conducting superhard
tetragonal BC3 phase, which originates from cubic diamond
structure, was predicted by first principles.4 In addition,
Vickers hardness was calculated for five predicted C3N4
polymorphs.5 It was found that cubic C3N4 is the hardest,
with the hardness of 92 GPa.5 Besides the studies on com-
pounds containing carbon atom, the compounds containing
both nitrogen and transition metal atoms have also been the
focus of recent studies, in particular, for binary transition
metal nitrides.6–27 The recent review paper of Horvath-
Bordon et al. is an excellent guide for the nitride materials.6

Individual studies on the binary transition metal nitride in-
clude the experimental synthesis of novel Hf3N4 with the
thorium phosphide �Th3P4� structure in the diamond-anvil
cell at 18 GPa and 2800 K,7 and high temperature and high
pressure synthesis of novel platinum nitride at above
45–50 GPa and temperature exceeding 2000 K.8 Mean-
while, first principles studies were conducted on Hf3N4,9–11

Zr3N4,9–11 Ti3N4,10,11 Ta3N5,12 and WN2.12 For Ta3N5 and
WN2, novel phases were predicted.12 For platinum nitride,
PtN �stoichiometry 1:1� at various structures,13,14 PtN2 �sto-
ichiometry 1:2�,14 and nonstoichiometric PtNx, with x chang-
ing from 0.95 to 1.25,14 were examined theoretically in order
to find the most stable phase. It was found that pyrite PtN2 is
the most stable,14 in agreement with the recent experimental
observation.15

Most recently, three new transition metal nitrides, i.e., os-
mium nitride,16 iridium nitride,15,16 and platinum nitride,15

were synthesized at high pressures and high temperatures.
These studies suggested that the three compounds have a
metal: nitrogen stoichiometry of 1:2,15,16 but the detailed
crystal structure remains elusive, especially for OsN2 and
IrN2. For PtN2, early theoretical study suggested that fluorite
structure is the most stable phase.17,18 Later, it was confirmed
that pyrite structure is energetically more favorable than
fluorite structure.14,15,19–21 For OsN2, theoretical study was
conducted on both fluorite and pyrite structures.22 This is
different from the experimental observation that OsN2 is
orthorhombic.16 Therefore, further theoretical studies were
made, focusing on the orthorhombic phase. It was found that
marcasite structure is the most sable phase for OsN2.23–27

For IrN2, however, the determination of crystal structure
is more difficult. This is partly due to the fact that for IrN2,
the intensity ratio of x-ray diffraction peaks between nitride
and pure metal is 1:100, much weaker than 1:3 for OsN2 and
1:10 for PtN2.16 The measured bulk modulus of IrN2 is
high16 �428 GPa� and matches that of diamond �440 GPa�
within 5%. Although the crystal structure was not deter-
mined, it was suggested that the searches on IrN2 are re-
stricted to the structures with even number of formula units
to fulfill the requirement of nonmetallicity and with threefold
symmetry.16 In addition, the structure should also contain the
single-bonded diatomic N-N units.16 Therefore, since the
crystal structure of IrN2 is questionable, in the present study,
based on the experimental study �but not restricted by the
experimental study�, we have studied the various possible
structures of IrN2 by first principles calculations. The struc-
tures we considered are based on the chemically related com-
pounds and summarized in the following. Cubic phases
Fm-3m �fluorite, prototype CaF2, No. 225� and Pa-3 �pyrite,
prototype FeS2, No. 205� were considered because, on the
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studies of PtN2, both fluorite17,18 and pyrite
structures14,15,19–21 were adopted, with the latter energetically
more stable than the former. Hexagonal phase P3221 �No.
154� was chosen because it was suggested in the recent ex-
perimental study.16 Since IrO2 with tetragonal P42/mnm
�No. 136� phase was synthesized experimentally,28 it was
adopted as well. In addition, three space groups of the ortho-
rhombic system were considered, which are Pmmn, No. 59
from OsB2,29 and Pnnm No. 58 �Ref. 30� and Pnn2 No. 34
�Ref. 31� from marcasite FeS2. Finally, since monoclinic ar-
senopyrite structure P21/c �CoSb2 or FeAsS type� was ob-
served for IrP2,32 IrAs2,32 IrSb2,33 IrBi2,34 CoP2,35 and
RhP2,32 it was also chosen as one of the potential candidates.
From previous study,32 it is known that FeS2-pyrite,
FeS2-marcasite, and CoSb2 or FeAsS-arsenopyrite structures
are dominant for binary compounds, with a frequency of
occurence in the given order. From the recent studies on
binary transition metal nitride, it is interesting to note that for
PtN2, pyrite structure is the most stable,14,15,19–21 while for
OsN2, marcasite structure is the most stable.23–27 From our
study and the works of Yu et al.27 and Wang et al.,36 CoSb2
or FeAsS-arsenopyrite structure is the most stable for IrN2.

Since the structures with threefold symmetry were sug-
gested by the experimental study,16 besides P3221 mentioned
earlier, we have also chosen three more hexagonal systems
as observed in WB2 �P63/mmc, No 196 �Ref. 37�; P6/mmm,
No. 191 �Ref. 38�, ReB2 �P63/mmc, No. 196�,39 and trigonal
system as observed in WN2 �R-3m, No. 166�.40 It turns out
that when IrN2 was assumed to adopt these structures
�P63/mmc, P6/mmm, and R-3m�, significant structural dis-
tortion was observed during the geometry optimization and
the assumed structures are mechanically unstable.

On the other hand, since it was suggested by the experi-
ment that for IrNx, x can be 2±0.5,15 therefore, besides IrN2,
iridium nitride with both the other stoichiometries and non-
stoichiometry should be examined. We, thus, performed cal-
culations on both IrN and IrN3. For IrN, we choose four
structures, i.e., zinc blende �ZnS�, rocksalt �NaCl�, tungsten
carbide �WC�, and cesium chloride �CsCl�. It turns out that
only in zinc blende structure is IrN mechanically stable. Al-
though the calculated bulk modulus is large �283 GPa at the
generalized gradient approximation �GGA� level�, the calcu-
lated shear modulus is quite small �around 10 GPa�. There-
fore, we did not present these results in this paper.

For IrN3, it was examined by assuming the skutterudite
structure �CoAs3 type, cubic system, space group Im-3, No.
204�. Similar to IrN2, the structure was adopted because
IrP3,41 IrAs3,42 IrSb3,42 CoP3,41 and RhP3 �Ref. 41� were syn-
thesized with cubic skutterudite CoAs3 type structure. Our
calculated bulk modulus is 358 GPa and shear modulus is
246 GPa. This shows that IrN3 could be a potential candidate
to be superhard. The detailed results are presented in this
paper. In addition, the iridium nitride with nonstoichiometry
or vacancy and/or defects should also be examined because
there might also be a good chance to find a superhard
candidate.43 Our work on this side is under way.

COMPUTATIONAL DETAILS

In the present work, DFT is used as implemented in the
CASTEP code.44 The Vanderbilt ultrasoft pseudopotential45

was used with the same cutoff energy of 310 eV for the
considered structures in IrN2. The k points of 6�6�6 for
cubic Fm-3m and Pa-3, 8�8�4 for hexagonal P3221, 5
�5�8 for tetragonal P42/mnm, 4�10�8 for orthorhom-
bic Pmmn, 6�5�9 for orthorhombic Pnnm and Pnn2, and
5�5�5 for monoclinic P21/c are generated using the
Monkhorst-Pack scheme.46 For IrN3, we choose the cutoff
energy of 400 eV and k points of 4�4�4. The conventional
cell which contains 8 f.u. �i.e., eight IrN3� is used for IrN3
during the geometry optimization. The exchange and corre-
lation functional are treated by both the local density
approximation47 �LDA� and the GGA.48 Since it is known
that LDA usually underestimates the lattice constants and
overestimates the elastic constants, while GGA overestimates
the lattice constants and underestimates the elastic constants,
the arithmetic average of LDA and GGA values were used as
the theoretical value. The tolerances for geometry optimiza-
tion were set as the difference in total energy being within
5�10−6 eV/atom, the maximum ionic Hellmann-Feynman
force within 0.01 eV/Å, the maximum ionic displacement
within 5�10−4Å, and the maximum stress within 0.02 GPa.
Formation enthalpies were calculated from �E
=E�IrN2�-E�solid Ir�-E�solid molecular N2� for IrN2 and
�E=E�IrN3�-E�solid Ir�-�3/2�E�solid molecular N2� for
IrN3. The solid molecular N2 is from its � phase.49 The cal-
culated bulk and shear moduli are from the Voigt-Reuss-Hill
approximations.50–52 The pressure is applied by the equiva-
lent hydrostatic pressure.

In the following section, we will introduce the formulas of
elastic moduli and mechanical stability criteria for the con-
sidered crystal systems. The formulas of elastic moduli for
cubic phase are from Ref. 1, tetragonal and hexagonal phases
from Ref. 53, orthorhombic phase from Ref. 54, and mono-
clinic phase from Ref. 55. Mechanical stability criteria are
from Ref. 56. In the following formulas, subscript V denotes
the Voigt bound, R denotes the Reuss bound, and H denotes
the Hill average. It is known that the Voigt bound is obtained
by the average polycrystalline moduli based on an assump-
tion of uniform strain throughout a polycrystal and is the
upper limit of the actual effective moduli,50 while the Reuss
bound is obtained by assuming a uniform stress and is the
lower limit of the actual effective moduli.51 The arithmetic
average of Voigt and Reuss bounds is termed as the Voigt-
Reuss-Hill approximations.52 B indicates bulk modulus, G
shear modulus, E Young’s modulus, and � Possion’s ratio. It
should be mentioned that the Reuss bound can also be rep-
resented by the elastic compliance coefficients sij, but in this
paper, we use the elastic stiffness constants Cij instead to
represent the Reuss bound.

Cubic phase (C11, C44, and C12)

BV = BR = �C11 + 2C12�/3,

GV = �C11 − C12 + 3C44�/5,

GR = 5�C11 − C12�C44/�4C44 + 3�C11 − C12�� .

The mechanical stability criteria are given by
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C11 � 0, C44 � 0, C11 � �C12�, �C11 + 2C12� � 0.

Hexagonal phase (C11, C33, C44, C12, and C13)

BV = �1/9��2�C11 + C12� + 4C13 + C33� ,

GV = �1/30��M + 12C44 + 12C66� ,

BR = C2/M ,

GR = �5/2��C2C44C66�/�3BVC44C66 + C2�C44 + C66�� ,

M = C11 + C12 + 2C33 − 4C13,

C2 = �C11 + C12�C33 − 2C13
2 .

The mechanical stability criteria are given by

C44 � 0, C11 � �C12�, �C11 + 2C12�C33 � 2C13
2 .

Tetragonal phase (C11, C33, C44, C66, C12, and C13)

BV = �1/9��2�C11 + C12� + C33 + 4C13� ,

GV = �1/30��M + 3C11 − 3C12 + 12C44 + 6C66� ,

BR = C2/M ,

GR = 15��18BV/C2� + �6/�C11 − C12�� + �6/C44� + �3/C66��−1,

M = C11 + C12 + 2C33 − 4C13,

C2 = �C11 + C12�C33 − 2C13
2 .

The mechanical stability criteria are given by

C11 � 0, C33 � 0, C44 � 0, C66 � 0,

�C11 − C12� � 0, �C11 + C33 − 2C13� � 0,

�2�C11 + C12� + C33 + 4C13� � 0.

Orthorhombic phase (C11, C22, C33, C44, C55, C66, C12, C13, and
C23)

BV = �1/9��C11 + C22 + C33 + 2�C12 + C13 + C23�� ,

GV = �1/15��C11 + C22 + C33 + 3�C44 + C55 + C66�

− �C12 + C13 + C23�� ,

BR = ��C11�C22 + C33 − 2C23� + C22�C33 − 2C13� − 2C33C12

+ C12�2C23 − C12� + C13�2C12 − C13�

+ C23�2C13 − C23��−1,

GR = 15�4�C11�C22 + C33 + C23� + C22�C33 + C13� + C33C12

− C12�C23 + C12� − C13�C12 + C13� − C23�C13 + C23��/�

+ 3��1/C44� + �1/C55� + �1/C66���−1,

� = C13�C12C23 − C13C22� + C23�C12C13 − C23C11�

+ C33�C11C22 − C12
2 � .

The criteria for mechanical stability are given by

C11 � 0, C22 � 0, C33 � 0, C44 � 0, C55 � 0,

C66 � 0, �C11 + C22 + C33 + 2�C12 + C13 + C23�� � 0,

�C11 + C22 − 2C12� � 0, �C11 + C33 − 2C13� � 0,

�C22 + C33 − 2C23� � 0.

Monoclinic phase (C11, C22, C33, C44, C55, C66, C12, C13, C23,
C15, C25, C35, and C46)

BV = �1/9��C11 + C22 + C33 + 2�C12 + C13 + C23�� ,

GV = �1/15��C11 + C22 + C33 + 3�C44 + C55 + C66�

− �C12 + C13 + C23�� ,

BR = ��a�C11 + C22 − 2C12� + b�2C12 − 2C11 − C23�

+ c�C15 − 2C25� + d�2C12 + 2C23 − C13 − 2C22�

+ 2e�C25 − C15� + f�−1,

GR = 15�4�a�C11 + C22 + C12� + b�C11 − C12 − C23� + c�C15

+ C25� + d�C22 − C12 − C23 − C13� + e�C15 − C25� + f�/�

+ 3�g/� + �C44 + C66�/�C44C66 − C46
2 ���−1,

a = C33C55 − C35
2 ,

b = C23C55 − C25C35,

c = C13C35 − C15C33,

d = C13C55 − C15C35,

e = C13C25 − C15C23,

f = C11�C22C55 − C25
2 � − C12�C12C55 − C15C25�

+ C15�C12C25 − C15C22� + C25�C23C35 − C25C33� ,

g = C11C22C33 − C11C23
2 − C22C13

2 − C33C12
2 + 2C12C13C23,

� = 2�C15C25�C33C12 − C13C23� + C15C35�C22C13 − C12C23�

+ C25C35�C11C23 − C12C13�� − �C15
2 �C22C33 − C23

2 �

+ C25
2 �C11C33 − C13

2 � + C35
2 �C11C22 − C12

2 �� + gC55.

The criteria for mechanical stability are given by

C11 � 0, C22 � 0, C33 � 0, C44 � 0, C55 � 0,

C66 � 0, �C11 + C22 + C33 + 2�C12 + C13 + C23�� � 0,

�C33C55 − C35
2 � � 0, �C44C66 − C46

2 � � 0,

�C22 + C33 − 2C23� � 0,
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�C22�C33C55 − C35
2 � + 2C23C25C35 − C23

2 C55 − C25
2 C33� � 0,

�2�C15C25�C33C12 − C13C23� + C15C35�C22C13 − C12C23�

+ C25C35�C11C23 − C12C13�� − �C15
2 �C22C33 − C23

2 �

+ C25
2 �C11C33 − C13

2 � + C35
2 �C11C22 − C12

2 �� + C55g� � 0.

In terms of the Voigt-Reuss-Hill approximations,52 MH
= �1/2��MR+MV�, M =B, G. Young’s modulus E and Pos-
sion’s ratio � are obtained by the following formulas:

E = 9BG/�3B + G�, � = �3B − 2G�/�2�3B + G�� .

RESULTS AND DISCUSSION

IrN2

The calculated lattice constants and elastic stiffness con-
stants were listed in Tables I and II, respectively. From both
tables, it is seen that for the P3221 phase, our calculated cell
volume per formula unit is 29.4 Å3 and bulk modulus is
271 GPa, in excellent agreement with the recent theoretical
values of 29.4 Å3 and 260 GPa,16 and 29.04 Å3 and
264 GPa �the average values of LDA and GGA values�.36

However, we also noticed that the optimized lattice constants
�a=3.663 Å, c=7.527 Å� distorted significantly compared
with the experimental values �a=3.966 Å, c=6.958 Å�,16 as

TABLE I. Formation enthalpy per formula unit �E �eV�, lattice constants a, b, and c �Å�, � �deg� and � �deg�, cell volume per formula
unit V �Å3�, and the shortest N-N and Ir-N bond distances �Å� at the GGA and LDA levels for IrN2 from various space groups: cubic
�Fm-3m, No. 225; Pa-3, No. 205�, hexagonal �P3221, No. 154�, tetragonal �P42/mnm, No. 136�, orthorhombic �Pmmn, No. 59; Pnnm, No.
58; Pnn2, No. 34�, and monoclinic �P21/c, No. 14� phases. “Ave.” is the average of GGA and LDA values.

�E a b c � � V N-N Ir-N

Fm-3m GGA 2.64 4.911 29.6 2.455 2.126

LDA 1.47 4.875 29.0 2.437 2.111

Ave. 4.893 29.3 2.446 2.118

Theor.a 4.842

Pa-3 GGA 0.71 4.856 28.6 1.378 2.106

LDA −0.45 4.815 27.9 1.383 2.086

Ave. 4.835 28.2 1.380 2.096

P3221 GGA 1.46 3.676 7.593 120.0 29.6 1.342 2.060

LDA 0.32 3.650 7.461 120.0 28.7 1.346 2.050

Ave. 3.663 7.527 29.1 1.344 2.055

P42/mnm GGA 2.11 4.623 3.138 33.5 2.558 1.990

LDA 1.16 4.584 3.124 32.8 2.532 1.975

Ave. 4.603 3.131 33.1 2.545 1.982

Pmmn GGA 1.85 7.175 2.475 3.225 28.6 1.559 2.083

LDA 0.65 7.093 2.455 3.214 28.0 1.544 2.069

Ave. 7.134 2.465 3.219 28.3 1.551 2.076

Pnnm GGA 0.42 4.103 4.925 2.773 28.0 1.375 2.081

LDA −0.78 4.082 4.890 2.744 27.4 1.378 2.062

Ave. 4.092 4.908 2.759 27.7 1.376 2.071

Pnn2 GGA 0.42 4.102 4.925 2.773 28.0 1.375 2.081

LDA −0.78 4.082 4.890 2.744 27.4 1.378 2.062

Ave. 4.092 4.908 2.759 27.7 1.376 2.071

P21/c GGA 0.26 4.876 4.926 4.917 107.8 28.1 1.414 2.054

LDA −0.94 4.846 4.889 4.886 107.9 27.5 1.415 2.036

Ave. 4.861 4.907 4.901 107.8 27.8 1.414 2.045

LDAb 4.809 4.858 4.848 108.25 26.9

GGAc 4.8836 4.9389 4.9235 107.93 28.2

LDAc 4.8066 4.8568 4.8457 108.29 26.8

aThe average value of LDA and GGA values �Ref. 18�.
bReference 27.
cReference 36.
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also encountered in the recent theoretical study.16 For fluorite
�Fm-3m� phase, the previous theoretical study gave a bulk
modulus of 347 GPa �Ref. 18� and the recent study gave

330 GPa �the average value of LDA and GGA values�,36 in
excellent agreement with our calculated value of 352 GPa
�Table II�. Our calculated elastic stiffness constants C11, C44,

TABLE II. Elastic stiffness constants Cij, bulk modulus B �GPa�, shear modulus G �GPa�, Young’s modulus E �GPa�, and Possion’s ratio
� at the GGA and LDA levels for IrN2 from various space groups: cubic �Fm-3m, No. 225; Pa-3, No. 205�, hexagonal �P3221, No. 154�,
tetragonal �P42/mnm, No. 136�, orthorhombic �Pmmn, No. 59; Pnnm, No. 58; Pnn2, No. 34�, and monoclinic �P21/c, No. 14� phases.
“Ave.” is the average of GGA and LDA values.

C11 C22 C33 C44 C55 C66 C12 C13 C15 C23 C25 C35 C46 B G E �

Fm-3m GGA 375 117 312 334 69 195 0.40

LDA 410 99 350 370 61 175 0.42

Ave. 392 108 331 352 65 185 0.41

Theor.a 428 120 306 347 92

GGAb 304

LDAb 357

Pa-3 GGA 735 85 94 308 150 387 0.29

LDA 839 89 131 367 161 419 0.31

Ave. 787 87 112 337 155 403 0.30

GGAb 303

LDAb 358

P3221 GGA 470 318 93 188 177 250 111 289 0.31

LDA 550 373 105 221 205 292 128 334 0.31

Ave. 510 345 99 204 191 271 119 311 0.31

GGAc 260

GGAb 238

LDAb 290

P42/mnm GGA 322 553 103 273 301 217 291 83 228 0.37

LDA 359 586 109 293 331 244 322 92 253 0.37

Ave. 340 569 106 283 316 230 306 88 240 0.37

Pmmn GGA 632 862 624 142 356 91 16 350 56 328 198 494 0.25

LDA 657 980 692 145 391 104 24 392 64 364 214 537 0.25

Ave. 644 921 658 143 373 97 20 371 60 346 206 515 0.25

Pnnm GGA 739 883 554 124 297 190 156 277 82 345 217 538 0.24

LDA 800 978 618 127 323 189 193 317 99 390 228 572 0.26

Ave. 770 931 586 125 310 189 174 297 90 367 222 555 0.25

Pnn2 GGA 722 880 551 125 297 190 147 271 80 340 217 536 0.24

LDA 825 987 612 126 326 195 202 333 104 396 229 575 0.26

Ave. 773 933 581 125 311 192 174 302 92 368 223 555 0.25

P21/c GGA 755 858 806 179 197 150 108 167 −68 129 −27 19 −27 354 224 554 0.24

LDA 814 940 869 182 199 155 130 194 −76 151 −28 24 −32 392 231 580 0.25

Ave. 784 899 837 180 198 152 119 180 −72 140 −27 21 −29 373 228 567 0.24

Expt.c 428

LDAd 402

LDAb 797 929 852 183 192 154 130 194 −71 153 −27 19 −35 388

GGAb 327

aThe average value of LDA and GGA values �Ref. 18�.
bReference 36.
cReference 16.
dReference 27.
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and C12 are also reasonable compared with the previous the-
oretical values �although our calculation gave a smaller shear
modulus of 65 GPa compared with the previous theoretical
value of 92 GPa�.18 For pyrite structure, our calculated value
of 337 GPa agrees well with the recent theoretical value of
330 GPa �the average value of LDA and GGA values�.36

From both the structural data and elastic stiffness con-
stants shown in Tables I and II, it is clear that the most
promising phase for IrN2 is monoclinic P21/c �Fig. 1�a��
with arsenopyrite structure. The P21/c phase contains 4 f.u.
in the conventional cell, in which both Ir and two N atoms
occupy Wyckoff 4e site. The metal atom Ir is octahedrally
coordinated by six N atoms, and N atom is tetrahedrally
coordinated by one N and three Ir atoms �Fig. 1�b��. The
IrN6 octahedra are edge shared in the �101� direction, with
the alternating Ir-Ir bond distances of 2.605 and 3.138 Å,
respectively �Fig. 1�c��. Along the �10-1� and b directions,

the IrN6 octrahedra are corner shared. For Pnnm phase �Fig.
1�d��, the IrN6 octahedra are edge shared along the c axis
��001� direction� and corner shared along a and b axes �Fig.
1�e��. The Ir-Ir bond distance along the c axis is regular
�2.759 Å� �Fig. 1�f��. For pyrite IrN2, the IrN6 octahedra are
only corner shared, thus avoiding the close contact between
metal atoms �the shortest Ir-Ir bond distance is 3.4 Å�. Com-
paring marcasite Pnnm structure with arsenopyrite P21/c
structure, the alternating short and long Ir-Ir bond distances
in P21/c lead to a doubling of the translation period in the
chain direction ��101� direction�. Hence, the arsenopyrite
P21/c structure can be regarded as a distorted version of the
marcasite Pnnm structure.

The calculated lattice constants �Table I� are in good
agreement compared with the recent theoretical studies.27,36

The � angle in P21/c is 107.8°, smaller than that in IrP2
�111.58°�.32 It has the lowest energy compared with the other

(a)

(c)

(d)

(e)

(f)

(b)

FIG. 1. �Color online� Crystal
structure of IrN2. �a� Monoclinic
P21/c with arsenopyrite structure,
�b� topology of P21/c phase in
�101� direction, �c� the local envi-
ronment of the circled Ir atoms in
�b�, �d� orthorhombic Pnnm with
marcasite structure, �e� topology
of Pnnm phase in �001� direction,
and �f� the local environment of
the circled Ir atoms in �e�. The
bond distances shown in �c� and
�f� are the arithmetic average of
LDA and GGA values. The Ir and
N atoms are shown in purple
�larger� and cyan �smaller� colors,
respectively.
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phases and is mechanically stable �thermodynamically at the
LDA level�. From Table II, we noticed that our calculated
elastic stiffness constants for the P21/c phase agree well
with the recent theoretical study.36 The bulk modulus is the
largest �373 GPa� �Table II�, although it is still smaller than
the value of 428 GPa from the experimental study.16 The
calculated shear modulus of 228 GPa is also the largest.
Young’s modulus and Poisson’s ratio are 567 GPa and 0.24,
respectively. The small Poisson’s ratio for P21/c compared
with the other phases indicates that the bonding is more di-
rectional in the P21/c phase. The diatomic N-N has a bond
distance of 1.414 Å in the P21/c phase, nearly the same as
the value of 1.41 Å observed in PtN2.15 The value of
1.414 Å is also almost exactly the same as for the single-
bonded monatomic nitrogen �triply coordinated� that has
been predicted by the previous theoretical study57 and also
reported in a recent experimental study.58 The low symmetry
of the P21/c phase is also consistent with the experimental
observation that the rich structures of Raman spectrum of
IrN2 suggest either more atoms in the unit cell and/or a less
symmetric structure �lower symmetry�.15

The calculated total density of states �TDOS� shown in
Fig. 2 indicates that IrN2 in the P21/c phase is a semicon-
ductor, different from the other phases which are metallic.
This agrees with the experimental observation of nonmetal-
licity in IrN2.16 The calculated band gap is indirect with a
value of 0.3 eV. Therefore, combined with the fact that IrX2
�X=P, As, Sb, and Bi�, CoP2, and RhP2 can be synthesized in
monoclinic P21/c phase with arsenopyrite-type structure, it
is interesting to experimentally examine the crystal structure
of IrN2 in monoclinic P21/c phase. On the other hand, the
calculated ratio B /G is 1.63, indicating that IrN2 in the
P21/c phase is brittle. This is because a high �low� B /G
value is associated with ductility �brittleness�, and the critical
value which separates ductile and brittle materials is about
1.75.59

Quite recently, Yu et al. reported a theoretical study on
OsN2, IrN2, RuN2, and RhN2 in rutile, fluorite, pyrite, mar-
casite, and monoclinic arsenopyrite structures.27 Meanwhile,
Wang et al. also reported the theoretical study on IrN2 in
fluorite, pyrite, hexagonal, and monoclinic arsenopyrite
structures.36 The investigations showed that for IrN2, arse-
nopyrite P21/c structure is the most stable phase. The calcu-
lated band gap is indirect, with values of 0.3 eV �Ref. 36�
and 0.4 eV,27 in excellent agreement with our calculation
�0.3 eV�. The insulating behavior was ascribed to be the
dimerization of the Ir atoms, which lifts the antibonding
states formed by iridium d orbitals.36 At zero pressure, the
energy difference between Pnnm and P21/c is 0.16 eV/f.u.
in our calculation, nearly the same as 0.15 eV obtained by
Yu et al.27 Our calculated diatomic N-N distance is 1.414 Å,
in excellent agreement with the recent theoretical value of
1.41 Å.27 The alternating Ir-Ir bond distances at the LDA
level for the P21/c phase are 2.58 and 3.09 Å at zero
pressure,27 also in good agreement with our calculated values
of 2.599 and 3.129 Å at the LDA level �or 2.605 and
3.138 Å from the arithmetic average of LDA and GGA val-
ues�. The Ir-Ir atomic pairing for the P21/c phase is similar
to the pairing mechanism of the quasi-one-dimensional sys-
tems upon Peierls distortion.60 Therefore, as indicated by Yu

et al.,27 the distortion from orthorhombic Pnnm to mono-
clinic P21/c phase is the typical Peierls distortion due to the
metal-metal interaction in the P21/c phase.

Our calculated density of states �DOS� patterns for arse-
nopyrite P21/c and marcasite Pnnm and Pnn2 structures
�Fig. 2� are consistent with those of Yu et al.27 and Wang et
al.36 The lattice constants a=4.861 Å, b=4.907 Å, and c
=4.901 Å �Table I� at zero pressure in our calculation match
a=4.809 Å, b=4.858 Å, and c=4.848 Å of Yu et al.27 within
1.1% and a=4.8451 Å, b=4.8978 Å, and c=4.8846 Å �the
average values of LDA and GGA values� of Wang et al.36

within 0.3%. The � bond angle is within 0.4%. Our calcu-
lated bulk modulus of 373 GPa is slightly smaller than
402 GPa from the work of Yu et al.,27 but close to 357 GPa
�the average value of LDA and GGA values� from the work
of Wang et al.36

Besides the P21/c phase, it is also seen that the two ortho-
rhombic phases Pnnm and Pnn2 �i.e., marcasite IrN2� are
also mechanically stable. It is seen from Tables I and II �also
Fig. 2� that all the calculated quantities are essentially the
same for the two orthorhombic phases. This might be due to
the fact that Pnn2 is the maximal nonisomorphic subgroup
of Pnnm. In the case of marcasite IrN2, the Wyckoff sites are
2a for Ir and 4g for N in Pnnm, and 2a for Ir and 4c for N
in Pnn2. The calculated bulk �367 GPa� and shear moduli
�222 GPa� for both space groups are also very large. The
diatomic N-N distance is shorter �1.376 Å� compared with
that �1.414 Å� in the P21/c phase.

In order to get further insights into the Pnnm and P21/c
phases, their partial density of states �PDOS� from Ir 5d or-
bitals and N 2s, 2p orbitals are given in Fig. 3. It is seen that
for Pnnm, both N 2s, 2p and Ir 5d orbitals contribute to the
metallic behavior, in particular, N 2p and Ir 5d orbitals. The
DOS of Ir 5d is mainly located in the energy region from
−5.0 to −1.0 eV. It hybridizes strongly with N 2p orbital
and, thus, forms covalent bonding. In addition, the calculated
net charges on N and Ir are −0.38 and 0.76, respectively.
This indicates the existence of ionic bonding between Ir and
N. From the charge density distribution �Fig. 4�a��, metallic
Ir-Ir bonding in the Pnnm phase is rather weak or can be
ignored. Similar to the Pnnm phase, for P21/c, covalent
bonding can be observed from the hybridization of Ir 5d with
N 2p orbitals. The net charge on N1 is −0.37, on N2 is
−0.42, and on Ir is 0.79, indicating the ionic bonding in Ir-N
bond. In addition, metallic Ir-Ir bonding can be observed for
the short Ir-Ir bond distance of 2.605 Å from the charge den-
sity distribution �Fig. 4�b��. Therefore, for P21/c, there exist
mixtures of covalent, ionic, and metallic bondings.

From Table I, we also noticed that for the structures with
large diatomic N-N distance �Fm-3m and P42/mnm phases�,
the formation enthalpy is positive and high, indicating the
chemical instability. Fluorite structure �Fm-3m� has rela-
tively higher formation enthalpy compared with that of py-
rite �Pa-3� �Table I�, similar to the case observed in PtN2

�Ref. 15� and OsN2.22

Next, the relative enthalpies of the different phases com-
pared with both P21/c and elements �reactants� as a function
of pressure were studied. From Table I, we noticed that at the
LDA level, Pa-3 �−0.45 eV�, Pnnm �−0.78 eV�, Pnn2
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�−0.78 eV�, and P21/c �−0.94 eV� are thermodynamically
stable at zero pressure because of their negative formation
enthalpy. While at GGA level, all the phases are thermody-
namically unstable. In the following, for brevity, we only
calculate the formation enthalpy of the three phases i.e., py-
rite Pa-3, marcasite Pnnm, and arsenopyrite P21/c, at the

GGA level as a function of pressure. It is seen from Fig. 5�a�
that, at the GGA level, the three phases become stable com-
pared with its constituents at above approximately 3 GPa for
P21/c, 6 GPa for Pnnm, and 9 GPa for Pa-3. This is con-
sistent with the experimental finding that the compound was
synthesized at the pressure of 50 GPa.15,16 On this aspect, it

FIG. 2. Total density of states �TDOS� for each assumed space group in IrN2. The Fermi energy level is at zero.
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is interesting to note that PtN2 was synthesized at
45–50 GPa.9,15 Theoretical studies on PtN2 indicated that
pyrite PtN2 becomes thermodynamically stable above ap-

proximately 11 GPa �Ref. 14� and 16.7 GPa.25 For OsN2,
marcasite structure becomes stable above 23 GPa,25 consis-
tent with the experimental finding that it can be synthesized
when the pressure reaches 50 GPa.16

From Fig. 5�b�, it is seen that P21/c is the most stable
phase for IrN2 at above 100 GPa. In fact, a displacive phase
transition from distorted semiconducting P21/c to undis-
torted metallic Pnnm phase occurs at much higher pressure,
i.e., near 300 GPa at GGA level and 200 GPa at the LDA
level. Our calculated transition pressure is much higher than
200 GPa at the GGA level61 and 165 GPa at the LDA level27

as obtained by Yu et al. This might be due to the fact that the
transition pressure determined from the enthalpy-pressure re-
lationship is suitable only for the first-order transitions.
While considering the symmetry and atomic coordination,
however, the transition of IrN2 from arsenopyrite P21/c to
marcasite Pnnm structure is of the second order. That is to
say, the enthalpy of the arsenopyrite P21/c structure should
merge with that of the marcasite Pnnm structure asymptoti-
cally, and the transition pressure is ill-defined in the
enthalpy-pressure curves.27,61

FIG. 3. Total and partial densities of states �DOS� for IrN2 for
space groups Pnnm �top� and P21/c �bottom�. The Fermi energy
level is at zero.

(a)

(b)

FIG. 4. �Color online� Charge density distributions of IrN2 in �a�
Pnnm in Fig. 1�c� and �b� P21/c in Fig. 1�f�.

(a)

(b)

FIG. 5. �a� Plots of relative enthalpies �per f.u.� of elements Ir
+N2 compared with IrN2 at P21/c, Pnnm, and Pa-3 phases as a
function of pressure. �b� Plots of relative enthalpies �per f.u.� be-
tween P21/c and the other space groups as a function of pressure at
the GGA level.
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IrN3

The calculated lattice constants and elastic stiffness con-
stants were listed in Tables III and IV, respectively. The con-
ventional cell of IrN3 contains 8 f.u. Iridium occupies the
Wyckoff 8c site �1/4 ,1 /4 ,1 /4�, and nitrogen at 24g site
�0,y ,z�. In our calculation, by choosing different initial ge-
ometries, two local minima or modifications were found on
the potential energy surface �Fig. 6�. The first one, termed as
IrN3-I or I �Fig. 6�c��, is lower in energy �1.36 eV at the
GGA level and 1.04 eV at the LDA level, per formula unit,
Table III� than the second one, IrN3-II or II �Fig. 6�f��.

From the structural point of view, it is interesting to note
that for both modifications, Ir atoms form a simple cubic
framework with the Ir-Ir bond distance of 3.435 Å in modi-
fication I �Fig. 6�a�� and 3.301 Å in modification II �Fig.
6�d��. Ir atom is coordinated by six nitrogen atoms, forming
an octahedron �Fig. 7�a��. The octahedra are connected by
corners �Fig. 7�b��. In addition, we noticed that in modifica-
tion I, the diatomic N-N unit N2 has a very short bond dis-
tance of 1.271 Å. The two N2 are well separated by a large
distance �2.649 Å� �Fig. 6�b�� and form a rectangular shape.
This results in the coordination number of N being 3, i.e.,
one nitrogen atom and two Ir atoms. The system is metallic
�for details, see below�. For modification II, N-N forms di-
atomic N-N unit N2 with a long distance of 1.478 Å, and the
two N2 are connected by a relatively short distance of
1.579 Å �compared with 2.649 Å in modification I� and form
a quasisquare shape �Fig. 6�e��. The coordination number of
N is 4, i.e., two nitrogen atoms and two Ir atoms �Fig. 7�c��.

The resulting system is nonmetallic �for details, see below�
and has a relatively higher energy. The calculated cell vol-
ume per formula unit shows that modification II �35.5 Å3� is
more compact or denser than modification I �39.9 Å3� �Table
III�. The relatively lower energy in modification I is mainly
due to the short N-N bond distance of 1.271 Å. This is dem-
onstrated by our calculation on the isolated 4N system, as
shown in Fig. 8. It is seen that the 4N system in IrN3-I is
lower in energy by 6.64 eV than that in IrN3-II, or 3.32 eV
for each diatomic N-N unit N2.62 The change of energy as a
function of N fractional coordinates was given in Fig. 9, in
which an energy barrier can be seen clearly in going from
modification I to II.

The above mentioned two modifications were also found
in PtN3 and RhN3 with skutterudite-type structure from our
calculation. It turns out that the two modifications of PtN3
are mechanically unstable, while those of RhN3 are mechani-
cally stable. At the GGA level, the calculated bulk modulus
of RhN3 is 244 GPa for modification II �with higher energy�
and 166 GPa for modification I �with lower energy�. We did
not proceed with further calculation on RhN3 because the
phenomena observed in RhN3 are similar to those in IrN3.
IrN3 could serve as a good example and is more interesting
because it has much higher bulk modulus than RhN3. For
IrP3, however, the above mentioned two modifications were
not found. Only modification II was obtained when choosing
different initial geometries. This might be due to the fact that
P �atomic radius of 1.105 Å� is larger than N �atomic radius
of 0.92 Å�. Thus, in IrP3, the bond distance of diatomic P-P
unit P2 becomes large �2.220 Å� after geometry optimiza-

TABLE III. Formation enthalpy per formula unit �E �eV�, lattice constant a �Å�, density 	 �g/cm−3�, cell volume per formula unit V
�Å3�, fractional coordinates of N, and the shortest N1-N1 and Ir-N and second shortest N2-N2 bond distances �Å� at the GGA and LDA
levels for IrN3. “Ave.” is the average of GGA and LDA values.

�E a 	 V
Fractional coordinates

of N �0,y ,z� N1-N1 N2-N2 Ir-N

IrN3-I GGA 0.50 6.871 9.604 40.5 0.0, 0.3072, 0.0925 1.271 2.650 2.068

LDA −0.92 6.802 9.897 39.3 0.0, 0.3086, 0.0937 1.274 2.603 2.045

Ave. 6.836 9.750 39.9 1.272 2.626 2.056

IrN3-II GGA 1.87 6.602 10.804 36.0 0.0, 0.3804, 0.1119 1.478 1.579 2.073

LDA 0.12 6.552 11.081 35.1 0.0, 0.3799, 0.1126 1.476 1.574 2.054

Ave. 6.577 10.942 35.5 1.477 1.576 2.063

TABLE IV. Elastic stiffness constants Cij, bulk modulus B �GPa�, shear modulus G �GPa�, Young’s modulus E �GPa�, Poisson’s ratio �,
anisotropic factor A, and Debye temperature 
D �K� at the GGA and LDA levels for IrN3. “Ave.” is the average of GGA and LDA values.

C11 C44 C12 B G E � A 
D

IrN3-I GGA 479 140 124 242 154 381 0.24 0.84 611

LDA 543 151 155 284 167 419 0.25 0.84 634

Ave. 511 145 139 263 160 400 0.24 0.84 622

IrN3-II GGA 607 273 206 339 241 585 0.21 1.24 748

LDA 648 290 241 377 251 617 0.23 1.27 762

Ave. 627 281 223 358 246 601 0.22 1.25 755
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tion, and both modifications converged to one structure
�modification II�. The two P2 join together with a distance of
2.325 Å and forms a quasisquare shape. The coordination
number of P is 4, i.e., two P atoms and two Ir atoms.

From the calculated elastic stiffness constants shown in
Table IV, it is seen that for IrN3, the two modifications are
mechanically stable. Modification II has a larger bulk modu-
lus of 358 GPa compared with 263 GPa in modification I,
indicating that modification II is less compressible than I.
This is consistent with the smaller volume of modification II
than that of I �Table III�. In addition, the calculated shear

modulus of 246 GPa and Young’s modulus of 601 GPa in
modification II are also larger than the corresponding values
of 160 and 400 GPa in modification I. The calculated aniso-
tropic factors A= �2C44+C12� /C11 are 0.84 and 1.24 for
modifications I and II, respectively. This reveals that both
modifications are anisotropic, because a value of 1 represents
completely elastic isotropy, while values smaller or greater
than 1 measure the degree of elastic anisotropy.

Compared with arsenopyrite IrN2, IrN3 has a slightly
smaller bulk modulus �358 GPa for modification II com-
pared with 373 GPa in IrN2�. Nonetheless, for IrN3, the cal-

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 6. �Color online� Opti-
mized crystal structures of cubic
IrN3-I �c� and IrN3-II �f�. The
crystal structure �c� ��f�� is ob-
tained by the combination of two
separate parts, Ir framework �a�
��d�� and nitrogen framework �b�
��e��, i.e., a+b=c. The bond dis-
tances shown in �a�, �b�, �d�, and
�e� are from GGA calculation �see
also Table III�. The Ir and N atoms
are shown in purple �larger� and
cyan �smaller�, respectively.
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culated shear modulus, a better indicator for hardness com-
pared with bulk modulus, is 246 GPa, slightly larger than
228 GPa in IrN2. Young’s modulus is 601 GPa in IrN3, larger
than 568 GPa in IrN2, while Poisson’s ratio is 0.22 in IrN3,
smaller than 0.24 in IrN2. The small Poisson’s ratio indicates
that the bonding is more directional. Thus, the above results
are clear indication that IrN3 could be a potential candidate
to be superhard.

The calculated TDOS shows that modification I is metal-
lic because of the finite N�EF� at the Fermi level �Fig. 10,
top�. However, due to the small N�EF� at the Fermi energy
level, modification I is a poor conductor. The conducting
behavior is mainly caused by N 2p orbital as seen from the
partial DOS of Fig. 10 �top�. Ir 5d orbital shows much
weaker conductivity and can actually be ignored �see the
inset of IrN3-I in Fig. 10, top�. This is different from modi-
fication II, in which both N and Ir are nonmetallic �see the
DOS of IrN3-II in Fig. 10, bottom�. The calculated band gap
for modification II is 0.65 eV. The bonding between two
diatomic N-N unit N2 can be clearly seen from charge den-
sity distributions shown in Fig. 11. From the PDOS of both
modifications, we also noticed that Ir 5d orbital has a strong
hybridization with N 2p orbital, indicating the covalent
bonding. In addition, both TDOS and PDOS patterns are
different between the two modifications.

Atomic population gave the net charges of 0.85 on Ir and
−0.28 on N in modification I, indicating the existence of
ionic bonding, whereas for modification II, the net charges

on Ir and N are 0.77 and −0.26, respectively. The smaller
charge transfer in modification II suggests that it is less ionic
compared with modification I.

From Fig. 11, it is seen that metallic Ir-Ir bonding does
not exist in both modifications. For modification I, it seems
that metallic bonding were observed in �110� plane. In fact,
the small charge density between Ir atoms in �110� plane is
from the projection of N2 above the plane. This is confirmed
by the charge density plot in �100� plane �Fig. 11, right�. In
�100� plane, Ir atoms form a square planar structure, i.e., the
bond distances Ir1-Ir2, Ir1-Ir3, Ir2-Ir4, and Ir3-Ir4 are equal.
From Fig. 11 �right�, it is seen that metallic bonding does not
exist between Ir1-Ir3 and Ir2-Ir4, which should also be true
for Ir1-Ir2 and Ir3-Ir4 bonds. Therefore, the charge density
between Ir1-Ir2 and Ir3-Ir4 should be from other atoms. Our
careful checking indicates that it is from the projection of N2
above the Ir-Ir bond. In addition, the charge density between
Ir atoms is not located in the middle of the axis of the Ir-Ir
bond, which should be another indication that the charge
density is not contributed by the two Ir atoms. The reason
that the charge density between Ir atoms is seen in modifi-
cation I �Fig. 11, left�, not in II �Figure 11, middle�, is be-
cause in modification I, the distance between Ir square plane
and diatomic N-N unit N2 above it is much closer in I �Fig.
6�c�� than in II �Fig. 6�f��. In other words, metallic bonding
does not exist for the long Ir-Ir bond distance in both modi-
fications �3.435 Å in I/and 3.301 Å in II at the GGA level,
see Figs. 6�a� and 6�d��. Thus, for both modifications, there
exists a mixture of covalent and ionic bondings. This is dif-
ferent from IrN2 in the most stable P21/c phase, in which,
besides covalent and ionic bondings, metallic bonding is also
obvious �Ir-Ir bond with the distance of 2.605 Å in IrN2, Fig.
1�c��. Therefore, our calculation suggests that the intercala-

FIG. 7. �Color online� �a� Topology of IrN3-I, �b� connection of
octahedra in IrN3-I, �c� topology of IrN3-II, and �d� connection of
octahedra in IrN3-II. The Ir and N atoms are shown in purple
�larger� and cyan �smaller�, respectively.

N N

N N

N N

N N

1.579

1.478

2.649

1.271

IrN3-I IrN3-II

FIG. 8. In the two isolated 4N systems, IrN3-I is 6.64 eV lower
in energy than IrN3-II, or 3.32 eV per diatomic N-N unit N2.

FIG. 9. Energy vs fractional coordinate of N �y� in IrN3. The
absolute energy is obtained by adding −11 000 eV. For the z com-
ponent of N fractional coordinates �0.0, y, z�, since it changes
slightly from modification I �0.09� to II �0.11�, we chose three
points for each y value, i.e., 0.09, 0.10, and 0.11. Among the three
points, the structure with the lowest energy after optimization was
selected and shown in the figure. During the geometry optimization,
only the fractional coordinates of N were fixed; other parameters
such as lattice constants were allowed to relax.
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tion of the dinitrogen units into the Ir lattice induces a sub-
stantial change of the electronic structure from metallic, in
bulk Ir, to a mixture of covalent and ionic bondings in IrN3.

The calculated ratio B /G for modification I is 1.64 and for
modification II is 1.45, indicating that they are brittle, in
particular, for modification II.

In the following, we have calculated the Debye
temperature.63 It is known that as a fundamental parameter,
Debye temperature correlates with many physical properties
of solids, such as specific heat, elastic stiffness constants, and
melting temperature. At low temperatures, the vibrational ex-
citations arise solely from acoustic vibrations. Therefore, the
Debye temperature calculated from elastic stiffness constants
at low temperatures is the same as that determined from spe-
cific heat measurements. The calculated Debye temperature
is 622 K for modification I, smaller than 755 K for modifi-
cation II. Since at low temperatures only the acoustic

branches of phonons are active, therefore, the estimated De-
bye temperature from our elastic stiffness constants is valid
for low temperatures.

Finally, both modifications were studied as a function of
pressure. Similar to IrN2, we only calculated the formation
enthalpy of both modifications at the GGA level. It is seen
from Fig. 12�a� that modifications I and II become thermo-
dynamically stable compared with elements at above ap-
proximately 2 and 11 GPa, respectively. This is, indeed, an
interesting conclusion since experimental studies on iridium
nitride were conducted at above 50 GPa, but only iridium
nitride with stoichiometry of 1:2 �i.e., IrN2� was
confirmed.15,16 Therefore, we suggest that IrN3 should be ex-
amined in further experimental studies. On the other hand,
modification II becomes energetically favorable than I above
64 GPa �Fig. 12�b��.

CONCLUSIONS

IrN2 was studied for various crystal structures. We predict
that IrN2 in monoclinic P21/c phase of arsenopyrite structure
with even formula units is semiconducting and very promis-
ing to be superhard. This is in good agreement with both the
experimental and recent theoretical studies.

From our calculation, arsenopyrite IrN2 contains mixtures
of covalent, ionic, and metallic bondings. The bond distance
of diatomic N-N unit N2 is 1.414 Å. Compared with the
other phases, IrN2 remains stable at very high pressure. A
displacive phase transition from distorted semiconducting
P21/c to undistorted metallic Pnnm phase occurs at around
300 GPa at the GGA level and 200 GPa at the LDA level.
The P21/c phase becomes energetically favorable above
3 GPa compared with the reactants Ir+N2 at GGA level. The
calculated bulk modulus is 373 GPa and shear modulus is
228 GPa. The obtained value of 373 GPa matches the recent
theoretical values of 357 GPa within 4.3% and of 402 GPa
within 7.8%, but smaller than the experimental value of
428 GPa by 14.7%.

For IrN2, marcasite Pnnm and Pnn2 phases are also very
promising to be superhard. The bond distance of diatomic

FIG. 10. Calculated total and partial DOS of IrN3-I �top� and
IrN3-II �bottom�. Vertical dotted line indicates the Fermi energy.
The insets in both pictures �top and bottom� are the partial DOS of
Ir 5d orbital near the Fermi energy level.

FIG. 11. �Color online� Charge density distributions of IrN3-I
�left�, IrN3-II �middle� in �110� plane, and IrN3-I in �100� plane
�right�.
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N-N unit N2 is 1.376 Å. The calculated bulk modulus is
367 GPa and shear modulus is 222 GPa. It becomes ener-
getically favorable above 6 GPa compared with the reactants
Ir+N2 at the GGA level. The metallic behavior in both
phases is mainly from Ir 5d and N 2p orbitals.

In addition, we also predict that IrN3 with cubic skutteru-
dite structure is very promising to be superhard. Two local
minima or modifications �termed as I and II� were located for
IrN3. Modification I is a poor metal, while II is nonmetallic.
Modification I is energetically more stable than II by around
1.2 eV/f.u. �the arithmetic average of GGA and LDA values,
Table III�. Thermodynamically stable phases were observed
at above approximately 2 and 11 GPa for modifications I and
II, respectively. The two modifications are different due to
the different arrangement of N atoms. Short N-N bond dis-
tance of 1.272 Å is observed in modification I. Because of
the smaller size of nitrogen, modification I is unique since
the corresponding structure cannot be observed in IrP3.

The calculated bulk modulus is 263 GPa for modification
I and is 358 GPa for modification II. Modification II be-
comes energetically favorable than I above 64 GPa. Both
modifications are brittle. The calculated elastic anisotropic
factors for both modifications indicate that they are elasti-
cally anisotropic. We wish our study could stimulate future
experimental study.
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