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We investigate the structural and thermodynamic properties of OsNg by a plane-wave pseudopotential density

functional theory method. The obtained lattice constant, bulk modulus and cell volume per unit formula are consistent

with the available theoretical data. Moreover, the pressure-induced phase transition of OsNg from pyrite structure to

fluorite structure has been obtained. It is found that the transition pressure of OsN2 at zero temperature is 67.2 GPa.

The bulk modulus B as well as other thermodynamic quantities of fluorite OsN2 (including the Griineisen constant ~y

and thermal expansion «) on temperatures and pressures have also been obtained.
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1. Introduction

Recently, many types of transition metal com-
pounds have been investigated because of the the-
oretical and experimental developments in materials
science.! =10 However, the 4d and 5d series of the no-
ble transition metals (Ru, Rh, Pd, Ag, Os, Ir, Pt,
and Au)m have been rarely considered with regard to
their compounds, such as nitrides and oxides, since
the theory about the electronic correlation of 4d or 5d
electrons is still imperfect.

The marcasite structure of OsNg was firstly syn-
thesized at high pressures and temperatures using
laser-heated diamond-anvil cell techniques by Young
et al.,[2 whose theoretical calculations reflected that
the metal and nitrogen stoichiometry was 1:2 in the
compound. From then on began the theoretical re-
search on the structures and properties of OsNy. The
pyrite and fluorite structures were firstly researched
by Fan et al.’] using the generalized gradient ap-
proximation (GGA) and the local-density approxima-
tion (LDA) based on density functional theory. They
thought that OsNsy was metallic and both pyrite and
fluorite phases were stable from their elastic constants,
electron density and density of state.

Theoretical research of the marcasite structure
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was conducted by comparing this with the pyrite and
fluorite structures.*=% From the study of bulk mod-
ulus, band structure, elastic constants and density
of states, we found that the marcasite structure was
more stable than the other two structures, though the
fluoritel* and pyritel®®! structures were mechanically
stable. From calculations of lattice parameters and
band structures of marcasite and arsenopyrite phases,
Hernandez et al. revealed that, with respect to the
marcasite structure, the arsenopyrite structure was
found to be unstable.”]

By comparing the OsB, OsBs, OsC, OsO2, OsN,
and OsNy electronic structures and phase stabilities,
Zhang et al.l¥ illustrated that OsNj in fluorite struc-
ture was more stable than OsN. Aberg et al.?) consid-
ered the platinum-metal (PM) nitrides. They found
that the structures of these compounds were thermo-
dynamically stable at pressures above 50 GPa, and
two kinds of simple tetragonal structures were ob-
tained for the first time by VASP code. By first-
principles investigation of the electron—phonon inter-
action in OsNy, Hernandez et al. predicted that OsNsy
compound was a superconductor.!1?

Based on the above investigations, the mechani-

cal properties were researched extensively, but to the
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best of our knowledge, the thermodynamic proper-
ties of OsNy were not well considered. In this pa-
per, we will focus on investigating the high pres-
sure phase transition of OsNjy in fluorite (space group
Fm3m) and pyrite structures (space group Pa3),
as well as the thermodynamic properties of fluo-
rite OsNy over the range of 0-450 GPa by the
plane-wave pseudopotential density functional theory
method through the Cambridge Serial Total Energy
Package (CASTEP) program,''1?l the equation of
state (EOS) program®'4 and the quasi-harmonic
Debye model.'®! In Section 2, we will illuminate the
theoretical method. The results and some discussion
are presented in Section 3. A conclusion is drawn in
the last section.

2. Theoretical method

2.1. Total energy electronic structure
calculations

In our calculations, we adopt a non-local ultrasoft
pseudopotential introduced by Vanderbilt™'®! together
with two types of functional forms for the exchange—
correlation potential among electrons, i.e., the lo-
cal density approximation (LDA) proposed by Vosko
et al.l'7 and the generalized gradient approximation
(GGA) proposed by Perdew et al.l'®l Before starting
with calculations, a set of convergence tests have been
carried out in order to choose correctly the grid of spe-
cial k points and the cut-off for the plane wave kinetic
energy. We here use a plane wave kinetic energy cut-
off of 550.00 eV and the Brillouin zone integration is
confined to a 9x9x9 Monkhorst—Pack mesh,*?! where
the self-consistent convergence of the total energy is
at 1076 eV /atom. Pseudo atomic calculations are per-
formed for N 2s22p3 and Os 5s25p®5d%6s2. All of the
total energy electronic structure calculations are im-
plemented through the CASTEP code.['!:12

2.2. Quasi-harmonic Debye model

To investigate the phase transition of OsNjy, the
EOS program!!'314 was used, with which we have
studied the transition phase of GaN.[2%! For ther-
modynamic properties of OsNy, we apply the quasi-
harmonic Debye model,[*! in which the phonon effect
is considered. In the quasi-harmonic Debye model, the
non-equilibrium Gibbs function G*(V; P,T) is given

as
G*(V;PT)=E(V)+ PV + Avn(0(V);T), (1)

where E(V) is the total energy, PV corresponds to
the constant hydrostatic pressure condition, and Av;p,
is the vibrational Helmholtz free energy. Consider-
ing the quasi-harmonic approximation®! and using
the Debye model of phonon density of states, one can

write Ay as(22:23]

Avip(6;T) = nkBT{Z? +3In(1 — e 9/7)

D(@/T)} 7 @)

where O is the Debye temperature, D(6O/T) repre-
sents the Debye integral, and n is the number of atoms
per unit formula. The standard thermodynamic rela-
tions that depend on temperature and pressure are
used to derive other macroscopic properties, and with
the isotropic approximation, @ is expressed asl2?

Bs

B 1/3
QD:k—[&TQVl/Qn} F@)y 77 (3)

B
where V, M, n, Bs, f(0), and kp are the molar vol-
ume, the molar mass, the number of atoms per formula
unit, the adiabatic bulk modulus, a scaling function
that depends on the Poisson’s ratio of the isotropic
solid, and the Boltzmann constant, respectively. In
addition, the heat capacity Cy is taken as

e 360/T
Applying this theoretical method, we have investi-
gated some materials, such as GaN,[20 SrS [24] AIN [25]
and BC,N.[20]

3. Results and discussion

First of all, we calculate the equilibrium proper-
ties of both the fluorite and pyrite structures of OsNy
(the structures are shown in Fig. 1) for the sake of
judging whether the computational methodology is re-
liable and effective. To calculate the total energy E
and the corresponding volume V', we take a series of
different lattice parameters a. The lattice constant ag
and equilibrium volume per unit formula of the flu-
orite and pyrite structure of OsNy we obtained are
nearly the same as other theoretical results.[>6:8 In
our calculation, our LDA results seem to be in better
agreement with other theoretical data than our GGA
results. So, the LDA functional forms are applied in
the following calculation.
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Fig. 1. The crystal structures of OsNa: (a) pyrite; (b) fluorite.

The calculated energies as a function of the vol-
ume per formula unit for OsNs are shown in Fig. 2,
together with the information concerning the static
equations of state (EOS) and the phase stability data.
Here, we fit the calculated E—V points to the Mur-
naghan EOS['3) and the natural strain EOS.' The
obtained lattice constant ag, bulk modulus By and
pressure derivative of the bulk modulus B{ for the
fluorite and pyrite structures of OsNy at zero pressure
are also shown in Table 1.
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—112.9

40
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—113.0 L
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Fig. 2. Energy as a function of volume per formula unit
for OsNa.

Table 1. Lattice constant a (A), bulk modulus By (GPa), its pressure derivative B’ and the volume per
formula unit V' (A3) of OsN3 at 0 GPa and 0 K, 1 A=0.1 nm.

present others
Fm — 3m (225)
a/A 4.780 (LDA) 4.7812, 4.781P, 4.805° (LDA)
4.828 (GGA) 4.856%, 4.834P, 4.876° (GGA)
4.804 (Ave) 4.8192, 4.807" (Ave)
4.7969, 4.777°
V /A3 27.3 (LDA)
28.1 (GGA)
27.7 (Ave)
27.5814, 27.254¢
Bo/GPa 357.064, 410.36° 388.0%, 386", 388.0° (LDA)
333.32, 341", 332.9° (GGA)
360.72, 363" (Ave)
Bj, 3.9154, 4.476¢
Pa3 (205)
a/A 4.828 (LDA) 4.831 P (LDA)
4.899 (GGA) 4.925% | 4.884P (GGA)
4.8635 (Ave) 4.857 (Ave)
4.8424, 4.829°
Vv /A3 28.1 (LDA) 28.2P (LDA)
29.4 (GGA) 29.1° (GGA)
28.7 (Ave) 28.6" (Ave)
28.3744 28.230°
By/GPa 353.20 4, 409.52¢ 352P (LDA)
3162, 320 (GGA)
336" (Ave)
B 4.0874, 4.407¢

aFrom Ref. [3]; PFrom Ref. [6]; °From Ref. [8]; 9From the Murnaghan EOS;['3] ®From the natural strain 3rd-order EOS.[!5]
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Clearly, the lattice constant ag and equilibrium
volume per formula unit V calculated from Mur-
naghan EOS are in better agreement with other
theoretical values,®%8 and our bulk modulus By,
357.06 GPa and 353.20 GPa for fluorite structure and
pyrite structure are also consistent with other theoret-
ical values (360.7 GPa, 363 GPa for fluorite structure
and 336 GPa for pyrite structure).[?”6
the experimental values or other theoretical results for

I Unfortunately,

the pressure derivative Bj, are not yet available for
comparison.

Our results described above suggest that the
plane-wave pseudopotential density functional theory
method through the CASTEP program and the EOS
program are suitable and effective for investigating
the properties of OsNs. An estimate of the zero-
temperature transition pressure between the fluorite
and the pyrite structures of OsNy may be obtained
from the usual condition of equal enthalpies, i.e. the
pressure P, at which the enthalpy H = E + PV of
both phases is the same. Figure 3 shows the enthalpy
as a function of the pressure from the Murnaghan
EOS. It is found that the transition pressure from the
pyrite to the fluorite structure is about 67.2 GPa. We
also calculated the transition pressure with the natu-
ral strain 3rd-order EOS, 65 GPa, which also agrees
well with the result from the Murnaghan EOS. OsN,
has been studied in recent years, but there is no ex-
perimental or theoretical value available on the transi-
tion pressure. We hope our study could provide useful
guidance for future research.

—37.40
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—37.45 1

—37.50 1

—37.55 1

Enthalpy/Hartree

—37.60

—37.65 - . . . : :
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Fig. 3. Enthalpy as a function of pressure for OsNs.

It is known that the fluorite structure is more
stable than the pyrite structure of OsNy at high pres-
sure. Here we focus our attention on the thermody-
namic properties of fluorite OsNs at high pressure and

high temperature through the quasi-harmonic Debye
model.['®) In Figs. 4 and 5, we illustrate the relations
of the bulk modulus B as a function of temperature
T up to 3000 K at different pressures P = 100, 250,
and 400 GPa, and as a function of pressure P up
to 450 GPa at different temperatures T = 0, 300,
1500, and 3000 K. It is shown fin Fig. 4 that when
T < 300 K, the bulk modulus B nearly keeps con-
stant; when T' > 300 K, as temperature T increases, B
decreases dramatically. The linear coefficient of ther-
mal expansion of OsNy as a function of temperature
at various pressures is calculated from the volumes.

A —n—400 GPa|
1720 e
L \I\
I\.
1680¢ L L L L l\.\‘
s 1275 _\l\.\.\ —u—250 GPa|
5 —
~. e
N 12251 \-\.\.
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[ ——,
725 B \I\.
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675¢E I L . . L]
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Temperature/K

Fig. 4. The bulk modulus B as a function of temperature
T up to 3000 K at various pressures.
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Fig. 5. The bulk modulus B versus pressure P at tem-
peratures 7' = 0, 300, 1500 and 3000 K.

It can be seen clearly in Fig. 6. The linear coefficient
of thermal expansion was obtained using (a — ag)/ao,
where ag is the lattice constant at T = 300 K. At a
given pressure, we find that the lattice parameter a
nearly keeps constant when temperature T' < 300 K,
and this results in very little change in volume V.
However, once the temperature T" > 300 K, the lat-
tice parameter a increases rapidly as the temperature
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T increases. The volume V will be changed dramat-
ically. The dramatic volume variation leads to the
rapid decrease in the bulk modulus By. In addition,
for a given temperature, the linear coefficient of ther-
mal expansion (a — ag)/ap decreases with increasing

pressure.
1.2+
—=—100 GPa
—*— 250 GPa
1.0 —A— 400 GPa

X
= 0.8
(=
3
~
= 06
3
|
S 0.4
0.2
0
1 1 1 1 1 1
0 1000 2000 3000
Temperature/K

Fig. 6. Linear coefficient of thermal expansion versus
temperature T at various pressures.

Moreover, we calculated the linear thermal expan-
sion coefficient «,. At room temperature, we obtained
g, = 2.46 x 1076 K~ for the fluorite structure. No
experimental value is available to compare with our
result. Since the borides, carbides, oxides, and ni-
trides of Os are expected to be good candidates for
superhard material, here we apply the linear thermal
expansion coefficient of diamond for our comparison.
At room temperature, the linear thermal expansion
coefficient of diamond is 2.796x 1075 K=! (theoretical
data).m] Our results are approximate on the order of
magnitude.

On the other hand, it is noted from Fig. 5 that
the relationships between bulk modulus B and pres-
sure P are all nearly linear at T' = 0, 300, 1500, and
3000 K. The bulk modulus increases with pressure at
a given temperature and decreases with temperature
at a given pressure. It is shown that increasing pres-
sure has exactly the opposite effect on the bulk mod-
ulus of materials as does increasing temperature, as
can be understood from the above quasi-harmonic De-
bye model. Griineisen constant -y, which describes the
anharmonic effects in the vibrating lattice, can cor-
rectly predict the anharmonic properties of a material,
such as the thermal expansion coefficient and the tem-
perature dependence of phonon frequencies and line-
widths. In Fig. 7, we present the obtained Griineisen
constant vy at 0 K. It is noted that the Griineisen con-

stant v decreases with increasing pressure at zero tem-

perature.

2.2

\
2.0m
18 =
1.6+ \

141+ ™~

Griineisen constant ~
"

1.2¢F

1 1 1 1 L 1 1 L
0 100 200 300 400 500
Pressure/GPa

Fig. 7. Griineisen constant 7y versus pressure at zero tem-
perature.

In Fig. 8, we present the variations in the ther-

mal expansion « with temperature and pressure.
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Fig. 8. The thermal expansion coefficient versus temper-
ature (a) and pressure (b).

It is noted that at a given pressure, « increases ex-
ponentially with T" at low temperatures and gradually
approaches a linear increase at high temperatures. As
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the pressure increases, the increase in o with tempera-
ture becomes smaller, especially at high temperatures.
At a given temperature, « decreases drastically with
an increase in pressure. When the pressure is above
200 GPa, the thermal expansion « of 2000 K is nearly
the same as that of 3000 K and just a little larger than
that of 1000 K, which means that the temperature de-
pendence of « is very small at high temperature and
higher pressure.

The Debye temperature is an important funda-
mental parameter and closely related to many physi-
cal properties of solids, such as the specific heat and
melting temperature. Below the Debye temperature,
quantum mechanical effects are very important in
understanding the thermodynamic properties, while
above the Debye temperature, quantum effects can be
neglected. In Fig. 9, we show the Cy and the Debye
temperature @ as functions of pressure P at temper-
atures of 300 K and 2000 K for the fluorite structure
OsNs.
constant, the Debye temperature © increases almost

It is shown that when the temperature is

linearly with applied pressure. However, the Cy de-
creases with applied pressure, which is due to the
effect of increasing pressure on OsNy being the same
as decreasing the temperature of OsNs. On the other
hand, the specific heat for 100, 200, 300, and 400 GPa
of the fluorite structure OsNs is plotted in Fig. 10. It
is readily seen that when T" < 1500 K, the Cvy is de-
pendent on the temperature and pressure. When the
applied pressure ranges from 100 GPa to 400 GPa,
the heat capacity Cy decreases by 31.59%, 4.28%,
1.12%, 0.51% at 300, 1000, 2000, and 3000 K, respec-
tively. This is due to the anharmonic approximations

19 [ —=—(CYy 300 K
L ——Cy 2000 K
F——© 300 K
[ —v— © 2000 K
0.8}
=)
> L
=
b 041
I L
X
0 -
_04 i 1 1 1 1 1
0 100 200 300 400 500
Pressure/GPa

Fig. 9. Variations in thermodynamic parameters X (X:
Debye temperature or specific heat) with pressure P.
They are normalized by (X — Xo)/Xo, where X and Xo
are the Debye temperature or heat capacity under any
pressure P and zero pressure Py at the temperatures of
300 K and 2000 K.

of the Debye model used here. At higher pressures
and higher temperatures, the anharmonic effect on
Cv is suppressed, and Cy is very close to the Dulong—
Petit limit (=~ 75 J-mol™1-K~!). The heat capacity
Cy of the fluorite structure OsNj is 52.2 J-mol ™t K1
at transition pressure 67.2 GPa and ambient temper-

ature.
80
T L
i
- 60
LO —e—100 GPa
g L —4—200 GPa
- —*— 300 GPa
> 40f —4—400 GPa
."5
3 L
[N
g
3 20
[}
= L
0 1 1 1 1 1 1
0 1000 2000 3000
Temperature/K

Fig. 10. The heat capacity at various pressures and tem-
peratures.

4. Summary

In summary, we have investigated the lattice pa-
rameters and thermodynamic properties of OsN; in
pyrite and fluorite structures by using first-principles
calculations. The pressure induced phase transition
of OsNy from pyrite structure to fluorite structure
has also been investigated by the EOS program. It
is found that the transition pressure of OsNy at zero
temperature is 67.2 GPa. Moreover, we have obtained
the pressure or temperature dependence of the bulk
modulus B, linear coefficient of thermal expansion,
Griineisen constant -, thermal expansion «, Debye
temperature @, and specific heat Cy; for fluorite OsNs.
Unfortunately, for these properties, there are no previ-
ous calculations and experimental values for our com-
parison. However, we believe that more experimental
and theoretical work is required on all aspects of OsNy

Acknowledgments

The authors would like to acknowledge the sup-
port for the computational resources by the State
Key Laboratory of Polymer Materials Engineering of

China in Sichuan University.

045101-6



Chin. Phys. B Vol. 20, No. 4 (2011) 045101

References

(1]
2]

(3]

Yu R and Zhang X F 2005 Phys. Rev. B 72 054103
Young A F, Sanloup C, Gregoryanz E, Scandolo S, Hemley
R J and Mao H K 2006 Phys. Rev. Lett. 96 155501

Fan CZ, Zeng S Y, Li L X, Zhan Z J, Liu R P, Wang W
K, Zhang P and Yao Y G 2006 Phys. Rev. B 74 125118
Wang Y X, Arai M and Sasaki T 2007 Appl. Phys. Lett.
90 061992

Chen Z W, Guo X J, Liu Z Y, Ma M Z, Jing Q, Li G,
Zhang X Y, Li L X, Wang Q, Tian Y J and Liu R P 2007
Phys. Rev. B 75 054103

Wu Z J, Hao X F, Liu X J and Meng J 2007 Phys. Rewv.
B 75 054115

Herndndez E R and Canadell E 2008 J. Mater. Chem. 18
2090

Zhang M, Wang M, Cui T, Ma Y M, Niu Y L and Zou G
T 2008 J. Phys. Chem. Solids 69 2096

Aberg D, Sadigh B, Crowhurst J and Goncharov A F 2008
Phys. Rev. Lett. 100 095501

Herndndez A D, Montoya J A, Profeta G and Scandolo S
2008 Phys. Rev. B 77 092504

Payne M C, Teter M P, Allen D C, Arias T A and
Joannopoulos J D 1992 Rev. Mod. Phys. 64 1045
Milman V, Winkler B, White J A, Packard C J, Payne M
C, Akhmatskaya E V and Nobes R H 2000 Int. J. Quan-
tum Chem. 77 895

Murnaghan F D 1937 Am. J. Math. 49 235

[14]
(15]

(16]
(17]

(18]
(19]
20]

(21]

[22]
[23]
[24]
[25]

[26]
27]

045101-7

Poirier J P and Tarantola A 1998 Phys. Earth Planet Int.
1091

Blanco M A, Francisco E and Luana V 2004 Comput.
Phys. Commun. 158 57

Vanderbilt D 1990 Phys. Rev. B 41 7892

Vosko S H, Wilk L and Nussair M 1980 Can. J. Phys. 58
1200

Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev.
Lett. 77 3865

Francisco E, Blanco M A and Sanjurjo G 2001 Phys. Rev.
B 63 094107

Lu L Y, Chen X R, Cheng Y and Zhao J Z 2005 Solid
State Commun. 136 152

Maradudin A A, Montroll E W, Weiss G H and Ipatova
I P 1971 Theory of Lattice Dynamics in the Harmonic
Approzimation (New York: Academic Press)

Blanco M A, Martin P A, Francisco E, Recio J M and
Franco R 1996 J. Mol. Struct. (Theochem.) 368 245
Flérez M, Recio J M, Francisco E, Blanco M A and Pendés
A M 2002 Phys. Rev. B 66 144112

Cheng Y, Lu L' Y, Jia O H and Chen X R 2008 Chin.
Phys. B 17 1355

Zhang W, Cheng Y, Zhu J and Chen X R 2009 Chin.
Phys. B 18 1207

Chang J, Cheng Y and Fu M 2010 J. A¢. Mol. Sci. 1 243
FuZ J, Ji G F, Chen X R and Gou Q Q 2009 Commun.
Theor. Phys. 51 1129



