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Phase transition, elastic and thermodynamic properties of PtN,

under high pressure from first-principles study
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Abstract: The structural, elastic, electronic and thermodynamic properties of PtN, have been studied in
fluorite (C1), pyrite (C2), marcasite (C18), CoSb,, simple hexagonal (denoted SH hereafter), simple
tetragonal (denoted ST hereafter) and Layer structure (hereafter denoted as L.S) phase by performing ab
initio calculations within the generalized gradient approximation (GGA). The equilibrium lattice param-
eters, bulk modulus and its pressure derivative are in agreement with the available theoretical results and
experimental data. The most stable structure is C2 phase through calculating the enthalpy, while the
others are metastable. It is noted that no phase transition occurs between difference phases in the pres-
sure range studied here. The density of states indicates that C2-PtN; is semiconductor with a band gap of

5 eV. The Youngs modulus, Poisson’s ratio and anisotropy factor have been predicted. We note that
the elastic constant, bulk modulus, shear modulus, compressional and shear wave velocity increase
monotonically with increasing pressure. The Debye temperature, thermal expansion and heat capacity
increase with pressure.
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1 Introduction

The transition metal nitrides with unique
properties in durability and conductivity have at-
tracted special attention[ 1-2 ], since the first suc-
cessful synthesis of platinum nitride at high pres-
sures and temperatures in 2004, making it possi-
ble the design of entirely new materials such as
coatings materials, thin film resistors, integrated
circuits[ 3-5] and so on. Though, a series of theo-
retical and experimental efforts have been made to
study their elastic properties and electronic struc-
tures[ 6-11], less attention has been paid to their
phase transition and thermodynamic properties
which are essential for further basic research and
applications, especially under high pressures.

Through experimental synthesis, Crowhurst
et al.™ found that the lattice constant a = 4. 807
in C2 structure. The elastic properties and elec-
tronic structure of the C2-PtN, were studied using
the full-potential linearized augmented plane-wave
(LAPW)method with the density-functional theo-
ry (DFT) by Yu ez al., and the PtN, (C2)was
semiconducting having an indirect band gap. Chen
et al.™ found the PtN, (C2) was mechanically
and dynamically stable and the formation energy
of C2 structure was 0. 637 €V per formula unit for
the nitrides. Soto™*) made a comparative analysis
of heavy-metal per nitrides using self-consistent
computational methods and found the bulk modu-
lus of Pa 3(_ ) space group was 326 GPa. Using
first-principles, Gou et al. "'* found that the PtN,
in C2 and C18 phase were semiconducting materi-
als through and the PtN, (C2) were more energet-
ically stable under the ambient condition. The e-
lastic properties of C2-PtN, under high pressures
have been investigated by Fu et al." by using
norm-conserving pseudopotentials with the local
density approximation (LDA). The thermody-
namic stabilities of various phases of the nitrides
of the platinum-metal elements were systematical-
ly studied using DFT by ? berg et al. '), which
had shown the PtN, simple tetragonal structures

at 17 GPa were thermodynamically stable with re-

spect to phase separation. Recently, a new phase
Layer structure (space group Pmmm: No. 47)has
been studied about the mechanical and dynamical
stability by Fan et al.™ However, the phase
transition and elastic properties(e. g. bulk modu-
lus, shear modulus, Young’s modulus, compres-
sional and shear wave velocities, elastic aniso-
tropic factor) under high pressure have seldom
been reported.

In this work, We focus on phase transition,
electronic structure, elastic constants under high
pressures and thermodynamic properties of PtN,
with DFT based on the linear combination of a-
tomic orbital. This paper will be organized as fol-
lows: the theoretical method will be declared in
section 2. The calculated results will been given
in section 3 as well as some discussions as com-
pared with previous results. Section 4 is the con-

clusions.

2 Theoretical methods

2.1 Total energy calculation

The total energy electronic structure calcula-
tion grounded on the DFT were performed within
GGA

(PBE)™ for the exchange-correlation energy in

using the Perdew-Burke-Ernzergof
the Spanish Initiative for Electronic Simulations
with Thousands of Atoms (SIESTA) code. "%
The total energy and atomic forces is calculated u-
sing a linear combination of atomic orbital. The fi-
nite range pseudoatomic orbital (PAQOs) of the

[22] is generalized to include

Sanky-niklewsky type
multiple-zelta decays. The interactions between
electrons and core ions are simulated with the
separable Troullier-Martins®! norm-conserving
pseudotentials. Pseudoatomic are performed forPt
5d°6s' and N 25°2p°. All atoms are allowed to re-
lax until atomic forces are less than 0. 04 eV/7.
The cut-off energy are taken to be 700 eV for C1,
800 eV for C2, 700 eV for C18. For the Brillouin
zone k-point sampling, we use the 19 X 19 X 19
Monkhorst-Pack**' for C1, 11x11x11 forC2, 20
X 20X 20 for C18 structure, respectively. With

these parameter, the self-consistent convergence
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of the total energy is less than 0. 1 meV/atom for
PtN,.
2.2 Elastic constants

We calculate the second derivatives of the in-
ternal energy with respect to the strain tensor in
order to obtain the elastic constants. The theoret-
ical method proposed by Sin'ko and Smirnovt?’!
has been successfully employed to investigate the
constants of several materials (i. e. Ti?*, Zr™™,
Hf %1, «-BN7). Here is the brief description of
this method.

Consider a crystal compressed by the isotrop-
ic pressure P to the density p; =1/V, (where V| is
the distorted volume from the lattice distortion
e;). The small homogeneous deformation of this
crystal changes each Bravais lattice based vector R

to the strained lattice R in the form of
R/ = Z (6;j +€ij)Rj

For a homogeneous strain, the parameters e, are

@)

simple constants and §; is the Kronecher delta.
We use the independent strains as shown in Table
1. All these strains are non-volume-conserving.
The atomic positions are optimized at all strains.
For each strain, several small values of ¥ are cho-
sen to calculate the total energies E of the
The calculated E-y
points are fitted to the fourth-order polynomial E

strained crystal structure.

(p1»7), eventually the second derivatives of E

(p1+7) with respect to ¥ can be obtained.

Tab.1 The strains used to calculate the elastic constans for
different structures. In the second colunmn, all the
unlisted elements of strain tensors are set to zero.

A 1 2°E
Structure Distortion Vo 98 | oy
C1 and C2 el =7 Chn —P
€13 = €31 =7 4Cy — 2P
en =ex2 =7 2(Cn +Ciz —P)
C18 ei =v. (i =1,2,3) Ci
€23 =e32 = 7 Cy
€13 — €31 — 7 Css
€1z =€ =7 Ces
Cy: . Cs:
€2 = €33 = Y ZZZ +Coz + 2“
el =& = Y Cun |~ Css
2 +Cy3 + >
€11 — €2 =7 Ch - Cyy
2 +Cyp + 5

3 Results and discussion

3.1 Structural and electronic properties

The equilibrium lattice parameter is compu-
ted by minimizing the crystal total energy for the
different values of lattice constant by means of
Murnaghan's equation of state. The structural pa-
rameters are listed in Table 2. The value of lat-
tice constant for Cl is about 1. 4% higher than

B9, And the same quantity

the theoretical value
for C2 is about 1. 2% higher than theoretical val-
ue'® and 0. 06% higher than the available experi-
mental result. Apparently, these values are in
consistent with the experiments and previous the-

oretical calculations.

Tab.2 The calculated lattice constants (A), primitive cell volume (A*) and bulk modulus (GPa) of PtN, at T=0 K
and P=0 (GPa), together with the available experimental data and other theoretical results. In the experimen-
tal paper®, two pressure dirivatives were used, giving two bulk moduli.

Structure a b c B Vi B B
C1 Present work 5.03 31. 84 286 3.27
GGA® 4.96 264

C2 Present work 4. 83 28. 20 272 6.50
GGAP 4. 86 272 4.96
LDAP 4. 77 352 5.02
Expt. © 4. 80 354/372 5.26/4

C18 Present work 3.24 4.91 3.77 29.72 612 6.03
GGA! 3.20 4.88 3.78 29.49

CoSbh, Present work 5.06 4.75 4.98 101. 4 29.04 405 10.17

LDA® 4.895 4.833 4.900 99. 37 28.5
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GGA' 4. 899 4. 833 4. 899 99. 39 28.5
SH Present work 2.63 6.15 36.93 93 5.31
GGA' 2.9189 5.0055 36.93
ST Present work 4.87 4. 87 2.78 33.05 117 4.63
GGA! 4.8238 4. 8238 2.8402 33.04
LS Present work 2.85 3.77 3.23 34.70 122 4.52
GGA' 2.9021 3.7394 3.1971 34.70
* Ref. [30]
b Ref. [12]
¢ Ref. [3]
4 Ref. [33]
¢ Ref, [37]
TRef. [18]

At some given pressure and temperature, the
thermodynamically stable phase is the one with
the lowest Gibbs free energy G

G =E+PV—-TS (2)
where E, S, P and V are the internal energy, the
vibrational entropy, the pressure and the volume,
respectively. The Gibbs free energy G is equiva-
lent to the enthalpy, H=FE + PV, when our cal-
culation are performed at T=0 K. Therefore, in
order to investigate the phase transition, the rela-
tionship of enthalpy difference as a function of
pressure is shown in Fig. 1. It is noted that no
phase transition occurs between different phases

in the pressure range studied here. This results

. : : 13. 18
are in good agreement with reported in Ref ]
035
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Fig. 1  The Calculated enthalpies as a function of

pressure the proposed phases (the enthalpy
of C2 phase is set to be zero) at T=0 K.

The total and partial density of states (DOS
and PDOS) for the C2 phase are plotted in Fig. 2
at zero pressure and zero temperature. Around

Fermi level, DOS decreases to zero at —0. 6 eV

and is bigger than zero from 0. 90 eV, which
means that the C2-PtN, is a semiconductor with a
band gap of 1.5 eV. Given that DFT generally
underestimates the band gap often by 30—50%,
the true band gap might be located in the region of 2.
0—2.3 eV. The valence bands between —6 and —0.
6 eV are primarily dominated by 5d states. We can
find the hybridization between the 2p state of N and
5d state of Pt lying in the rang from —10 to —0. 6
eV, which signifies the strong metal-nonmetal bond-
ing is formed mainly. The 2p state of N contributes

mainly to the conduction band.

Pi6s
- \ Pisd

W o N A~ O ®
T

DOS (states/eV)
N
T

total

ol My " L " N AL ST n s s
-16 14 12 10 8 6 4 -2 0 2 4 6 8 10 12 14 16

Energy (V)

Fig. 2 Calculated partial and total density of states
(DOSs) at T=0 K.

In Fig. 3, it shows the DOS is under20, 40,
60 GPa pressure at zero temperature. We can find
that the band gap is 1. 6eV at 20 GPa, 1.8 eV at
40 GPa and 1. 9eV at 60 GPa, respectively, which
indicates it increases with pressure. N2s states
doped with Pt6s and Pt5d range from —16 eV to

—13 eV and move to low energy levels slightly,
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which indicates fair locality. The valance band
shifts to the low energy region and the conduction
band shift to high energy region with increasing
pressure, which reveals that the locality strength-

ens with pressure increasing.

3.2 Elastic properties

The elastic constants of C1, C2, C18 struc-
tures at zero temperature and zero pressure are
listed in Table 3, along with available experimen-

the

The elastic constants of C2 phase un-

tal data and previous theoretical val-

ueS“Z. 15, 30 .

10 F 20GPa | L E, - . . . L
sf A : s der high pressures are shown in Fig. 4. This fig-
Sls f | I pisa .. . .
aF | . ‘ ure indicates that the elastic constants increase
25 / ) AW wond\, . . . ~ .
o 0pie Lt SNV e L monotonically with applied pressure. C;; increa-
> 10 [
2 F 40P , . . . .
g s a ! ses dramatically with the applied pressure, while
5 6l | .
?; 4k LA A C,, increases moderately as well as C;,. The cri-
& 2f ! 'y
= B S EEE— Pt b terion for the mechanical stability of crystal struc-
E 60GPa . .
Z? 1 tures are expressed by™. for cubic structure,
+ A v
“r . . Ch>0,Cu>0,Cy>1]Cy | >0, and (C,, +
PRV Y .| I\ i :li' i P NN L . .
R = B R R R TR S R B e 2C1,) > 0. These values satisfy these relations
Energy (V) for the applied pressures, which guarantee the
Fig. 3 Partial and total density of states under different mechanical stability of PtN, under high pres-
pressures at T=0 K. sures.
Tab.3 The elastic constants C; (GPa), bulk modulus B (GPa), shear modulus G, and Young’s modulus Y(GPa) of
PtN, at T=0 K and P=0 GPa, together with other theoretical results.
Structure Cn Ciz Cus Co Cos Cas Cu Css Coes B G Y
C1 Present work 449 176 92 267 108 439
GGA®? 457 167 99 264 116 303
C2 Present work 596 86 142 256 180 437
GGA? 668 78 133 272 184 452
C18 Present work 503 157 380 807 143 614 108 330 215
GGA* 481 111 262 737 107 493 110 266 148 295 187 580
2 Ref. [30]
PRef. [12]
cRef. [15]
The Poisson’s ratio ¢, and Young’s modulus
e Y. which are the most interesting elastic proper-
oo L ties for applications, are often measured for poly-
R crystalline materials when we investigate their
g
g wr hardness. These quantities are obtained in terms
]
S
el of the computed data using the following relations
2 3B —2G
6= 5o e (3
| 2(3B +G)
9GB
200 |- Y = — (4)
1 1 1 1 1 G + 3B

10 20 30 40 50 60
Pressure (GPa)

Fig. 4 Calculated pressure dependence of elastic con-
stants for PtN, in C2 phase at T=0 K.

where G= (Gy +Gg)/2, B=(By +Bg)/2 are the
shear modulus and bulk modulus according to the
Voigt-Reuss-Hill (VRH)™* average scheme, re-

spectively. Gy and By are Voigt’s modulus and
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Ggs Bg are Reuss’s modulus. For cubic phase,

they are expressed as

Gy = (Cy; +3C,, —C,)/5 (5)

& @, —(io>+3 0
RNH

By = By = (Cat 26 o

Using these relations, the computed bulk modu-

lus, shear modulus, Young’s modulus and Poisson’s
ratio are listed in Table 3, along with the results in
Ref [12,30]

are given in Table 4. We notice that the Poisson’s

The Poisson’s ratio ¢ under high pressure

ratio ¢ increases moderately with the pressure. It can
be noted that Young's modulus shows a linear in-
crease with pressure via observing Fig. 5 as well as

bulk modulus and shear modulus.

Tab.4 The calculated Zener anisotropy(A) factor and Possion ratio(¢) under high pressure.

Pressure(GPa) 10 20 30 40 50 60
A 0.614 0.627 0.602 0.602 0.612 0. 644
o 0.229 0. 240 0. 240 0. 252 0. 260 0. 265

800

400 -

Moduli (GPa) and Debye temperature (K)
o
8
T

300 -

200 1 1 1 1 1 1
10 20 30 40 50 60

Pressure (GPa)

Fig.5 Calculated pressure dependence of bulk modu-
lus, shear modulus, Young’s modulus for C2
phase at T=0 K.

For a cubic crystal, the elastic anisotropy
factor A is evaluated by™
2C,, +Cyy

Cll

For elastically isotropic crystals, anisotropy factor A

A= €))

must be equal to 1, while any deviation from unity
corresponds to the degree of elastic anisotropy pos-
sessed by the crystal. The obtained A values at 10,
20, 30, 40, 50, 60 GPa are listed in Table 4. We can
find that A is almost independent of the pressure and
deviates from 1. As we know, the elastic anisotropy
is only dependent on the symmetry of the crystal. In
other words, the symmetry of C2-PtN, stays the
same at high pressures.
3.3 Thermodynamic properties

The Debye temperature @ is used to distin-

guish between high-and low-temperature regions

for a solid. It is closed to the elastic constants,
the specific heat, the thermal coefficient, and the
melting temperature. If T > @, we expect all
modes to havea energy levels kBT, if T << @, one
expects high-frequency modes to be frozen™?.
The Debye temperature ® can be calculated from

the averaged sound velocity v, by following e-

quation-**
1
_ h[3n(Nap\7*
@7kg|i47c<M H U )

where & is Planck’s constant, %j the Boltzmann’s
constant, N, the Avogadro’ s number, n the
number of atoms per formula unit, M the molecu-
lar mass per formula unit, p (p= M/V) the den-

sity, and the v,, satisfies the equation

o =[HE+ T a0

where v, and v, are compressional and shear wave
velocity, respectively, which are obtained from

Navier’s equation

v, = [PBTAG G D
3p o

In Fig. 5, it is shown that the Debye temper-
ature increases almost linearly with applied pres-
sure, which means there is a change of vibration
frequency of particles in C2 phase under pressure.
In Fig. 6, there is a moderate increase in the wave
velocity. But the Debye temperature and velocity
under high pressure are not yet available for com-

parison,
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Pressure (GPa)

Fig. 6 Predicted wave velocities for C2 phase as a

function of pressure at T=0 K.

The data of relative volume, thermal expan-
sion and heat capacity are gained through quasi-
harmonic Debye model. We plot the curves of the
relative volume and pressure at 300, 400, 500,
600 K in Fig. 7. The relative volume decreases
with temperature increasing at a constant pres-
sure as the same as the one at a constant tempera-
ture. But the influence of pressure is more crucial
than temperature. This shows that pressure plays
a more essential role in the compressibility of

crystal than temperature.

—=— 300K
—s— 400K
098 - —— 500K

v 600K

0 10 20 30 40 50 60

Pressure (GPa)

Fig. 7 The relative volume dependence of pressure at

different temperatures.

In Fig. 8, we note that the thermal expansion
coefficient o decreases with the increase of the
pressure at a certain temperature and increases
with the increasing temperature at a constant
pressure. There is a drastic increment depending
the pressure and a tiny increment over tempera-

ture at low temperatures. And the rate of change

decreases with pressure, which indicates that the
temperature dependence of ¢ is a little higher at

higher temperatures and higher pressures.

8

—=—0GPa
——10GPa
—4—20GPa

5

0 L Il L L 1 1 1 1 1 L
0 200 400 600 0 10 20 30 40 50 60

Temperature (K) Pressure (GPa)

Fig. 8 Temperature and pressure dependence of thermal

expansion coefficient under different pressures.

In Fig. 9, the heat capacity changes acutely
when the temperature is less than 1300 K because
of the anharmonic approximations of the Debye
model. However, at higher temperatures and
higher pressures, the heat capacity approach to
the Dulong-Petit limit (about 74.8 Jmol 'K '),

which is common to all solids at high tempera-

tures.
8 |- Dulong-Petit limit
70
60 -
—=—0GPa
N —+—10GPa
Mo L / —4—20GPa
] /
g 1
Z 4| /"
£ /
g 4
5 %0 b )
3
T
20 )/
10 |
0 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600
Temperature (K)
Fig. 9 Temperature dependence of the heat capacity

under different pressures.

4 Conclusions

We have some theoretical results on the
structural, elastic, electronic, and thermodynam-
ic properties for the PtN, based on the DFT. The
estimated lattice constant is in excellent agree-

ment with the experimental and other theoretical
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results. We find there is no phase transition be-
tween different structures and the stability of the
metastable phases decreases with the pressure.
The calculation of C2-PtN, DOS shows that the
bonding characteristic has a tiny change with the
pressure, which indicates the C2-PtN, is a semi-
conductor, The calculated elastic constants, bulk
modulus, shear modulus and Young’s modulus
have been compared with some other results. It is
the first time that this quantities have been calcu-
lated under high pressures as the same as the De-
bye temperature, the wave velocity and the heat
capacity. Unfortunately, there is not other exper-
imental and theoretical results which could be

compared to the ones calculated by us.
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