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Structures and electronic properties of platinum nitride by density functional theory
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We present the results of ground state electronic structure calculations of the zinc-blende and rocksalt phases
of binary platinum nitride (PtN) using density functional theory. Several exchange-correlation functionals
including the local spin density approximations, generalized gradient approximations (GGA), a nonempirical
meta-GGA, and a screened Coulomb hybrid functional have been employed. We use Gaussian type orbitals
within the framework of periodic boundary conditions. Our results confirm earlier findings, in that the zinc-
blende structure of PtN is energetically more stable than the rocksalt structure. The predicted energy difference
between the two phases is rather small with the more elaborate functionals. Both phases are predicted to be
metallic and extended Pt d-N p hybridizations are found in both of them. We have also calculated the phase
transition pressure between both phases. The bulk modulus of the zinc-blend phase of PtN is significantly

higher than that of bulk platinum.
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I. INTRODUCTION

Transition-metal nitrides are commonly referred to as re-
fractory metals that possess an unusual combination of
physical and chemical properties.! Due to their outstanding
mechanical, optical, and magnetic properties they have re-
ceived increasing attention in recent years. These materials
can be used as corrosion resistants and optical coatings, elec-
trical contacts and diffusion barriers, and in many other tech-
nological applications. They are also of much interest in
catalysis,” electrode materials for batteries and fuel-cells,’
and superconductors.*

Platinum forms simple binary compounds such as halides,
oxides, and chalcogenides, but it was not known to form
nitrides previously.’ Among Ni, Pd, and Pt, only nickel®
forms a nitride with stoichiometry of Ni;N.%” Therefore
there has been considerable interest in the synthesis of plati-
num nitrides. Recently, Gregoryanz et al.® reported the dis-
covery of platinum nitride (PtN), the first binary nitride of
the noble metals group. It was found that the compound has
a remarkably high bulk modulus of 372 GPa, which is about
100 GPa higher than that for pure Pt.® Early members of first
row transition metal nitrides are known to have rocksalt
structures where metal atoms retain a fcc lattice while nitro-
gen atoms occupy the octahedral interstitial sites. In the case
of some late transition metal nitrides, the structures were
found to be zinc-blende type, where the fcc metals and ni-
trogen atoms are tetrahedrally coordinated.’

From a theoretical perspective, it is interesting to carry
out investigations on structural properties of the PtN. There
exists extensive theoretical calculations on the stability and
electronic structures of many transition metal nitrides.!%-2¢
The most notable of them is the calculations on 1:1 binary
3d-5d transition metal nitrides by Héglund and
co-workers?!?>2* based on the combination of thermody-
namic data analysis and the linear muffin-tin orbital (LMTO)
method. These calculations were carried out only on rocksalt
type structures and alternative structures were not reported.

In this work, we are interested in studying the ground-
state properties of PtN and have employed some recently
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developed state-of-the-art density functional theory (DFT)
methodology. We report calculated properties such as lattice
constants (ag), bulk moduli (By), and cohesive energies
(E.,) for zinc-blende and rocksalt phases of PtN. We predict
the phase transition pressure (Py) between them and discuss
their electronic density of states (DOS). We use Gaussian
type orbitals (GTOs) and exchange and correlation function-
als that include meta-generalized gradient approximation
(meta-GGA) and hybrid functionals in addition to the con-
ventional local spin density approximation (LSDA) and
GGA. Very recently, Sahu and Kleinman reported relativistic
full-potential linear augmented plane wave (FLAPW) calcu-
lations with augmented plane wave (APW) basis!® on PtN
using the PBE functional.”’” As discussed below, in agree-
ment with our own PBE results, these authors predict that the
zinc-blende phase of PtN is more stable than the rocksalt
phase, and that PtN is metallic. However, our calculated en-
ergy difference between the zinc-blende and the rocksalt
phases with meta-GGA (TPSS) and hybrid (HSE) functionals
are significantly lower compared to LSDA and PBE.

II. COMPUTATIONAL DETAILS

We have carried out all calculations using a periodic
boundary conditions (PBC) algorithm® implemented in the
GAUSSIAN suite of programs.?’ This PBC code makes use of
GTOs in a linear combination of atomic orbitals-crystal or-
bital (LCAO-CO) framework.

For nitrogen, we have used a 6-31G(d) basis set
(10s4p1d) and for platinum, an energy optimized valence
basis set developed by ourselves. Sixty core electrons
([Kr]4d'4f'%) were replaced with the small-core relativistic
effective core potentials (RECP) of the Stuttgart and Dresden
group.’” We optimized the valence basis set for Pt consider-
ing 5s, 5p, 5d, 65, and 6p orbitals and keeping exponents of
the most diffuse s and p functions at 0.10.3! The optimized
exponents and contraction coefficients of this new basis set
are presented in Table I.
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TABLE 1. Energy optimized exponents («;) and contraction co-
efficients (d;) of Gaussian functions for platinum used in the present
work (Ref. 31). The basis set has a 3111/2211/41 contraction
scheme.?

Shell type Exponents (@) Coefficients (d)
K 15.67780876 —1.11548332
14.66986238 1.36519580
5.85050683 —0.64106567
1.22836002 1.00000000
0.52214442 1.00000000
0.10000000 1.00000000
4 7.94953519 4.91357550
7.31409602 -5.94276414
1.68103481 0.19733727
0.87295990 0.23702023
0.37093650 1.00000000
0.10000000 1.00000000
d 3.64261965 —-0.58260049
3.49285803 0.59819400
1.14285490 0.18582882
0.44988116 0.18589774
0.15343324 1.00000000

aAtomic HF energy for this basis set =—118.382641 (a.u.), original
(311111/22111411) basis set —118.388721 (a.u.).

A set of four exchange-correlation functionals represent-
ing different families chosen for comparison are the LSDA
realization includes Slater exchange (S)*? with correlation
from Vosko, Wilk, and Nusair (VWN5);3 the PBE-GGA;?’
the nonempirical meta-GGA recently developed by Tao, Per-
dew, Staroverov, and Scuseria (TPSS),>* and the screened
Coulomb hybrid functional developed by Heyd, Scuseria,
and Ernzerhof (HSE).33-¢

We have used 784 k-points in the Brillouin zone integra-
tion for all the calculations. Partial charges were determined
using Mulliken population analysis. We performed all calcu-
lations with unit cells that are double the size of primitive
cells. This arrangement let us test different magnetic configu-
rations. However, for all calculations reported in this paper
we have used a closed-shell configuration within the unit cell
and to describe a nonmagnetic phase of PtN.3’ The zinc-
blende and rocksalt unit cells used in our PBC calculations
are shown in Fig. 1. Equilibrium bulk properties a,, By, and
its pressure derivatives B’, as well as the total energy at
equilibrium were determined using all nonhybrid (LSDA,
PBE, and TPSS) and hybrid (HSE) functionals by fitting total
energy vs volume data into the third order Birch-Murnaghan
equation of state (EOS).3® These data were obtained from a
set of volumes over a range of values around equilibrium.
The DOS were calculated using all four functionals. The
bulk properties of the most stable fcc phase of platinum have
been calculated for this work in the same way as in the case
of PtN.

The PtN cohesive energy (E,,,) is calculated as the dif-
ference between the total energy of PtN and its isolated con-
stituent atoms as
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FIG. 1. (Color online) Unit-cell for the zinc-blende and rocksalt
structures. Darker spheres denote platinum atoms. Tetrahedral and
octahedral environments are apparent from the atomic orientations.

E.y(PN) = (E5™™ + EX™) — Ep

We report average cohesive energy per atom for PtN,
which is the same quantity above divided by 2. For platinum,
E.,;, is calculated in a similar way. A positive value for E,,

indicates an exothermic reaction for forming the solid.

III. RESULTS AND DISCUSSION

The calculated equilibrium values for a,;, Pt—N and
Pt—Pt distances, as well as B, and B’ for the PtN phases are
given in Table II together with the experimental values for
the zinc-blende type structure. The a, values calculated with
PBE and TPSS agree very well with the experimental result
while LSDA and HSE predict shorter values. The predicted
nearest-neighbor Pt—N distance is shorter in the zinc-
blende phase compared to the rocksalt phase. An opposite
trend is seen for the Pt—Pt distances at each level of theory.
Our PBE calculated values for lattice constants for the zinc-
blende and the rocksalt structures are very close (within
0.004 A) to the values reported by Sahu and Kleinman using
the FLAPW method and APW basis.!? The slight difference
can be attributed to differences in the implementation (basis
set, treatment of core electrons, etc.).

In Table II the calculated a,, Pt—Pt distance, B, and B’
values are also shown for bulk platinum. There is an excel-
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TABLE II. Calculated lattice constants ao, Pt—N and Pt— Pt bond lengths (all in A), bulk moduli B, (in GPa), and its dimensionless

pressure derivative B” of phases of bulk PtN and bulk fcc platinum.

ay Pt—N Pt—Pt B, B’ VoBo
zinc-blende (PtN)
LSDA 4711 2.040 3.331 462 4.95 12076
PBE 4.801 2.079 3.395 373 5.06 10319
TPSS 4.794 2.076 3.390 389 4.95 10715
HSE 4.761 2.062 3.367 417 5.02 11262
Experimental 4.8304 2.080 3.397 372 5.26 10311
rocksalt (PtN)
LSDA 4.429 2215 3.132 548 4.95 11902
PBE 4.521 2.261 3.197 438 5.02 10118
TPSS 4.504 2252 3.185 473 492 10804
HSE 4.468 2234 3.159 511 4.92 11398
bulk platinum
LSDA 3.928 2778 292 5.308
PBE 4.002 2.830 235 5.272
TPSS 3.975 2.811 259 5.212
Experimental 3.924 2.775 266 5.8

lent agreement between the experimental and LSDA qa, val-
ues. If we compare a, and the Pt—Pt distance for bulk Pt
with those for PtN, we find that intercalation of N atoms in
the interstitial spaces increases the lattice vector as well as
the Pt—Pt distance of fcc platinum which is located within
the PtN structure. The increase of Pt—Pt distances, how-
ever, is larger in the zinc-blende than in the rocksalt type
structure.

It is interesting to note that for bulk PtO, LSDA predicts
lattice constants that are closer to the experimental values
than those obtained with PBE.** As mentioned above, the
opposite is predicted for the zinc-blende phase of PtN.

The PBE and TPSS calculated values for B, of the zinc-
blende phase are 373 and 389 GPa, respectively. The experi-
mentally observed bulk modulus of PtN is 372 GPa.® LSDA
seems to largely overestimate the bulk modulus of PtN. Sig-
nificant overestimation is found for HSE as well. The overall
B of the rocksalt phase is much higher than that of the
zinc-blende phase. The LSDA calculated B is 110, 75, and
37 GPa higher than the PBE, TPSS, and HSE calculated val-
ues, respectively. Our PBE results for B, are in good agree-
ment with those reported by Sahu and Kleinman using the
FLAPW method and APW basis.'?

In the case of bulk platinum, LSDA overestimates, PBE
underestimates, and TPSS agrees well with the experimental
B, value of 266 GPa. Bulk modulus (volume stiffness) is

sometimes correlated to hardness,*® especially for cubic
materials.*! It is seen that B, for PtN in the zinc-blende type
structure increases by 170, 138, and 130 GPa compared to
the corresponding values for bulk platinum using LSDA,
PBE, and TPSS, respectively. Therefore our predictions indi-
cate that PtN is likely to be much harder than Pt. It can be
seen in Table II that approximately the same VB, values are
found for both phases at any given level of theory. This is
consistent with the empirical B 1/V law.*>#

The E,,;, values for PtN and Pt solids along with the ex-
perimental value for bulk Pt are shown in Table III. Large
cohesive energies of PtN phases indicate stability of the sol-
ids compared to the constituent atoms. However, the E ., for
the zinc-blende phase is only 0.17, 0.23, 0.07, and
0.06 eV/PtN higher than that of the rocksalt phase according
to LSDA, PBE, TPSS, and HSE, respectively. This indicates
higher stability of the zinc-blende type structure by a small
margin with the meta-GGA and hybrid functionals.

Sahu and Kleinman predicted values for E., in each
phase that are 0.3 eV/atom smaller compared to our calcu-
lated values with PBE.!® However, the difference in E,,,
between the two phases is the same (~0.2 eV). LSDA sys-
tematically overestimates E.,, compared to GGA by about
1.3 eV compared to PBE in both PtN phases. The E,;, values
for the other two functionals are comparable. In the case of
bulk Pt, LSDA overbinds by 1.4 eV compared to experiment.

TABLE III. Calculated cohesive energy (E,,;),* of phases of bulk PtN and bulk fcc Pt (in eV/atom).

LSDA PBE TPSS HSE Experimental
zinc-blende (PtN) 5.53 4.26 4.03 3.35
rocksalt (PtN) 5.36 4.03 3.96 3.29
Pt 7.21 5.59 5.75 5.852

4Positive values indicate exothermic reactions.
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FIG. 2. Total energy (a.u. per unit cell) vs volume (A?) for the zinc-blende and the rocksalt phases of PtN with the LSDA, PBE, TPSS,
and HSE functionals. The fitted curves are obtained using Birch-Murnaghan equation of states. Transition pressures are calculated from the

common tangents connecting two curves at each level of theory.

The PBE and TPSS functionals produce approximately simi-
lar cohesive energies that are in good agreement with the
experimental value.**

The transition pressures (Py) calculated from the common
tangent connecting the energy versus volume curves of the
rocksalt and the zinc-blende type structures are illustrated in
Fig. 2 for all functionals. The total energy versus volume
curves are obtained from Birch-Murnaghan EOS fittings. The
fact that PtN is energetically more stable in the zinc-blende
than in the rocksalt structure is evident in Fig. 2. The com-
mon tangent shown for PBE has a slope of -3.72
X 1073 a.u./A=3, which is equivalent to a transition pressure
of 16.2 GPa. For the transition to take place, a pressure equal
to or greater than 12.7, 16.2, 5.2, and 4.1 GPa is needed at
the LSDA, PBE, TPSS, and HSE levels, respectively. The
phase transition pressure predicted by Sahu and Kleinman
with PBE'? is in excellent agreement with our corresponding
result. Note that the correct phase transition pressure in Ref.
10 is 17.5 GPa instead of 24 GPa.*> TPSS and HSE predict
smaller transition pressures of the order of 4 to 5 GPa. No
experimental phase transition pressure is available for
comparison.

The DOS obtained with the nonhybrid functionals are al-
most identical. We therefore present only the DOS for PBE
and HSE in Fig. 3. The Fermi energies are shown by dashed

vertical lines at 0 eV. PtN is predicted to be metallic at all
levels of theory. In both phases, the use of HSE reduces the
DOS slightly at the Fermi energy compared to the PBE cal-
culated ones. In a recent study of Pt0O,%° we found that a band

7] /A\\ /ﬂ\/\ﬂ\w—J“j\
% /JA \/AVAL,‘_L/VM:;;:*
o
-10 -5 0 5 " *

E-Ef(eV)

FIG. 3. The total density of states (DOS) of the zinc-blende and
the rocksalt phases of PtN calculated using PBE and HSE function-
als. The Fermi level is placed at 0 eV and marked by a dashed
vertical line.
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FIG. 4. The total and partial density of states (DOS) for PtN
calculated using the HSE functional for the zinc-blende phase (left
figure) and the rocksalt phase (right figure). The Fermi level is
placed at 0 eV and marked by a dashed vertical line in each case.

gap at the Fermi level appears when hybrid HSE is used
instead of nonhybrid functionals. The latter predicts PtO to
be a metal. Our calculated DOS share similar characteristics
to that of other transition metal nitrides.'!12:18:19.22

To gain more insight into the bonding nature of PtN
phases, s-, p-, and d- state resolved partial density of states
obtained with the HSE functional are presented in Fig. 4. In
both types of structures, the DOS between approximately
—10 and 5 eV are primarily composed of N p orbitals and Pt
d orbitals. This results in extended hybridizations between Pt
d and N p orbitals. In the 0 eV to —5 eV region, the contri-
bution from N p is not prominent. In the rocksalt phase,
however, there exists a smaller peak between -2.5 and
—1.0 eV made of N p orbitals. The other peak in this region
is mostly from pure Pt d-orbitals. In the conduction level just
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above the Fermi energy, Pt d and N p-orbitals are the biggest
contributors.

Partial charges are obtained from Mulliken population
analysis. All functionals predict a Pt partial charge of 0.8 to
0.9 for the zinc-blende structure and a much smaller charge
(0.5 to 0.7) for the rocksalt structure. This indicates a stron-
ger charge transfer in the zinc-blende type structure.

IV. CONCLUDING REMARKS

We have performed a systematic study of the ground state
electronic structures of the zinc-blende and the rocksalt
phases of PtN using density functional theory and Gaussian
type functions with periodic boundary conditions. Exchange
correlation functionals, representing four different families,
have been used. All functionals predict the zinc-blende type
structure to be energetically more stable than the rocksalt
type structure. We confirm both phases of PtN to be a metal-
lic conductor. The zinc-blende phase has a very large bulk
modulus, which is approximately 100 GPa higher than pure
platinum. The phase transition pressure is predicted to be
low, but varies largely with different functionals.

We find reasonably good agreement between all function-
als for lattice parameters and electronic density of states. The
PBE predicted lattice constant is the closest to the experi-
ment value. However, for a benchmark set of solids, TPSS
and HSE perform better than PBE.***" Interestingly, PBE in
the case of PtN, and LSDA in the case of bulk Pt, show
better agreement with experiment. LSDA usually overesti-
mates and GGA underestimates the bulk moduli,**>° and
this seems valid for bulk Pt but not for PtN. PBE reproduces
the experimental value for PtN which is overestimated by
LSDA.

Relative to GGA, LSDA generally underestimates phase
transition pressures.’'=>3 This is observed in the case of PtN
as well where the PBE predicted value for the phase transi-
tion is 3.5 GPa higher than LSDA. Although TPSS and HSE
agree well with each other, their predicted transition pres-
sures (which are in the order of 5 GPa) are three times
smaller than the PBE value. These lower transition pressures
originate primarily from the significantly smaller energy dif-
ference between two phases predicted by TPSS and HSE.
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