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Abstract. The atomic and electronic structures of PAN and PdN> were investigated using
ab initio density-functional theory (DFT). We studied cohesive energy vs. volume data for a
set of reported and hypothetical structures. Obtained data was fitted to a third-order Birch-
Murnaghan equation of state (EOS) so as to identify the energetically most stable phases and
to determine their equilibrium structural parameters. Electronic properties were investigated
by calculating the band structure and the total and partial density of states (DOS). Some
possible pressure-induced phase transitions were tested. To derive the frequency-dependent
optical spectra (i.e. absorption coefficient, reflectivity, refractive index, and energy-loss), we
performed GW, calculations within the random-phase approximation (RPA) to the dielectric
tensor. Obtained results were compared with previous studies.

1. Introduction

In 2007, Crowhurst et al. [1] reported the synthesis of the new palladium nitride compound and
argued for its PdNy stoichiometry and pyrite (C2) structure. However, many transition-metal
nitrides are known to form more than one nitride [2], and first-principles methods are commonly
employed to search for possible stable phases.

In this work, we consider PAN and PdNjy stoichiometries in possible crystal structures. PdN
is investigated in the following nine structures: NaCl (B1) structure, CsCl (B2) structure, the
hexagonal structures of BN (By) and WC (By,), wurtzite structure (B4), cooperite structure
(B17), and the face-centered orthorhombic structure of TIF (B24); while PdNy is investigated in
the following four structures: fluorite structure (C1), pyrite structure (C2), marcasite structure
(C18), and the simple monoclinc structure of CoSbs.

2. Electronic optimization details

Our electronic structure calculations were based on spin density functional theory (SDFT)
[3, 4] within the projector augmented wave (PAW) method [5, 6] in which scalar kinematic
relativistic effects are incorporated via mass-velocity and Darwin corrections in the construction
of the pseudo-potentials, as implemented in VASP package [7, 8]. In solving Kohn-Sham (KS)
equations [9]
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the pseudo part of the KS one-electron spin orbitals ¢f’k(r) are expanded on a basis set of
plane-waves (PWs) with energy cut-off E.,; = 600 eV. I'-centered Monkhorst-Pack meshes
[10] were used to sample the first Brillouin zone (BZ), and the Perdew-Burke-Ernzerhof (PBE)
parametrization [11] of the generalized gradient approximation (GGA) [12] was used for the
exchange-correlation (X ') potentials. For static calculations of the total electronic energy and
the density of states (DOS), partial occupancies were set using the tetrahedron method with
Blochl corrections, while in the geometry relaxation, the smearing method of Methfessel-Paxton
(MP) was followed.

3. Equation of states and structural properties

To study the energy-volume E(V) equation of state (EOS), and to determine the equilibrium
parameters of each structure, we make isotropic variations of the cell volume while ions with
free internal parameters were allowed to search for local minima on the Born-Oppenheimer
potential hyper-surface [13], following the implemented conjugate-gradient (CG) algorithm,
untill all Hellmann-Feynman force components [14] on each ion were smaller than 1x 10~ 2eV/A.
The obtained cohesive energies F,,;, as a function of volume V per atom, were fitted to a Birch-
Murnaghan 3rd-order EOS [15], and the equilibrium volume Vj, the equilibrium cohesive energy
Ey, the equilibrium bulk modulus By and its pressure derivative B, were determined by a
least-squares method.
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Figure 1: (Color online.) Cohesive energy E.(eV/atom) versus atomic volume V (A3 /atom)
for (a) PdN in nine different structural phases, and (b) for PdNy in four different structural
phases.

In Fig. 1 we display the energy-volume EOS of all the studied structures, while in tabel 1, we
present some of the obtained equilibrium structural parameters and compare them with some
earlier theoretical calculations.

It is clear that the simple tetragonal structure of cooperite (B17) would be the energetically
most stable phase of PAN (Fig. 1(a)). To the best of our knowledge, this structure has not been
considered for PAN in any earlier work, though it was theoretically predicted to be the ground-
state structure of platinum nitride! [20] in its experimentally reported stoichiometry PtN [21].
In Ref. [17] the E(V) EOS for PdN in the B1, B2, B3 and B4 structures was studied. Within

! We also found it to be the most stable structure of CuN as well (to be reported elsewhere).



Table 1. Calculated equilibrium structural properties of some of the studied phases of PdN
and PdNy: Lattice constants (a(A), b(A), ¢(A) and (°)), atomic volume V(A% /atom), cohesive
energy Econ(eV/atom), bulk modulus By (GPa) and its pressure derivative B(. The cited data
are of previous DFT calculations.

Phase a(A) b(A) c(A) B(°) Vo (A3/atom) FEeon(eV/atom) By (GPa) B
PdAN(BI) 4.444 - - - 10.97 3.325 207.7 4.98
4.145 [16] -~ - - - 4.027 +£0.15 [16] -~ -
467 [17] - - - - 11.9 [17] 297.67 [17] 4.15 [17]
PdAN(B4) 3.360 - 5.503 - 13.45 3.395 164.2 4.98
337 [17] - 5.26 [17] - - 11.43 [17] 171.34 [17]  4.63 [17]
PAN(B17) 3.061 - 5.389 - 12.62 3.579 190.4 4.99
PdNy(C2) 5.169 - - - 11.51 4.192 69.3 5.4
4975 [18] - - - 10.27 [18] - 135 (18] -
4843 [19] - - - 18.887 [19] - 156 [19]  9.48 [19]
PdN,(C18) 3.173 4.164 5.082 - 11.19 4.264 76.6 6.1
3.911 [18] 4.975 [18] 3.133 [18] - 10.33 [18] - 100 [18] -
PdNy(CoSby)  5.608 5.304 9.630 151.2  11.49 4.211 71.8 6.5
5.071 [18] 5.005 [18] 5.071 [18] 10.43 [18] 93 [18]

this parameter sub-space, the relative stabilities arrived at in that work agree very well with
ours. However, their obtained E.,, are more than twice the values we obtained, and the bulk
moduli differ considerably!

In the studied parameter sub-space of PdNg, the marcasite structure (C18) is the most
energetically stable. The relative stability of C2 and CoSbs phases may be compared with
Crowhurst et al. [1] who found PdNy in the baddeleyite structure (which is very close to CoSbs
structure [22]) to be more stable than PdNy(C2).

From a combined theoretical and experimental investigation, Aberg et al. [23] showed that
for PAN2(C2) both the electronic and the structural degrees of freedom have a strong pressure
dependence. They claimed that the EOS cannot be accurately described within the GGA.
Earlier calculations showed that PdN9(C2) is very soft (see Ref. 22 in [1]). These two facts
may explain the difficulty we found in relaxing this structure as well as they may explain the
considerable differences found with and among the earlier reported structural properties.

4. Electronic properties

The DFT(GGA) calculated electronic band structures for PAN(B17) and PdNy(C18) and their
correponding total and partial DOS are displayed in Fig. 2 and Fig. 3, respectively. Both
phases show clear metallic feature, though PdNy(C18) has a very low TDOS around Fermi level
FEr coming mainly from the d states of the Pd atoms.

5. Pressure-induced phase transitions

Enthalpy-pressure relations for PAN in some of the considered structures are displayed in Fig.
4. A point at which enthalpies H = E..,(V) + PV of two structures are equal defines the
transition pressure P;, where transition from the phase with higher enthalpy to the phase with
lower enthalpy may occur.

Some possible transitions and the corresponding P,’s are depicted in Fig. 4. From both
Fig. 1(a) and Fig. 4, it is clear that, in this parameter sub-space, B17 structure is prefered at
pressures below ~ 25 GPa, while B1 structure, the most popular structure for transition-metal
mono-nitrides, is favoured at higher pressures.
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Figure 2: (Color online.) DFT calculated electronic structure for PAN in the B17 structure: (a)
electronic band structure along the high-symmetry k-points, (b) spin-projected total density
of states (TDOS); (c) partial density of states (PDOS) of Pd(s,p,d) orbitals in PAN; and (d)
PDOS of N(s, p) orbitals in PdAN.
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Figure 3: (Color online.) DFT calculated electronic structure for PANy in the C18 structure: (a)
electronic band structure along the high-symmetry k-points, (b) spin-projected total density of
states (TDOS); (c) partial density of states (PDOS) of Pd(s,p,d) orbitals in PdNy; and (d)
PDOS of N(s, p) orbitals in PdNs.
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Figure 4: (Color online.) Enthalpy-pressure relations for some PdN phases in the phase
transition pressure regions for the (a) B17—B1, B17—B2, (b) B17—B), and B17—B24 phase
transitions.



6. GW Calculations and Optical properties

In order to quantitatively improve the calculated electronic structure, and to investigate
the optical spectra, we followed an alternative approach to DFT provided by many-body
perturbation theory (MBPT), which leads to a system of quasi-particle (QP) equations [24]
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To calculate the self-energy X, we followed the GW self-consistent routine on the one particle’s
Green’s function G within the random-phase approximation (RPA)? to the frequency-dependent
dielectric tensor e(w). The obtained real €,.(w) and imaginary e;, (w) parts of e;,,, (w) were used
to derive the frequency-dependent absorption coefficient « (w), reflectivity R (w), refractive index
n (w), and energy-loss spectrum L (w):
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Fig. 5 displays the real and the imaginary parts of €., (w) for PAN(B24) and the corresponding
derived optical constants within the optical region. It is clear from the absorption coefficient

a (w) spectrum (Fig. 5, low right) that GW} calculations show that B24 is a metallic phase of
PdN.
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Figure 5: (Color online.) The real and the imaginary parts of the frequency-dependent dielectric
function and the corresponding optical constants of PAN(B24).

2 c.f. Ref.[25] and references there in



7. Conclusion

We have applied first-principles methods to investigate the structural, electronic and optical
properties of some possible stoichiometries and crystal structures of palladium nitride. The
considerable differences found with and among the earlier reported structural properties may
invoke the need for deeper and more expensive investigation schemes such as in Ref. [23].
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