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Ground-state structure determination and mechanical
properties of palladium seminitride*
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Combining first-principles calculations with the particle swarm optimization (PSO) algorithm, we have explored the
ground-state structure of Pd; N, whose structure is in debate although it is the first synthesized binary platinum group nitride.
The ground-state structure is predicted to be tetragonal with space group P4m2, which is energetically more favorable than
the previously proposed orthorhombic Co,N-type structure. The stability is confirmed by the subsequent calculations on
the phonon dispersion curves and elastic constants. Furthermore, the calculated mechanical properties indicate that PdyN

has low incompressibility and is a common hard material.
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1. Introduction

One of the great challenges in theoretical material sci-
ence is the development of a robust method that can predict
the (meta)stable structure of a chemical system. For systems
in which the cohesion of the atomic arrangement is domi-
nated by chemical bonding, such as ionic or covalent sys-
tems, simple atom-interaction models can be combined with
the experimental evidence to generate reasonable structural
candidates with a relatively small amount of effort.[’-?] Tran-
sition metal nitrides are of great technological and funda-
mental importance due to excellent properties such as hard-
ness, superconductivity, photoluminescence, and many types
of magnetism.>-%! The traditional applications have taken ad-
vantage of the hard and refractory nature of many of these
compounds, but numerous more recent applications are based
on their crystalline structure stability, mechanical, electronic,
optical, and vibrational properties. Following the recently syn-
thesized ultra-incompressible platinum nitride (PtN,),!”] the
nitrides of Ir, Os, Pd, and Re with high nitrogen/metal ratios
were successfully synthesized under high pressure and high
temperature. '3~ Except for PdN,, all those compounds have
been shown to be at least metastable at ambient conditions and
possess ultra-high bulk moduli (428 GPa for IrN,). Exten-
sive experimental and theoretical works have been carried out
to characterize the preference of the structure types of differ-
ent stoichiometric transition metal nitrides. Experimentally,
Friedrich er al.!'?! have succeeded in synthesizing two novel
hexagonal rhenium nitrides with low nitrogen contents (ResN
and Re;N), and both hexagonal phases have very high bulk
moduli (> 400 GPa), which are comparable to that of c-BN
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and higher than that of ReB;. Theoretically, the structural
stability and related physical properties of low-nitrogen com-
pounds Co,N, RhyN, and Ir, N3 were investigated by density
functional methods.

It is well known that the crystal structures are the key for
understanding the physical properties of materials. Compared
to the transition metal nitrides mentioned above, the ground-
state structure of PdyN, which is the first synthesized binary
platinum group nitride, is still the subject of continuing de-
bate. Pd,N was first detected as a 2.29% by-product in the X-
ray powder diffraction pattern of Pd;Mo3sN by Prior and Battle
in 2003.1"41 According to that report, Pd;N was suggested to
possess an orthorhombic Co,N-type structure (Pmnn, Z = 2).
In 2004, that Co,N-type structure was made part of the Inter-
national Crystal Structure Database (ICSD).!">! Later, Appen
and Dronskowski!'®! found that Pd;N of Co,N type fully col-
lapses and changes to a tetragonal unit cell by re-calculation
optimizing the experimental structural parameters, and pro-
posed that Pd;N should crystallize in a tetragonal struc-
ture. However, the detail crystal parameters including inter-
nal atomic positions of the suggested tetragonal structure are
still unknown. To the best of our knowledge, there has been no
attempt to synthesize single-phase Pd,N. Therefore, the explo-
ration of the ground-state structure of Pd, N is still required. In
our present work, we have systematically explored the ground-
state structure of Pd;N based on a global minimization of free-
energy surfaces merging ab initio total energy calculations
via the particle swarm optimization (PSO) technique.[!”-13] In-
triguingly, our structural prediction reveals a stable tetragonal
P4m2 structure, which is energetically more favorable than the
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previously proposed Co,N-type structure. Then, the structural
intrinsic connections between pure Pd metal and P4m2-Pd,N
are studied to investigate the incorporation of N into the Pd lat-
tice. Moreover, we investigate the mechanical and electronic
properties. These theoretical calculations can provide further
details and are highly desirable.

2. Computational details

The PSO methodology for crystal structural prediction
has been implemented in the crystal structure analysis by par-
ticle swarm optimization (CALYPSO) code!'®! with 1-4 for-
The details of this
methodology have been described elsewhere.!'8! The under-

mula units (f.u.) per simulation cell.

lying ab initio calculations were carried out using density
functional theory within the generalized gradient approxima-
tion, as implemented in the Vienna ab initio simulation pack-
age (VASP).[?)] The electron and core interactions were in-
cluded by using the frozen-core all-electron projector aug-
mented wave method,?!7 which considered the d electrons as
the valence states for Pd. To reduce the errors, the cut-off en-
ergy for the expansion of the wave function into plane waves
was set to 450 eV in all calculations, and the Monkhorst—Pack
grid*?! had a maximum spacing of 0.03 A~!. In the geomet-
rical optimization calculations, all forces were converged to
less than 0.001 eV/A. The total stress tensor was reduced to
be within 0.01 GPa. The phonon frequency was calculated by
using the direct approach, which based on the first-principles
calculations of the Hellman—Feynman forces and the dynam-
ical matrix as implemented in the PHONOPY code.[>3! The
elastic constants were calculated by evaluating the stress ten-
sor to generate a small strain. The bulk modulus, the shear
modulus, Young’s modulus, and Poisson’s ratio were derived

from the Voigt-Reuss—Hill approximation.?*]

3. Results and discussion

Considering the simulation cell ranging from one f.u. to
four f.u. for Pd;N, we predict the most stable structure to be
the tetragonal P4m2 structure, as shown in Fig. 1(b). This
P4m? structure contains two f.u. per cell, in which three in-
equivalent atoms N, Pd1, and Pd2 occupy the Wyckoff 2 f (0.5,
0.5, 0.058), 2¢g (0, 0, 0.406), and 2g (0, 0, 0.788) sites, respec-
tively. As observed in Fig. 1(b), this P4m2 structure is char-
acterized by intriguing Pd-N-Pd sandwiches stacking along
the crystallographic ¢ axis. The N-N bond distance in the pre-
dicted PdyN is 1.17 A, much shorter than ~ 1.4 A observed
in OsN, ! and PtN,,!®! indicating the presence of more free-
like N, quasimolecules. It is also noted that the short N-N
bond distance of Pd,;N is close to the double-bond distance
(1.21 A for N»F, 1), but much larger that the triple-bond dis-
tance (1.07 A for molecular nitrogen?®!), implying its possi-
ble double-bond feature. For the cubic 2x2x2 supercell Pd

presented in Fig. 1(a), the cubic Pd phase consists of a body-
centered tetragonal sublattice (blue dashed cell) with lattice
constants a = b = 2.751 A and ¢ = 3.891 A along the ¢ axis.
If we consider a 2x1x 1 supercell for tetragonal P4m2 phase
in Fig. 1(b), we can see that this P4m2-Pd,N consists of two
different fundamental building blocks along the ¢ axis: tetrag-
onal Pd sublattice I (blue dashed cell with lattice constants
a=b=2875 A and ¢ = 3.857 A) and tetragonal Pd sub-
lattice II including N> quasimolecules (red dashed cell with
lattice constants a = b = 2.875 A and ¢ = 6.250 A). In this
approach, the interaction of the N atoms into the Pd lattice for
the formation of P4m2-Pd,N could be understood as follows.
The N atoms incorporate into the Pd body-centered tetrago-
nal sublattice with an interval (which would be possible from
the packing considerations), this leads to the formation of two
building blocks for P4m2-Pd,N: tetragonal sublattices I and
1L

Fig. 1. (color online) Crystal structures of (a) pure 2x2x2 Pd metal
and (b) 2x1x1 supercell of P4m2-Pd;N. The black and blue spheres
represent Pd and N atoms, respectively.

To calculate the equilibrium lattice constants and bulk
modulus, the total energy is calculated by varying the vol-
ume for P4m2-Pd,N. The calculated E-V data are fitted to the
third-order Birch-Murnaghan equation of state, *’! and the ob-
tained equilibrium structure parameters, bulk modulus, and its
pressure derivative are tabulated in Table 1 together with the

14151 for comparison. Figure

experimental data of Co,N-Pd,N!
2 presents the dependences of the total energy on the volume
for P4m2-Pd;N and Co,N-Pd,N. It is clearly that the P4m2
phase is energetically far more stable than the Co, N phase, and
this further confirms our structural prediction. At zero tem-
perature, a stable crystalline structure requires all phonon fre-
quencies to be positive. Therefore, we perform the phonon dis-
persion calculation for Co,N-Pd,;N and P4m?2-Pd,N, as shown
in Fig. 3. For CoyN-Pd;N shown in Fig. 3(a), it is clearly
seen that the phonon spectrum shows a large imaginary fre-
quency, signaling its structural instability. However, no imag-
inary phonon frequency is found in the whole Brillouin zone
for P4m2-Pd,N in Fig. 3(b), supporting its dynamical stability.
Therefore, the present calculation gives a direct evidence that
the predicted tetragonal P4m?2 structure for Pd,N is indeed the
ground-state structure.
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Table 1. Calculated equilibrium lattice constants ag, bg, co, equilibrium volume Vj, EOS fitted bulk modulus By, and its pressure

derivative B, for P4m2-Pd,N and Co,N-Pd,N.

ap/A bolA colA Vo/(A3funit cell) Bo/GPa B,
P4m2-Pd,N 2.875 2.875 10.107 83.552 120 6.107
Co,N-PdyN 2.808114] 486314 448704 61.2701131 158 5.576

Table 2. Calculated elastic constants C;; (in units of GPa), isotropic bulk modulus By, shear modulus Gy, and Young’s modulus Ey

for P4m2-Pd,N. Poisson’s ratio vy and By /Gy ratio are also shown.

C|1 C22 C33 C44 C55 C66 C]2 C]3 C23 BH/GPa G]-[/GPa BH/G]-[ EH/GPa VH
P4m2-Pd,N 181 - 213 62 - 16 73 122 - 145 40 3.625 111 0.372
CooN-Pd>N 202 236 185 67 47 39 126 140 155 185 42 4.405 117 0.394
Co,N-RhpNU3I 371 203 35] 88 36 122 248 215 187 254 66 3.85 - -
Co,N-Ir, N3] 479 390 509 174 56 197 279 261 270 331 111 2.98 - -
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Fig. 2. (color online) Total energy versus volume for P4m2-Pd,N and
Co,N-Pd,N.
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Fig. 3. Phonon dispersion curves of (a) Co,N-Pd,N and (b) P4m2-Pd,N.

The mechanical properties of P4m2-Pd;N are impor-
tant for its potential technological and industrial applications.
They define the behavior of the solid that undergoes stress,
deforms, then recovers, and returns to its original shape after
the stress ceases. We calculate the zero-pressure elastic con-
stants C;; of the P4m2 phase by the strain-stress method.[?8] A
small finite strain is applied on the optimized structure and the

atomic positions are fully optimized. Then, the elastic con-
stants are obtained from the stress of the strained structure.
The six independent zero pressure elastic constants are cal-
culated and listed in Table 2, along with the theoretical val-
ues of Pd;N, RhyN, and Ir;N within Co,N-type structure!!3!
for comparison. A tetragonal crystal has to obey the follow-
ing restrictions on its elastic constants:!*°! Cy; > 0, C33 >
0, Cy4 >0, Ce6 >0, C;1 —C12 >0, C11 +C33 —2C13 > 0,
2(Cy1 + C12) + C33 +4Cy3 > 0. As shown in Table 2, these
restrictions are clearly satisfied for tetragonal stability, con-
firming that P4m2-Pd,N is mechanically stable. It is interest-
ing to find that the elastic constant Cy4 of P4m2-Pd,N, which
relates to the shear modulus within the (001) plane,?% is only
62 GPa. It means that the P4m2 phase can be easily cleavaged
with an applied (001) shear deformation, originated from the
pure weak Pd—Pd metallic bonding layers in Fig. 1(b). Using
the obtained elastic constants, the bulk modulus By and shear
modulus Gy are evaluated by using the Voigt—Reuss—Hill ap-
proximation, as shown in Table 2. The Young’s modulus Ey
and Poisson’s ratio vy are derived from the equations Ey =
9BHGH/(3BH + GH) and vg = (3BH — 2GH)/(6BH + 2GH) It
should be noted that the calculated bulk moduli of P4m2-Pd,N
and CopN-Pd,N agree with those directly obtained from the
fitting of the third-order Birch—-Murnaghan equation of state,
this further demonstrates the reliability of our elastic calcu-
lations. Compared to CooN-RhyN and Co,N-IroN, P4m2-
Pd;N has a smaller bulk modulus (145 GPa), indicating a
low-incompressible nature. For the partially covalent transi-
tion metal based hard materials, the shear modulus has been
considered as a very important parameter, governing the in-
dentation hardness. Clearly, the Gy of P4m2-Pd,N is 40 GPa,
which is much lower than that of synthesized platinum group
dinitrides.'='1 Thus, P4m2-Pd,N is expected to withstand the
shear strain to a small extent. Here, the estimated theoretical
Vickers hardness for P4m2-Pd;N using the empirical G-H,,
and E—H,, relationships proposed by Jiang et al.[®'3%) is 5.9~
6.7 GPa. In addition, the ratio between the bulk and the shear
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moduli B/G is used to predict the brittle or ductile behavior
of materials. According to the Pugh criterion,*3] the ductile
behavior is predicted when B/G> 1.75, otherwise the material
would be brittle. It can be clearly seen in Table 2 that P4m2-
Pd;N is strongly prone to the ductile manner.

As a fundamental parameter, the Debye temperature
closely relates to many physical properties of solids, such
as the specific heat, dynamic properties, and melting
temperature.3*! At low temperature, it can be derived from
the elastic constants using the average sound velocity v, by

the following equation:

_h[3n (pNa\]"?
Op = % {4” (M)} Vm, (D

where & is Planck’s constant, £ is Boltzmann’s constant, Ny
is Avogadro’s number, 7 is the number of atoms per formula
unit, M is the molecular mass per f.u., and p is the density.
The average sound velocity vy, is given by

1/2 1\
w=l5 ()] 2

where v; and v; are the transverse and longitudinal elastic
wave velocities of the polycrystalline material and are given
by Navier’s equation.3>! The results indicate that the Debye
temperature of P4m2-Pd,N is only 294 K, which may be at-
tributed to the lower shear modulus.

To understand the mechanical properties of the P4m2
phase on the fundamental level, the total and partial densities
of states (DOS) are calculated and plotted in Fig. 4, where
the vertical line is the Fermi level. From the total DOS, we
find that P4m2-Pd,N exhibits a clear metallic behavior as evi-
denced by the finite electronic DOS at the Fermi level, indicat-
ing good electronic mobility in Pd;N. This is similar to many
other transition metal nitrides.!”~!13¢] The typical feature of
the total DOS is the presence of the so-called pseudogap, 7!
which is considered as the borderline between the bonding and
antibonding states. It can be seen that the calculated Fermi en-
ergy is located below the pseudogap for P4m2-Pd,N, indicat-
ing that its bonding states are partially occupied and full an-
tibonding states are unoccupied. As can be seen from partial
DOS of Pd;N in Fig. 4, the lowest band, which lies about 11
eV below the Fermi level, can be attributed to the N 2s states.
Above the band, there is a many-band complex, which has a
width of approximately 9 eV and N 2p and Pd 4d character.
Meanwhile, it reveals that the Pd-4d orbital has a significant
hybridization with the N-2p orbital, indicating the strong Pd—
N covalent bonding nature within the sandwich layers. The
contribution to the Fermi level is mainly due to the 4d elec-
trons of Pd, which is the principal cause for the metallicity.
It is not surprise that P4m2-Pd,N reveals a metallic behavior,
as it contains Pd atom chains along the [001] crystal direction

with an average Pd-Pd distance of 2.803 A compared to the
value of 2.751 A in cubic Pd.
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Fig. 4. (color online) Total and partial densities of states of P4m2-Pd,N.

4. Conclusion

In summary, we have predicted that Pd,N energetically
favors the tetragonal P4m2 structure at ground state through
PSO algorithm for crystal structural predictions. The struc-
tural, mechanical, and electronic properties of P4m2-Pd,N
have been investigated by first-principles calculations. The
total energy calculations reveal that the predicted tetragonal
P4m2 structure is energetically more stable than the previous
reported CopN-type structure. The stability is confirmed by
the elastic constants and phonon calculations. The calculated
bulk modulus, shear modulus, and hardness of the P4m?2 phase
are much smaller than those of synthesized platinum group
dinitrides. Hence, our results support that P4m2-Pd,N has low
incompressibility, and it is a common hard material, but not a
candidate superhard material. The electronic density of states
analysis has unraveled the good metallicity of P4m2-Pd,N and
the covalent bonding between Pd and N atoms.
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