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Theoretical insights into the structures and fundamental properties
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Recent experimental advancements reported a chemical reaction between antimony and nitrogen under high temper-
ature and high pressure, yielding crystalline antimony nitride (Sb3Ns) with an orthorhombic structure. Motivated by this
statement, we calculate the stability, elastic properties, electronic properties and energy density of the Cmc2 structure for
pnictogen nitrides X3Ns5 (X = P, As, Sb, and Bi) using first-principles calculations combined with particle swarm opti-
mization algorithms. Calculations of formation enthalpies, elastic constants and phonon spectra show that P3N5, As3Ns
and Sb3Njs are thermodynamically, mechanically and kinetically stable at 35 GPa, whereas Bi3Ns5 is mechanically and
kinetically stable but thermodynamically unstable. The computed electronic density of states shows strong covalent bond-
ing between the N atoms and the phosphorus group atoms in the four compounds, confirmed by the calculated electronic
localization function. We also calculate the energy densities for Sb3Ns and find it to be a potentially high-energy-density

material.

Keywords: pnictogen nitrides, structural stability, electronic property, energy density

PACS: 62.20.—x, 63.20.dk, 71.20.-b, 31.15.E—

1. Introduction

Nitrogen is the first element in group 15 of the periodic
table, constituting about 78% of Earth’s atmosphere. It holds
the distinction of being the most abundant uncombined ele-
ment accessible to human beings. This abundance has driven
the exploration of its applications, particularly in the field of
high energy density materials (HEDMs).!'"* Nitrogen pos-
sesses abundant electron valence states (2s>2p*), enabling the
formation of three types of bonds between nitrogen atoms: N—
N single bonds, N=N double bonds, and N=N triple bonds.
Significant energy differences exist among the N-N single
bond (~ 167 kJ/mol), N=N double bond (~ 419 klJ/mol), and
N=N triple bond (~ 954 kJ/mol). Polynitrogen bonded in the
form of a single or double bond can store substantial energy
and release this chemical bond energy in an oxygen-free en-
vironment, decomposing into non-polluting nitrogen. Thus,
polynitrogen emerges as a novel, green, and environmentally
friendly high energy density material,®! with significant appli-
cation prospects in various fields including national defense,
aerospace, and new energy.

High pressure has been proven to be the most effective
technique in research of polymeric nitrogen synthesis. Var-

ious polynitrogen structures including nonmetal nitrides!®-'?!

s!13-18] have been successfully obtained using

and metal nitride
high-pressure techniques, greatly inspiring research enthusi-

asm. Recent studies have revealed that introducing metal el-
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ements into pure nitrogen under high pressure can induce the
formation of new polynitrogen compounds with various poly-
merized nitrogen forms.!'”! Currently, a range of theoretically
predicted binary nitrogen-rich compounds with diverse config-
urations have been experimentally verified, including tetraza
diene (Ny), pentazole (Ns), hexazine (Ng) and extended chains
(Nw). Nevertheless, research of binary crystalline nitrides in-
volving group-15 elements significantly lags behind that of
other nitrides, and these compounds continue to be an elu-
sive class. Phosphorus elements (P, As, Sb, and Bi) possess
an identical count of valence electrons as nitrogen, yet exhibit
a greater atomic radius. This property facilitates the augmen-
tation of chemical precompression within pnictogen nitrides
while maintaining the compound’s charge integrity. Conse-
quently, one anticipates that pnictogen nitrides may serve as
reservoirs for materials with elevated energy density, thereby
offering a pathway towards the theoretical exploration of even
more promising high energy density materials.

Recent progress in experimental investigations triggered
a chemical reaction between antimony (Sb) and nitrogen (N3)
under elevated conditions of both high temperature (1600-
2200 K) and high pressure (32-35 GPa). These extreme con-
ditions were generated by employing a diamond anvil cell

1.120] The resulting product of the reaction

heated with a lase
underwent identification through single crystal synchrotron x-

ray diffraction at room temperature and 35 GPa. The analysis
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revealed its composition as crystalline antimony nitride, con-
forming to the stoichiometry of Sb3Ns, and possessing a struc-
ture categorized within the orthorhombic space group Cmc2;.
Motivated by the above statement, in this work we systemati-
cally investigate the structural stability, mechanical properties,
electronic properties, chemical bonding and energy density for
Cmc2 phase of pnictogen nitrides X3N5 (X = P, As, Sb, and
Bi) by using the first-principles calculations. The findings of
this study have significant practical implications across vari-
ous fields such as material science, energy storage, aerospace,
and defense. The high stability and energy density of pnic-
togen nitrides make them promising candidates for future ap-
plications that demand high-performance materials under ex-
treme conditions. By providing a theoretical framework, this
study paves the way for experimentalists to explore and de-

velop these materials further.

2. Computation details

While experimental results propose that Sb3Ns adopts the
Cmc2 phase, it remains vital and enlightening to systemati-
cally engage in computational studies for verifying and val-
idating the structural distribution and associated atomic de-
tails. In pursuit of this objective, we employed the CALYPSO
method for crystal structure search,>!=26! coupled with first-
principles calculations, to execute predictions for the high-
pressure structure of pnictogen nitrides (P3Ns5, AszNs, Sb3Ns,
and Bi3Ns). Given only the chemical composition and pres-
sure, without any experimental data, CALYPSO can suc-
cessfully predict the most stable experimental structure. 2’301
The effectiveness of the CALYPSO method has been val-
idated by testing nearly a hundred of known experimental
structures.?1=361 We performed the evolutionary variable-cell
structure predictions of pnictogen nitrides X3N5 (X = P, As,
Sb, and Bi) containing up to 4 formula units (f.u.) at O GPa,
20 GPa, 40 GPa, 60 GPa, 80 GPa, and 100 GPa. The the-
oretical simulations of pnictogen nitrides involve the use of
projector augmented wave (PAW) method?”! and electronic
exchange correlations are managed using the Perdew—Burke—
Ernzerhof (PBE) functional, ¥ implemented in the Vienna ab
initio simulation package (VASP).13?! Valence states for N, P,
As, Sb, and Bi are 2522p3, 3523p3, 4sz4p3, 5525p3, and 6sz6p3,
respectively. To ensure well-converged total energy calcula-
tions better than 1 meV per atom, a plane-wave kinetic en-
ergy cutoff of 800 eV and dense k-point grids with 5 x 15 x 15
are selected. The phonon dispersion relations are calculated
by using the PHONOPY code with the finite-displacement

approach. (40!

(a)

Fig. 1. [(a), (b)] Crystal structures and [(c), (d)] polyhedron views of
Cmc2; phase for pnictogen nitrides along different crystallographic direc-
tions. The red and yellow spheres represent X and N atoms, respectively.

3. Results and discussion

The atomic arrangement depicting the Cmc2; phase of
pnictogen nitrides X3Ns (X = P, As, Sb, and Bi) is illustrated
in Fig. 1(a)l1(b). This phase encompasses four X3N5 formula
units per cell. Within the Cmc2; phase, two X atoms are sit-
uated at Wyckoff positions 85 (X01) and 4a (X02), and three
N atoms are located at three Wyckoff sites 4a (NO1), 85 (NO2)
and 8b (NO3), respectively. Each X atom is coordinated by
six neighboring N atoms, forming two distinct types of XNg
units. Specifically, the X01 atoms exhibit hexa-coordination in
Fig. 1(c), adopting a distorted hexahedral configuration with
X-N separations spanning from 1.692 A to 1.995 A, 1.832 A
to 2.121 A, 2.002 A to 2.187 A, and 2.105 A to 2.291 A for
P3Ns, As3Ns, SbaNs, and BisNs, respectively. In contrast,
the X02 atoms are hexa-coordinated in a trigonal prismatic ar-
rangement in Fig. 1(d), with X-N separations ranging from
1.753 A to 1.966 A, 1.896 A t0 2.095 A, 2.063 A 10 2.236 A,
2.171 A to 2.342 A for P3Ns, As3Ns, SbsNs, and BizNs, re-
spectively. Table 1 presents the equilibrium lattice parameters
of the Cmc2; phase alongside reported experimental data. A
comparison with Table 1 reveals that the lattice parameter and
equilibrium lattice volume of Sb3Ns are consistent with the
reported data. Furthermore, the equilibrium lattice volume of
X3Ns (X = P, As, Sb, and Bi) follows the order of P3N5 <
As3Ns5 < SbsNs5 < BisNjs, aligning with the order of atomic
radius of pnictogen. The calculated negative values of forma-
tion enthalpies for P3Ns, As3Ns, and Sb3Ns, as listed in Ta-
ble 1, show that they are thermodynamically stable at 35 GPa.
The formation enthalpy of Bi3N5 is positive, indicating that it
is thermodynamically unstable. The reduced electronegativity
difference between Bi and N compared to other polynitrogens
results in less polar and weaker Bi—N bonds. This contributes
to the thermodynamic instability of BizNs at ambient pressure
due to decreased bond strength and stability.

096201-2



Chin. Phys. B 33, 096201 (2024)

Table 1. Calculated lattice parameters (A), atomic coordinates and formation enthalpy (eV) per atom of pnictogen nitrides.

Unit cell Lattice parameters Atomic coordinates (fractional) AH
P;3Njs a=11.22,b=4.33,¢c=4.50 PO1(8b) (0.664, 0.754, 0.284) —5.58
P02(4a) (0.500, 0.715, 0.728)
NO1(4a) (0.500, 0.905, 0.373)
NO02(8b) (0.600, 0.558, 0.986)
NO03(8b) (0.698, 0.105, 0.143)
As3Ns a=1191,b=14.67,c=4.84 As01(8b) (0.665, 0.753, 0.282) —0.85
As02(4a) (0.500, 0.717, 0.727)
NO1(4a) (0.500, 0.900, 0.366)
NO02(8b) (0.600, 0.555, 0.987)
NO03(8b) (0.695, 0.112, 0.148)
Sb3 N5 a=1232,b=5.10,c=5.23 Sb01(8b) (0.664, 0.756, 0.280) —-3.13
Sb02(4a) (0.500, 0.722, 0.724)
NO1(4a) (0.500, 0.896, 0.361)
NO02(8b) (0.601, 0.549, 0.989)
NO03(8b) (0.688, 0.120, 0.152)
Sb3N; 201 a=1231,b=5.05¢c=5.19 Sb01(8b) (0.664, 0.755, 0.277) -
Sb02(4a) (0.500, 0.723, 0.723)
NO1(4a) (0.500, 0.896, 0.365)
N02(8b) (0.600, 0.550, -0.009)
NO03(8b) (0.693, 0.115, 0.151)
Bi3sNs a=12.86,b=538,c=5.47 Bi01(8b) (0.665, 0.760, 0.275) 2.73
Bi02(4a) (0.500, 0.723, 0.726)
NO1(4a) (0.500, 0.893, 0.357)
NO02(8b) (0.602, 0.545, 0.989)
NO3(8b) (0.684, 0.130, 0.158)
1 b
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Fig. 2. Phonon dispersion curves of Cmc2 phase for pnictogen nitrides at 35 GPa: (a) P3Ns, (b) As3Ns, (c) Sb3Ns, (d) BizNs.

In order to assess the mechanical and kinetic stability of
X5N5 (X = P, As, Sb, and Bi), we have calculated their elas-
tic constants using the stress—strain method and their phonon
spectra using the finite displacement method,*!! respectively.
The results are presented in Tables 2 and S1 (in the supporting

information), Figs. 2 and S1 (in the supporting information).

From the results of our calculated elastic constants, X3Njs
(X = P, As, Sb, and Bi) all satisfy the mechanical stability
criterion[*?] at 35 GPa, indicating that they are mechanically
stable. After pressure relief, at atmospheric pressure, Sb3Njs
and Bi3Njs both satisfy the mechanical stability criterion and

are mechanically stable. However, the elastic constants of both
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P3N5 and As3Ns5 do not satisfy the mechanical stability crite-
rion and are mechanically unstable at atmospheric pressure.
The calculation of phonon spectra shows that X3Ns5 (X = P,
As, Sb, and Bi) is kinetically stable with no imaginary fre-
quencies appearing in the phonon spectra at 35 GPa, as well
as Sb3Ns and BizNjs after the pressure relief. However, the
imaginary frequencies appear in the phonon spectra of P3Nj
and As3Njs after the pressure relief, which indicate that they
are kinetically unstable.
Table 2. Calculated Constants C;; (GPa), bulk modulus B (GPa), shear

modulus G (GPa), B/G value, Young’s modulus E (GPa), and Poisson’s
ratio v of X3Ns (X = P, As, Sb, and Bi) at 35 GPa, respectively.

P3N5 AS3N5 Sb3N5 Bi3N5
Cyy 574.99 421.15 373.91 290.79
Cx» 928.94 616.54 529.11 358.29
Cs3 1004.90 687.25 570.06 361.87
Cys 302.86 194.71 167.56 87.93
Css 80.47 131.16 159.36 97.59
Ces 245.31 184.13 155.67 100.98
Ci 232.94 222.95 229.26 196.40
Ci3 222.02 199.87 214.61 176.75
C3 154.76 179.64 205.91 181.38
B 405.88 320.20 303.46 234.26
G 219.19 171.71 147.91 86.23
B/G 1.85 1.865 2.05 2.72
E 557.27 437.01 381.71 230.42
v 0.271 0.273 0.290 0.336

In order to further investigate the elastic properties of
X3Ns5 (X = P, As, Sb, and Bi), we calculated their bulk mod-
ulus B, shear modulus G, B/G value, Young’s modulus E and
Poisson’s ratio v using the VRH approximation method, 43! as
listed in Table 2 for the results of the calculations. Generally
speaking, the bulk elastic modulus characterizes the ability of
the material to resist the volume change of the applied load,
shear modulus characterizes the ability of the material to pre-
vent the deformation in different directions caused by the ap-
plied load, Young’s modulus is a physical quantity that char-
acterizes the ability of the longitudinal resistance to the ap-
plied load, and Poisson’s ratio v is a physical quantity that ex-
presses the ability of the longitudinal resistance to the applied
load.4*! From Table 2, we can see that the magnitudes of B,
G and E of X3N5 (X = P, As, Sb, and Bi) are in the order of
P3N5 > As3Ns > Sb3Ns > Bi3Ns, contrary to the magnitude
of atomic radii of the nitrogen group elements. In addition,
our results are significantly higher compared to previously re-
ported theoretical data for Ta3Ns under high pressure. 0! It is
noteworthy that the values of Young’s modulus E are all larger
than the bulk modulus B values for X3N5 (X = P, As, Sb, and
Bi), which suggests that they are more resistant to tension than
compression at 35 GPa. In contrast, the calculated Poisson’s
ratio v of X3N5 (X = P, As, Sb, and Bi) is in the order of P3Nj
< As3Ns5 < SbiNs < Bi3Njs, which is the same as that of the

atomic radii of the nitrogen group elements. Bi3Ns possesses
the largest Poisson’s ratio among the considered pnictogen ni-
trides, suggesting that it exhibits a more pronounced transverse
expansion upon stretching. In order to evaluate the ductility of
these structures, we also calculated their B/G values, and the
results show that the B/G ratios of X3Ns5 (X = P, As, Sb, and
Bi) are all greater than 1.75, indicating that they all have good
ductile.*7]

To further understand the electronic properties of pnicto-
gen nitrides, we calculated their band structures and density
of states, as plotted in Fig. 3. The calculation of band struc-
tures shows that P3N5, As3N5 and Sb3N5 are semiconductors,
where As3Ns and SbzNjs belong to direct bandgap semicon-
ductors with bandgaps of 0.57 eV and 0.60 eV, respectively.
P;Nj5 belongs to indirect bandgap semiconductors possessing
a bandgap of 1.94 eV. Interestingly, both valence and conduc-
tion bands in the band structure diagram of Bi3Ns appear to
overlap, suggesting that it is metallic, as evidenced by the cal-
culations of the density of states. From the density-of-states
diagrams in Fig. 3, we can also see that the density-of-states
compositions of these four compounds are very similar to the
valence bands of their density of states that are mainly from the
p state of the N atom, while the s states of the N atom and the
X atom have very small contributions. It is worth noting that in
these four compounds, there is a strong hybridization between
the p state of N atom and the p state of X atom, which indicates
that there are strong covalent bonds between these two atoms.
In order to explore the bonding characteristics of pnictogen
nitrides compounds in depth, we also calculated their elec-
tronic localization function (ELF), which can help us to distin-
guish metal, covalent and ionic bonds effectively. From Fig. 4,
we can see that there is a strong electronic localization phe-
nomenon for X-N in X3Ns, indicating that there are strong co-
valent bonds between X and N. In addition, we have calculated
the charges of each atom and Bader charges for pnictogen ni-
trides and summarized the calculations in Tables S2 and S3 (in
the supporting information). From Tables S2 and S3, we can
conclude that each N atom in P3Ns, As3Ns, Sb3N5 and BizNj
receives 1.88e, 1.30e, 1.43¢ and 1.23e charges from X atoms
(X = P, As, Sb, and Bi), respectively. The charge transfer
variations among the compounds of elements from the same
group are quite significant. The reason is that the increase in
atomic radius down the group results in longer bond lengths
with nitrogen, leading to weaker orbital overlap and variations
in charge transfer. Additionally, variations in electronegativ-
ity among the elements cause differences in their ability to
attract electrons, leading to significant charge transfer differ-
ences. The calculation results of the Bader charges further
confirm the existence of strong covalent bonding between X
atoms (X = P, As, Sb, and Bi) and N atoms.
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Fig. 4. Electron localization functions (ELFs) with an isosurface 0.75
of Cmc2; phase for pnictogen nitrides at 35 GPa: (a) P3Ns, (b) As3Ns,
(c) Sb3Ns, (d) BizNs.

Based on the above discussion, Sb3Nj5 is thermodynami-
cally, mechanically and kinetically stable at both 35 GPa and
atmospheric pressure after pressure relief. It also has strong
covalent interactions in its structures to enhance its structural
stability. In addition, Sb3Ns is expected to exothermically de-
compose into Ny and solid Sb or Bi, and the chemical energy
released from them during the reaction is 6.07 eV, respectively,
which corresponds to energy densities of 1.35 kJ-g~! in that
order. Since its energy density is comparable to that of mod-
ern high explosives (1-3 kJ-g~!), such as TATB, HMX and
RDX, 8! we consider it as a high-energy-density material.

4. Conclusion

Based on first-principles calculations combined with par-
ticle swarm optimization algorithms, we have systematically
studied the stability, elastic properties, electronic properties,
and energy densities of the Cmc2; structure for pnictogen ni-

trides X3Ns5 (X = P, As, Sb, and Bi). Calculations of forma-
tion enthalpies, elastic constants and phonon spectra show that
they are all thermodynamically, mechanically and kinetically
stable at 35 GPa. We have obtained the bulk modulus B, shear
modulus G, and Young’s modulus E for X3N5 (X = P, As,
Sb, and Bi) using the results of calculated elastic constants
and found that their magnitudes are in the opposite order to
the magnitudes of the atomic radii of the nitrogen group el-
ements. Interestingly, the calculated band structures and den-
sity of states show that As3N5 and Sb3Nj5 both belong to direct
bandgap semiconductors with bandgap values of 0.57 eV and
0.60 eV, respectively. P3Ns belongs to direct bandgap semi-
conductors with bandgap value of 1.94 eV, while Bi3Ns is a
metal. In addition, we have also calculated the energy densi-
ties for Sb3N5 and found it to be potential high-energy-density
material. We hope that our calculations can provide some the-
oretical guidance for future experimental studies on the appli-
cations of pnictogen nitrides.
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