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In this work, high-pressure phase behavior of LiPNs within 0-300 GPa was studied by using an
unbiased structure searching method in combination with first-principles calculations. Three pressure-
induced phase transitions were predicted, as tI16 — hR4 — cF64 — oP8 at 44, 136, and 259 GPa,
respectively. The six-fold coordination environments were found for all high-pressure polymorphs,
which are substantially different from the four-fold coordination environments observed in the tI16
structure. The hR4 and cF64 structures consist of close-packed PNg and LiNg octahedra connected
by edge-sharing, whereas the oP8 structure is built up from edge- and face-sharing PNg and LiNg
octahedra with N lying in the center of the trigonal prisms. The electronic structure analysis reveals
that LiPNs is a semiconductor within the pressure range studied and P-N and Li-N bonds are covalent
and ionic, respectively. The results obtained are expected to provide insight and guidance for future
experiments on LiPN, and other alkali metal nitridophosphates.
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1 Introduction

In recent years, lithium nitridophosphates have attracted
considerable attention for their structural diversity and
potential use in lithium ion conductors [1, 2]. To date,
five lithium nitridophosphates were described in the lit-
erature; negatively charged PN, tetrahedra occur as
characteristic building units for all of them. To be spe-
cific, isolated PNy tetrahedra were found in LizPNy [3],
while corner-shared PNy tetrahedra were reported for
the others. Depending on the degree of condensation of
PNy tetrahedra, various different linking patterns occur,
i.e., [P3N9]12_ dreier-rings in Li;oP3Ng [1], [P6N16]18_
tricyclic ring in Li;gPgNig [4], [P4N1o]'°” cage in
Li;oP4Nyg [5], [PN3]*~ zweier-chains in LiyPNj3 (a high-
pressure polymorph of Li;oP3Ng) [1], and [PNy]!~ three-
dimensional network in LiPNjy [3]. The conductivities ob-
served in LiPNy and LiyPN4 are comparable to that of
other ternary lithium nitrides, such as LigAINy, which
indicates that they are potential lithium ion conductors
3]

LiPN5 can be synthesized by performing reaction of
the binary nitrides P3N5 and LigN at high temperatures
[3]. Preliminary investigation suggested that it adopts
the B-cristobalite type structure [6]. In a subsequent ex-
perimental study [3], more accurate structural informa-
tion was obtained by performing X-ray diffraction anal-
ysis on LiPNs having single phase. It revealed that
the atomic arrangement analogous to S-cristobalite could
also be derived from the chalcopyrite type of structure.
However, compared to §-cristobalite, all PNy-tetrahedra
are rotated about their 4 axes. In 2007, a systematic
crystal-chemical analysis proved that this compound oc-
cupies an intermediate position between the ideal struc-
tures of S-cristobalite and chalcopyrite and that its va-
lence band differs radically from the typical valence band
of chalcopyrite crystals [7]. Lattice dynamics and elas-
tic properties of LiPNy have also been studied through
ab initio calculations and the strong covalent bond be-
tween P and N atoms was found to play a key role in
determining those properties [8].

High pressure can significantly promote the conden-
sation of PNy tetrahedra for ternary phosphorus ni-
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trides. A good example was observed in Li;osP3Ng where
the [P3Ng]*2~ dreier-rings were superseded by [PN3]~
zweier-chains at pressures above 6 GPa, leading to the
formation of LiyPNj3 [1]. High pressure is also a unique
tool to create higher-coordination polyhedra from PNy
tetrahedra, for instance, PNy bipyramids appear at
14 GPa in g-P4Ng(NH), a high-pressure polymorph of
P4Ng(NH) [9]. As the element combination P/N is iso-
electronic with Si/O, the structural variety of ternary
phosphorus nitrides is expected to be similar to that of
silicates. SiOg octahedra have been widely observed in
the high-pressure polymorphs of silicates. However, PNg
octahedra have not yet been identified experimentally
for any ternary phosphorus nitrides, despite the fact that
these have long been predicted in the spinel-type BePsNy
that would be stable at pressures above 23 GPa [10].
It is therefore of great interest to investigate the high-
pressure polymorphs and the coordination chemistry of
this compound class.

Here, we report an extensive study on the high-
pressure structures of LiPNs in the pressure range of 0-
300 GPa via our in-house-developed swarm-intelligence-
based CALYPSO method for crystal structure predic-
tion. Three pressure-induced phase transitions were pre-
dicted for LiPN,, as tI16 — hR4 — cF64 — oP8
at 44, 136 and 259 GPa, respectively. All the high-
pressure polymorphs had six-fold coordination environ-
ments. The analysis of electronic structure reveals that
LiPN5 is a semiconductor at the pressures studied and
the P-N and Li-N bonds have covalent and ionic nature,
respectively.

2 Computational details

We used the CALYPSO method [11, 12] to search for the
high-pressure polymorphs; this method has been widely
used in crystal structure prediction [13-16]. Structure
searches with system sizes ranging from two to four for-
mulas per simulation cell were performed for pressure
values of 50, 100, 200, and 300 GPa. The total energy
calculations and local structural relaxations were car-
ried out by using the density functional theory as imple-
mented in the VASP code [17]. The projector augmented
wave potentials [18] with 1522s!, 3523p?, and 2522p? elec-
trons as valence were adopted for Li, P, and N, respec-
tively. The cutoff energy (900 eV) for the expansion of
the wave function into plane waves and Monkhorst-Pack
k point meshes [19] with a grid of 0.025 A~! were chosen
to ensure that enthalpy calculations were well converged
to the level of 1 meV /atom. The phonon density of states
and crystal orbital Hamilton population were calculated
by PHONOPY [20] and LOBSTER software [21]. The
crystal structures were plotted by VESTA code [22].
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3 Results and discussion

The enthalpies of the most energetically competitive
structures of LiPNy at pressures up to 300 GPa are
shown in Fig. 1. For low-pressure values, the tI16 struc-
ture was found to be most favorable, which is in agree-
ment with the experimental observation. The enthalpy
of the tP16 structure is only 6 meV/LiPNy higher at 0
GPa, and keeps close to the tI16 structure under a wide
range of pressure, indicating that it might be metastable.
The two structures are isoenthalpic up to 72 GPa, how-
ever, before that the hR4 structure becomes most stable
at 44 GPa. Notably, the tI16 — hR4 transition in LiPN,
differs from what we found in the compressed CuPN,
[23]. To be specific, LiPNy and CuPNy adopt identical
ground state tI16 structure but different high-pressure
hR4 structures. The hR4 and cF64 structures are en-
ergetically nearly degenerated in a wide pressure range
of 110-300 GPa. At pressures above 136 GPa, the en-
thalpy of cF64 lowers consistently by 10 meV/LiPNo,
indicating the occurrence of a hR4 — cF64 phase transi-
tion. Since the energy cutoff and k-point sampling were
chosen such that the enthalpies would converge to within
~1 meV /atom across the pressure range studied, such an
enthalpy difference is within the precision of our calcu-
lations. At pressures above 259 GPa, oP8 becomes the
most stable structure and remains so until at least to
300 GPa. In addition, the hP8 and 0oC16 structures were
found to lie within 200 meV/LiPNy of the most favor-
able high-pressure polymorphs within several different
pressure ranges.

As LiPNy is composed of light elements, the zero-point
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Fig. 1 Calculated enthalpies per formula unit (relative to
hR4 structure) of the high-pressure phases for LiPNjy; the
stable regime is indicated by colored bars at the bottom of
the figure.
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energy (ZPE) correction would be expected to affect the
relative stability of the energetically competing struc-
tures, such as tI16 and tP16, and hR4 and cF64. The
ZPE of t116 is lower than that of tP16 by 47 meV /LiPNy,
which supports the fact that tI16 is the thermodynamic
ground state at ambient pressure. The difference in the
ZPE of hR4 and cF64 is less than 2 meV within the
pressure range of 120-160 GPa and therefore cannot al-
ter their relative stability. The phase transitions were
found to be delayed by ZPE. However, the pressure shifts
are within 8 GPa. Overall, inclusion of the ZPE cor-
rection had a negligible effect on the phase sequence.
The finite temperature effects were further estimated
based on the harmonic approximation. The pressure
shifts increase with increasing temperature with pressure
changes reaching 11-14 GPa at 1000 K.

In the tI16 structure (space group: I-42d; Z = 4),
P and N atoms form a three-dimensional net of corner-
sharing PN, tetrahedra, while Li cations occupy posi-
tions which are nearly tetrahedrally coordinated by N
atoms (Fig. 2a). At ambient pressure, the structural pa-
rameters in tetragonal unit cell are: a = 4.571 A and
c=17.293 A, with Li 4b (0, 0, 0.5), P 4b (0, 0, 0), and N
8d (0.832, 0.25, 0.125). Our theoretical results basically
agree with the experimental values of a = 4.575 A and
¢ =T7.118 A [3]. The P-N-P angle is 124.63° and the PN,
tetrahedra deviate slightly from the regular tetrahedron
with dihedral angles splitting into 68.72° and 74.09°. In
view of the fact that tI16 is a S-cristobalite-related struc-
ture, it is no surprise that our predicted metastable tP16
is an a-cristobalite-related structure with space group
P43212 and Z = 4. At ambient pressure, the struc-
tural parameters are a = 4.871 A and ¢ = 6.502 A, with
Li 4a (0.200, 0.200, 0), P 4a (0.812, 0.812, 0), and N 8b
(0.725, 0.646, 0.791). The P-N-P angle is 130.48° and the
PN, tetrahedra are distorted with dihedral angles rang-
ing from 69.11° to 72.28°. Notably, the PNy-tetrahedra
networks of both structures can be derived from the F'd-
3m unit cell of the well-known C9 structure originally
proposed by Wyckoff for high-cristobalite [24]. The vol-

ume of t116 is about 1% smaller than that of tP16 at 0
GPa, however, the relation is reversed at a pressure of
44 GPa, which illustrates the increasing role of internal
energy in stabilizing the former with respect to the latter
under compression.

The tI16 and hR4 structures are isoenthalpic at 44
GPa, where the volume of the latter is 15% less than the
former. Pressure lowers the enthalpy by AH = [ AVdP,
thus favoring the stability of hR4 at increasing pressure.
In a pressure-induced first-order phase transition, a large
volume collapse is usually related to the increase of co-
ordination numbers. In hR4, an important structural
feature observed is that all atoms (Li, P and N) are six-
fold coordinated, forming octahedra sharing eight edges
with one another (Fig. 2b), which significantly differs
from the four-fold coordination environments observed
in the low-pressure tI116 structure. At 60 GPa, struc-
tural parameters of hR4 (space group R-3m; Z = 1) in
the hexagonal cell are: a = 2.553 A and ¢ = 13.274
A, with Li 3b (0, 0, 0.5), P 3a (0, 0, 0), and N 6¢
(0, 0, 0.262). The PNg octahedron deviates slightly
from the regular octahedron with dihedral angles split-
ting into 111.24° and 107.64°. The hR4 is isostructural
with the second high-pressure phase of CuPNy [23] that
also adopts the tI16 structure at ambient pressure. The
first high-pressure phase of CuPNj, is a different rhombo-
hedral structure with two-coordinated Cu atoms, which
does not appear in the phase sequence of LiPNy due to
the very high enthalpies. This is understandable, con-
sidering that CuPNj is a double nitride consisting of co-
valent Cu-N bond that can stabilize a low-coordination
environment, however, Li cations have to fill the octa-
hedral voids for lowering the volume. The tI16 — hR4
phase transition has also been predicted for MgSiNy [25]
(at 25 GPa) isoelectronic system of LiPNs.

In the hR4 — cF64 phase transition at 136 GPa,
the volume decreases slightly by 0.35%, significantly less
than that in the first phase transition, which is attributed
to the similarity of the six-fold coordination environ-
ments of the two structures, as shown in Fig. 2. A major

Fig. 2 Crystal structure of LiPNg, (a) tI16, (b) hR4, (c) cF64, and (d) oP8 structures.
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structural difference between the hR4 and cF64 struc-
tures is that PNg octahedra form two-dimensional lay-
ers in the former while a three-dimensional network is
formed in the latter. At 160 GPa, structural parameters
of cF64 (space group: Fd-3m; Z = 16) in common unit
cell are: a = 6.913 A, with Li 16¢ (0.125, 0.125, 0.125),
P 16d (0.125, 0.375, 0.875), and N 32¢ (0.868, 0.868,
0.868). The PNg octahedron in the cubic c¢F64 is also
lightly distorted in comparison to the regular one with
dihedral angles splitting into 110.84° and 108.07°. A vol-
ume collapse of 2% was found in the cF64 — oP8 phase
transition at 259 GPa, which is about six times that in
the hR4 — cF64 phase transition. Though the coordi-
nation number remains six, the manner of connections
of PNg and LiNg octahedra is much different: Except
for sharing six edges, every octahedron shares two faces
with others (Fig. 2d). As a result, the local coordina-
tion environment of N atom is a trigonal prism instead
of an octahedron. The presence of shared faces in oP8
increases its density over the cF64 structure. At 280
GPa, structural parameters of oP8 (space group Pnnm;
Z = 2) in unit cell are: a = 3.853 A, b = 3.931 A, and
c=2.345 A, with Li 2¢ (0, 0.5, 0), P 2b (0, 0, 0.5), and N
4¢g (0.347, 0.841, 0). In comparison with cF64, the PNg
octahedron of 0P8 is more distorted with dihedral angles
ranging from 107.44° to 113.20°.

The dynamical stability of a crystalline structure re-
quires the eigen frequencies of its lattice vibrations be
real for all wave vectors in the Brillouin zone. The
phonon frequencies were calculated for each of the five
structures at several different pressures within the phase
stable regime, and the absence of imaginary frequency
indicates that those structures are dynamically stable.
The phonon density of states (PDOS) of the five struc-
tures, which were projected on Li, P, and N atoms, are
shown in Fig. 3. No big differences have been found be-
tween the t116 and tP16 structures at 0 GPa except for a
small disparity in the frequency of the last two peaks that
related to the intramolecular vibrational modes of PNy
tetrahedra. This disparity seems to be one of the reasons
for the tP16 structure having larger ZPE than the tI16
structure. For the hR4 structure, gaps between differ-
ent peaks become unclear and PDOS of Li component
are more dispersive in comparison with the tI16/tP16
structure. This is understandable, considering that in-
teractions between the edge-shared octahedra should be
stronger than that of the corner-shared tetrahedra. How-
ever, as the P-N bond lengths increase with increasing
coordination numbers in the tI16 — hR4 phase transi-
tion, the last peaks shift slightly to lower frequencies.
As shown in Fig. 3(c—e), the vibrational frequencies of
the three six-fold coordinated high-pressure polymorphs
increase generally with increasing pressure and the Li
component contributes more to the high-frequencies as
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Fig. 3 Atom-projected PDOS of tI16 (a), tP16 (b), hR4
(c), cF64 (d), and oP8 (e) structures.

a result of its small atomic mass.

The electronic density of states (DOS) curves of the
four energetically stable structures are shown in Fig. 4.
The existence of energy gaps (Ey) indicates that LiPNy
is a semiconductor in the whole pressure range studied.
For each individual structure, F, decreases with increas-
ing pressure, however, in the three phase transitions F,
varies in a series of decrease — increase — decrease. The
cF64 structure possesses the largest £, among the four
structures. E, of 5.62 eV predicted for this structure at
160 GPa is about 46 %, 57 %, and 33 % larger than that
of tI16 at 0 GPa, hR4 at 60 GPa and oP8 at 280 GPa, re-
spectively. Notably, large gaps also appear in the valence
bands of this structure, e.g. the one at around 14 eV. The
cubic (Oh) symmetry seems to favor large separations
between subbands that originate from the hybridization
of the s and p states. Therefore, it is no surprise that
a large energy gap is formed between the bonding and
antibonding states. The energy gap of a semiconductor
usually decreases with increasing pressure, especially in
a first order structural phase transition with a sizable
volume collapse. In our previous work on CuPNs, an
abnormal increase of the energy gap was predicted in an

Jian Lv, et al., Front. Phys. 13(5), 136104 (2018)
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Fig. 4 Total and partial (or orbital-projected) DOS of t116
(a), hR4 (b), cF64 (c), and oP8 (d) structures.

isosymmetric hexagonal — hexagonal transition at about
120 GPa, however, it was mainly attributed to the sig-
nificant increase of Cu-N distance. In the hR4 — cF64
transition of LiPN,, the volume collapse is only about
0.35 % and the Li-N and P-N distances are nearly un-
changed which further supports the change of the lattice
symmetry to be the origin of the abnormal increase of
the energy gap.

The electron localization function (ELF) is useful tool
for distinguishing between different bonding situations in
solids. As shown in Fig. 5, the ELF plots indicate that
a large number of electrons are present at the N site,
and directional bonding characters are clearly seen from
the non-spherical distribution for all of them. The large
ELF value along the N-P direction indicates a covalent
interaction. In comparison with the N-P direction, the
isosurface along the N-Li direction is nearer to N atom
and the isosurface at the Li site is nearly spherically sym-
metric indicating an ionic interaction between Li and N
atoms. To estimate of the net strength of the bonding of
N-P and N-Li pairs, we further calculated the integrated
crystal orbital Hamilton population (ICOHP). For the
four-fold coordinated t116 structure at 0 GPa, ICOHP
of N-P and N-Li pairs are about —8.2 and —2.9 €V, re-
spectively, which are both higher than those of the three

Jian Lv, et al., Front. Phys. 13(5), 186104 (2018)

Fig. 5 ELF of tI16 structure at 0 GPa (a), hR4 structure
at 60 GPa (b), cF64 structure at 160 GPa (c), and oP8
structure at 280 GPa (d) with isosurface of 0.7.

high-pressure polymorphs. This is understandable con-
sidering that the high-pressure polymorphs are six-fold
coordinated and there are more bonds to share the cen-
tered atom. It is found that the ICOHP of N-P pair is
inversely proportional to bonding length, for instance,
averaged values of —6.5 and —7.0 eV were found in hR4
at 60 GPa and cF64 at 160 GPa with N-P distances of
1.75 and 1.68 A, respectively. This trend further sup-
ports the covalent bonding nature of the N-P bonds.
However, similar trend was absent for N-Li pairs, which
can be attributed to its ionic bonding nature.

4 Summary

In the present study, we explored the phase stability,
structural, and electronic properties of LiPNy exten-
sively, over a wide pressure range of 0-300 GPa by us-
ing an unbiased structure searching method in combi-
nation with first-principles calculations. Three pressure-
induced phase transitions t116 — hR4 — cF64 — oP8
were predicted at 44, 136 and 259 GPa, respectively.
All of the three high-pressure polymorphs have six-fold
coordination environment, which is substantially differ-
ent from the four-fold coordinated tI16 structure. The
hR4 and cF64 structures consist of close-packed PNg and
LiNg octahedra connected by edge-sharing, whereas, the
oP8 structure is built up from edge- and face-sharing
PNg and LiNg octahedra with N lying in the center of
trigonal prisms. Phonon calculations showed that all of
the three high-pressure polymorphs are dynamically sta-
ble. Electronic property analysis reveals that LiPNs is
a semiconductor within the studied pressure range, and
P-N and Li-N bonds are covalent and ionic, respectively.
The current results provide new insight and guidance for
further studying alkali metal nitridophosphates at high
pressures.
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