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Stable polar oxynitrides through epitaxial strain
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We investigate energetically favorable structures of ABO2N oxynitrides as functions of pressure and strain via
swarm-intelligence-based structure prediction methods, density functional theory (DFT) lattice dynamics and
first-principles molecular dynamics. We predict several thermodynamically stable polar oxynitride perovskites
under high pressures. In addition, we find that ferroelectric polar phases of perovskite-structured oxynitrides
can be thermodynamically stable and synthesized at high pressure on appropriate substrates. The dynamical
stability of the ferroelectric oxynitrides under epitaxial strain at ambient pressure also implies the possibility
to synthesize them using pulsed laser deposition or other atomic layer deposition methods. Our results have
broad implications for further exploration of other oxynitride materials as well. We performed first-principles
molecular dynamics and find that the polar perovskite of YSiO2N (I4cm) is metastable up to at least 600 K under
compressive epitaxial strain before converting to the stable wollastonitelike structures (I4/mcm). We predict that
YGeO2N, LaSiO2N, and LaGeO2N are metastable as ferroelectric perovskites (P4mm) at zero pressure even
without epitaxial strain.
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The perovskite oxides (ABO3) form one of the most widely
studied groups in condensed matter physics and materials
science. Extensive studies over decades show that perovskite
oxides possess an exceptional diversity of physical and
chemical properties [1–4]. Perovskite oxides are particularly
important as ferroelectrics in numerous applications ranging
from medical ultrasound to sonar [5–7]. The large diversity of
perovskites oxides could be further increased by anion sub-
stitution. For example, the photovoltaic performance can be
boosted through halide anions substitution for oxygen in oxide
perovskites [8]. As another example, nitrogen substitution for
oxygen enriches the possible perovskite structures and their
properties due to the concomitant interaction between oxygen
and nitrogen ions [9]. The investigation of perovskite oxyni-
trides (ABO2N) has rapidly become a highly important subject
area because they represent an emerging class of materials
offering the prospect of optimized properties and potential
applications in many field, such as visible-light photocatalysts
for water splitting, nontoxic pigments, and colossal mag-
netoresistance [10–20]. The different ionicities/covalencies
between O and N ions may also induce the formation of
strong polar perovskite structures, which hold the potential for
piezoelectric and ferroelectric applications. In 2007, Caracas
and Cohen predicted the polar ordered oxynitride perovskite
YSiO2N with high predicted spontaneous polarization and
large nonlinear optic coefficient [21].This phase was synthe-
sized in a diamond anvil cell from YN and SiO2 in 2017 [22].
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Much oxynitride synthesis is done by ammoniazation of
oxides, which results in random substitution of O by N,
resulting in nonpolar structure [10,17,23]. Finding suitable
starting materials for solid state synthesis is a challenge, as
N bonds are either very strong or very unstable. For decades,
pressure has been widely used as a powerful tool in the dis-
covery of materials inaccessible at ambient conditions. Thus
YSiO2N was synthesized in a polar perovskite phase under
high-temperature and high-pressure conditions [22].

Despite the possibility for many novel phases with en-
hanced functionality, there are very limited studies on the
exploration of pressure-induced polar structures in oxyni-
trides, leaving the rationally design of the synthesizable polar
oxynitride perovskites unsettled. To tackle this problem, it is
crucial to understand the thermodynamically stable structures
and their properties, which has become possible becasue of
the development of crystal structure prediction methods. In
this work, we first predicted the high-pressure phase diagrams
of various oxynitride systems using swarm-intelligence-based
structure prediction methods [24–26]. The predictions reveal
several pressure-induced polar oxynitrides. Further calcula-
tions indicate that the long-thought ferroelectric phase of
oxynitrides can be stable and synthesized under epitaxial
strain conditions.

Global structural optimization was performed using the
CALYPSO code [24–26] with the particle swarm optimiza-
tion algorithm, which has successfully predicted structures
of various systems [27–32]. The energetic calculations were
carried out in the framework of density functional theory
(DFT) within the Perdew-Burke-Ernzerhof revised for solids
(PBEsol) [33] functional, as implemented in the Vienna
ab initio simulation package (VASP) code [34]. The previous
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FIG. 1. Crystal structures of oxynitride compounds in (a) the P6122 structure, (b) the P4mm structure, (c) the I4/mcm structure, (d) the
I4cm structure, (e) the P3121 structure, (f) the P32 structure, and (g) the Cmc21 structure. Cyan, blue, red, and light grey spheres represent
Y/La/Bi, Si/Ge/Hf, O, and N atoms, respectively.

study verified that the PBEsol functional can reproduce the
experimental results very well compared to the other function-
als [35]. The all-electron projector augmented wave (PAW)
method [36] as adopted with the pseudopotentials taken
from the VASP library where 4s24p64d15s2, 5s25p65d16s2,
5d106s26p3, 3s23p2, 4s24p2, 5d26s2, 2s22p4, and 2s22p5 were
treated as valence electrons for Y, La, Bi, Si, Ge, Hf, O,
and N, respectively. The electronic wave functions were ex-
panded in a plane-wave basis set with a cutoff energy of
520 eV. Monkhorst-Pack k-point meshes [37] with a grid of
spacing 0.04 × 2π Å−1 for Brillouin zone sampling were
chosen after checking for convergence. For example, we used
a 8 × 8 × 6 k point for the five-atom perovskite structures. To
determine the dynamical stability of the studied structures, we
performed phonon calculations by using the finite displace-
ment approach, as implemented in the PHONOPY code [38].

Structure prediction calculations were performed at a pres-
sure of 30 GPa with up to four formula units (f.u.) per
simulation cell. We uncovered a group of new structures for
the oxynitrides at 30 GPa. We take the crystal phases identified
by the structure search process and compute their enthalpies to
determine the most stable structure for each composition. The
enthalpies were calculated by optimizing the cell parameters
and the atomic positions at each pressure using the conjugate
gradient algorithm implemented in the VASP code [34]. The
enthalpy curves (Fig. 2) show the relative thermodynamic
stabilities of the predicted structures. The hexagonal P6122
structure (Fig. 1(a), see Ref. [39]) is most stable at ambient
pressure for all of these compounds. Under pressure, however,
we find many new oxynitride phases.

At 30 GPa, the most stable structures for LaSiO2N,
LaGeO2N, and BiSiO2N are predicted to be tetrahedrally co-
ordinated trigonal polar phases [Figs. 2(d)–2(f)]. These struc-
tures are piezoelectric, but cannot be ferroelectric by symme-
try. Nonpolar, centrosymmetric, perovskite phases are favor-
able above ∼18 GPa and ∼7 GPa for YSiO2N (I4/mcm) and
BiSiO2N (Cmcm), respectively. YGeO2N and YHfO2N are
more stable in nonperovskite structures at high pressures. The
structural parameters for these structures are in the supple-
mental material [40]. We have computed the phonon disper-
sion for all of these structures, and find that these compounds

are dynamically stable (Fig. S1). We noticed that a previous
study predicted a variety of dynamically stable oxynitride
structures including polar Pmm2 and nonpolar P4/mmm
phases [18], which also can be found from our structure
prediction results. However, these are relatively high-enthalpy
phases compared with our predicted structures (Fig. 2).

We find that the P4mm structure of BiSiO2N is very close
in enthalpy to the most stable structure under pressure. Per-
ovskite phase stability is often governed by the radius ratio
of the A and B cations [41]. Indeed, we find that the larger
value of rA/rB, the more stable the P4mm phase, where rA

and rB are the ionic radii [42] of atoms at A and B sites,
respectively [Fig. 3(a)]. Within P4mm symmetry, BiSiO2N
is relatively more stable than other compositions considered
here, but imaginary phonon frequencies show that it is dy-
namically unstable. LaSiO2N is another low enthalpy P4mm
structure; it is only 90 meV / f.u. higher in enthalpy than the
P3121 structure at 30 GPa.

The P4mm ferroelectric phase of YSiO2N was calculated
to be metastable with the local density approximation [43,44]
and Troullier-Martins pseudopotentials [45] in a previous
study [21]. However, we find that the P4mm structure of
YSiO2N is dynamically unstable with the PBEsol func-
tional [33] in the current study, although we were able to
reproduce the earlier results using the same pseudopotentials
as were used in Ref. [21]. In spite of its apparent instabil-
ity according to DFT, synthesis of the P4mm structure of
YSiO2N was reported under high pressure and temperature
conditions [22]. How can one explain its apparent stability?
We found that the I4cm structure of YSiO2N [Fig. 1(d)] is
slightly lower in energy than the P4mm structure [Fig. 2(a)],
and is dynamically stable (Fig. S4). The I4cm YSiO2N shares
nearly the same XRD patterns with the P4mm phase (Fig. S5).
We performed first-principles molecular dynamics for 4

√
2 ×

4
√

2 × 4 (160 atoms) supercells for temperatures from 300–
600 K starting from the I4cm structure, and found it stable
up to 600 K under compressive epitaxial strain and to 400 K
under no or extensional strain. There is a possibility that the
I4cm structure of YSiO2N was actually synthesized rather
than the P4mm structure. However, our enthalpy calcula-
tions suggest that the I4cm YSiO2N is unstable under high
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FIG. 2. Calculated enthalpies per formula unit (f.u.) of various predicted structures as functions of pressure with respect to the P6122
structure of the oxynitrides.

pressures. At the pressures above 10 GPa, the I4cm structure
transforms into the most stable I4/mcm structure after geome-
try optimization [Fig. 2(a)], suggesting that there is no energy
barrier between these two phases. Thus I4cm might form on
decompression of I4/mcm YSiO2N as pressure is decreased.
So again, how can we explain the report of polar tetragonal
perovskite YSiO2N observed in situ at high pressures [22]?

YN was used as one of the precursors in the experimental
synthesis. YN adopts the rocksalt-type face-centered cubic
structure, and the lattice of YSiO2N can share N atoms along
the [110] directions on the YN surface (Fig. S6). The lattice
mismatch between YN and YSiO2N induces around 2% epi-
taxial (extensional) strain, which could stabilize the P4mm
structure of YSiO2N. Previous studies have shown that epi-
taxial strain can stabilize ferroelectric structures or trigger
spontaneous polarization in perovskite oxides [46–49]. To
investigate the effect of applied epitaxial strain on the stability
of perovskite oxynitrides, we fix the lattice parameters of a
and b with −5% to 5% strains, and relax c axis and atomic
positions. We next calculate the phonon dispersion of these
strained structures, which reveal that the extensional strain
hardens the phonon modes. Thus we propose that the suc-
cessful synthesis of the P4mm structure of YSiO2N can be
ascribed to epitaxial strain on YN.

Nonhydrostatic pressure has previously been found to pro-
mote formation of metastable materials. For example, a large
uniaxial stress was found to promote the synthesis of the
cubane-derived nanothreads in the diamond anvil cell [50].
Since nonhydrostatic pressure or epitaxial strain might pro-
mote formation of ferroelectric oxynitrides, we studied our
candidates polar oxynitrides under epitaxial strain (nonhydro-
static pressure) as well as hydrostatic pressure.

The softest phonon modes for the P4mm structures of the
oxynitrides as a function of epitaxial strain indicates which
compounds and conditions are at least metastable (Fig. 4).
We find that the P4mm perovskite structures of YGeO2N,
LaSiO2N, and LaGeO2N are metastable at zero applied stress
(Fig. S7), and the phonon modes harden with the increasing
stress. The electric band gaps were calculated using the mod-
ified Becke-Johnson exchange potential in combination with
L(S)DA correlation, which yields more accurate band gaps
for semiconductors [51,52]. Our calculations suggest that the
studied oxynitrides are insulators with large bandgaps, 4.3 eV
in the P4mm YSiO2N, 4.1 eV in the I4cm YSiO2N, 3.1 eV
in the P4mm YGeO2N, 2.7 eV in the P4mm LaSiO2N, and
2.8 eV in the P4mm LaGeO2N. The computed polarizations of
2.21 C/m2 (YGeO2N), 1.27 C/m2 (LaSiO2N), and 0.97 C/m2

(LaGeO2N) are much larger than that of BaTiO3, and the
values of the polarization are among the highest ever reported
so far in the literature.

The dynamical stability of these ferroelectric phases makes
it likely they can be synthesized at ambient pressure using
layer-by-layer growth methods such as pulzed laser depo-
sition (PLD) [53], molecular beam epitaxy (MBE) [54] or
chemical vapor deposition (CVD) etc., which have been used
to synthesize many metastable materials, including diamond
and carbon nanotubes [55,56]. For LaGeO2N, the structure
collapsed when the epitaxial strain reaches 5%, resulting in
the imaginary phonon frequencies again. The P4mm phases
of BiSiO2N and BiGeO2N remain dynamically unstable at the
epitaxial strain of -5% to 5%. A trend of the modes with the
strain for YHfO2N is opposite to the others, the blue curve
in Fig. 4. The compressive strain by -5% stabilizes the P4mm
structure of YHfO2N.
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FIG. 3. (a) The calculated enthalpies of the P4mm structure with
respect to the most stable structure of the various oxynitrides at
30 GPa. (b) The calculated enthalpies of the P4mm structure of
LaSiO2N as a function of epitaxial strain with respect to the P3121
structure at 30 GPa. Positive strains here and elsewhere in this paper
are extensional.

However, we find other compositions which may be more
stable and promising for further study. From the enthalpy
perspective, P4mm LaSiO2N is promising for synthesis under
extensional epitaxial strain at 30 GPa [Fig. 3(b)]. The dynamic
stabilities of the P4mm LaSiO2N were examined by calculat-
ing the phonon spectra, and no imaginary phonon frequencies
were found in the whole Brillouin zone under epitaxial strain
of −5%, −4%, and 4% at 30 GPa (Fig. S3). The stability

FIG. 4. Soft phonon modes for the P4mm structures of the oxyni-
trides as functions of the epitaxial strain at ambient pressure.

of the strained P4mm LaSiO2N is encouraging for future
synthesis efforts. Besides the P4mm LaSiO2N, we found the
ferroelectric Cmc21 structures of BiSiO2N and BiGeO2N are
also metastable at ambient pressure (Fig. S8), which are also
very promising for further experimental studies.

In summary, we have combined automatic structure search-
ing methods with first-principles calculations to investigate
the phase stability of oxynitrides. Our study reveals that the
dynamical stability of the ferroelectric phase of oxynitrides is
sensitive to the epitaxial strain. The energy calculations sug-
gest that it is promising to synthesize ferroelectric oxynitrides
at ambient pressure using nonequilibrium synthesis methods
or under high pressure and epitaxial strain. This work also
provides a vision for searching synthesizable ferroelectric
oxynitrides by controlling the size ratio of different elements
at the A/B site of perovskite structures.
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