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Unveiling the Mechanisms Behind the Ferroelectric Re-
sponse in the Sr(Nb,Ta)O,N Oxynitrides

J. S. Gelves-Badillo,* Aldo H. Romero,?<" and A. C. Garcia-Castro%*

Oxynitride perovskites of the type ABO,N have attracted considerable attention thanks to their po-
tential ferroelectric behavior and tunable bandgap energy, making them ideal candidates for photo-
catalysis processes. Therefore, in order to shed light on the origin of their ferroelectric response, here
we report a complete analysis of the structural and vibrational properties of SrNbO,N and SrTaO;N
oxynitrides. By employing first-principles calculations, we analyzed the symmetry in-equivalent struc-
tures considering the experimentally reported parent I4/mcm space group (with a phase a®a®c™ in
Glazer's notation). Based on the I4/mcm reference within the 20-atoms unit-cell, we found and stud-
ied the ensemble of structures where different octahedral anionic orderings are allowed by symmetry.
Thus, by exploring the vibrational landscape of the cis- and rrans-type configuration structures and
supported by the ionic eigendisplacements and the Born effective charges, we explained the mech-
anism responsible for the appearance of stable ferroelectric phases in both anionic orderings. The
latter goes from covalent-driven in the trans-type ordering to the geometrically-driven in the cis-
type configuration. Finally, we found in both cases that the biaxial xy epitaxial strain considerably

enhances such ferroelectric response.

1 Introduction:

In the last two decades, theoretical and experimental techniques
associated with the analysis of multifunctional polar materials
have developed exponentiallyl. In particular, multiferroics and
ferroelectrics, based on perovskite-like oxides, have been in the
center of discussion thanks to their recognized features in piezo-
electricity, magnetoelectricity, and polar response, mainly driven
by the reported magnetic and ferroelectric features?3. Unfor-
tunately, the ferroelectric’s operation temperature enhancement,
aiming to reach values well above room temperature, and sponta-
neous polarization’s intensity are still functionalities in pursuit in
the field. Moreover, enhanced ferroelectrics can drive to tangible
advances in non-volatile ferroelectric-based transistors® and pro-
vide better performance in the photocatalysis mechanisms intrin-
sic to the water-splitting process®®. Here, perovskite-like oxide
materials dominate the interest of most research groups.

The replacement of A- and B-sites, in materials with stoi-
chiometries ABO3 and A;BOQy, is highlighted as the preferred
route to enhance ferroelectric performance®. To date, few pro-
posals based on the exploration of the anionic X-site, such as
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Fluorine14 sulphur®, and Nitrogen have shown promis-
ing results. It has recently been demonstrated that heteroan-
ionic compounds are good multifunctional candidates, especially
for ferroelectric applications2%21. In this arena, oxynitrides (i.e
ABO3_,N,) are in the spotlight thanks to their capability of ab-
sorbing light in the visible region. This property makes them ideal
candidates in photocatalysis applications by proper tuning of the
bandgap with variations of the O/N ratio, which lead to differ-
ent octahedral occupationZ. These anionic substitutions are de-
scribed by the nitrogen’s and oxygen’s occupation and coordina-
tion in the B-centered octahedra. As a result, different anionic or-
derings are obtained as the cis-, trans-, fac-, and mer-type, shown
in Fig. [Th. For instance, such anionic orderings are strongly cor-
related to the electronic and structural properties of oxynitrides.

Regarding the polar response, the ferroelectric behavior has
been measured in several oxynitride compounds in which a suc-
cessful synthesis of epitaxial thin films has been obtained232%,
Moreover, the ability to tune their electronic structure, thanks to
their O/N anion-substitution, has been highlighted®3. The B-site
off-centering in the B(O/N)¢ octahedra is probably the source of
the reported polar response, and it could be the main reason for
the ferroelectric behavior. Unfortunately, the latter explanation
depends on the trans-type configuration despite the cis-type be-
ing the ground state. This anionic order preference is explained
in terms of maximizing the B:d-N:p bonding strength that lowers
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the cis-type energy compared to the frans-type anionic configu-
ration’s energy. For example, although the ferroelectric response
was observed in the SrTaO,N oxynitride?3, the cis-type anion or-
der was identified as the ground state in which the ferroelectric’s
origin and switching mechanism are still unknown. In conclu-
sion, whereas the polar and ferroelectric response in this type
of oxynitrides has been experimentally demonstrated2326:30 5
more profound theoretical explanation and understanding of its
physical origin is still to pursue. This paper aims to shed light on
the physical mechanisms that give rise to the observed polar and
ferroelectric behavior in S'NbO,N (SNON) and SrTaO,N (STON)
as prototype oxynitrides. We explore the structural and vibra-
tional landscapes in these oxynitrides and investigate the polar
and ferroelectric response reasons based on first-principles calcu-
lations. Section 2 describes the computational details of our cal-
culations. Section 3 presents our results and offers a discussion of
the physical meaning of the calculated quantities. We finalize the
paper by concluding and making suggestions for further studies.

2 Computational Details:

We employed density-functional theory (DFT)3132 calculations

as implemented in the VASP code (version 5.4.4)3334  The
projected-augmented waves, PAW=2, approach was used to repre-
sent the valence and core electrons. The electronic configurations
considered in the pseudo-potentials for the calculations were
Sr: (4524p®5s2, version 07Sep2000), Nb: (4p4d35s2, version
08Apr2002), Ta: (5p°5d36s%, version 07Sep2000), O: (2s22p*,
version 08Apr2002), and N: (2s22p3, version 08Apr2002). The
exchange-correlation was represented within the generalized gra-
dient approximation GGA-PBEsol parametrization=® and the d-
electrons were corrected through the DFT+U approximation
37 using a U = 4.0 eV for
Nb and Ta. This U value was included to correct the electronic
correlation misrepresentation at the Nb:4d and Ta:5d orbitals in-
duced by the different anionic orderings and, consequently, par-
tial d-occupation. The periodic solution of the crystal was rep-
resented by using Bloch states with a Monkhorst-Pack® k-point
mesh of 8x8x6 and 600 €V energy cut-off to give forces conver-
gence within the error smaller than 0.001 eV-A~!. Born effective
charges and phonon calculations were performed within the den-
sity functional perturbation theory (DFPT)22 as implemented in
the vAsp code. Phonon-dispersions were post-processed in the
Phonopy codeY., The atomic structure figures were elaborated
with the support of the VESTA codel. Spontaneous polarization
was computed using the Berry-phase approach#2. Finally, to treat
different O and N concentrations and anionic orderings, we em-
ployed the site-occupation disorder approach as implemented in
the SOD package2. In this package, all in-equivalent configura-
tions of site substitutions are constructed with a predefined su-
percell size based on an initial target unit cell.

within the Liechtenstein formalism'

3 Results and Discussion:

3.1 Anionic ordering analysis

As a first step in the analysis, we explored the anionic ordering in
SrNbO,;N and SrTaO,N. For such, it is essential to consider that
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0~2 and N3 anions can be organized in multiple combinations
to occupy the allowed X-sites within the Sr(Nb,Ta)O;N crystal.
The Site-Occupancy Disorder (SOD) method43 allows us to re-
duce such a wide range of site-occupancy possibilities to a small
set of symmetry-different structures. This procedure is carried out
based on the equivalence criteria between two structures, which
is defined in terms of the existence of an isometric transforma-
tion mapping between configurations*. Specifically, this method
generates all the possible structures for a specific content ratio
of atomic substitutions. Then, using the symmetry operations of
the parent structure (i.e., the initial unit cell where the substi-
tutions are performed to build the supercell) as isometric trial
transformations, it identifies the equivalent and consequently the
symmetrically different structures out of all the site-occupancy
possibilities. More details can be found in Ref.43. Following this
procedure, we extracted and analyzed the in-equivalent symme-
try structures in the 20-atoms cell for the O/N ratio of 2/1.

As a starting symmetry, we used the parent /4/mcm, which is
the experimentally reported long-range structure, in both B =
Nb, and Ta#=€ cases. For this structure, the a®a’c~ Glazer’s rota-
tion pattern is reported4Z. By following the previously discussed
methodology, we obtained 35 symmetry in-equivalent structures
that can be indexed as cis-, trans-, mer-, and fac-type anionic or-
derings?0#849 and shown in Figs. [1p and[ik. fac- and mer-type
orderings are composed of a combination of the basic cis- and
trans-type arrangements. Then, the selected in-equivalent struc-
tures are electronically and geometrically relaxed. The structures’
energies are compared and used to arrange those from the most
energetically stable to the least. Additionally, considering that
most of the experimental reports on the ferroelectric and polar
behavior in these oxynitrides are in the form of thin films, we
also considered the epitaxial compression strain in the xy-plane
induced by the SrTiO3 substrate. Interestingly, the biaxial strain
has been widely used to tune and enhance the ferroelectric prop-
erties in similar compounds=%*2, Consequently, we included in
our analysis the epitaxial strain effect by constraining the xy-plane
to the SrTiO3 experimentally reported lattice parameter (i.e. a =
3.905 A). Fig. and |1g shows the total energy per formula
unit (i.e. f.u.) after full structural relaxation, for STNbO,N and
SrTaO,N oxynitrides, respectively. In the same figure, we also
include the total energies obtained under the xy-plane epitaxial
strain effect. Our calculations show that the cis-type octahedral
arrangement is the only one present in the lowest energy struc-
ture in both oxynitrides. This result is in agreement with pre-
vious publications#®>3:5%  Here, the cis anionic ordering favors
the maximization of the N:p-(Nb,Ta):d hybridization which, in
turn, is strengthening the N-(Nb,Ta) bonding#8=23b4  The fac-
type configuration is the closest to the cis ground state by ordering
the structures based on the total energy. This total energy prox-
imity is due to the presence, in the fac ordering, of two cis-type
arrangements in the same octahedra, see Fig. [Th. These groups
of structures are followed in energy by the mer-type and, finally,
the trans-type orderings. The mer-type can be obtained from two
cis-type combination orderings, but at the same time, a trans-type
can also be identified within the same octahedra, as depicted in
Fig. [Tp. Thus, fac- and mer-type anionic ordering energies lie
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Fig. 1 (Color online) Panel (a) shows the cis, trans, fac, and mer anionic orderings within the (Nb,Ta)O¢_N, octahedra. Oxygen and Nitrogen sites
are displayed in blue and grey colors, respectively, whereas Niobium, Tantalum, and Strontium are shown in dark green, orange, and light green as
denoted. The total energies and structures, computed based on the symmetry occupation disorder methodology, are presented for the SrNbO,N and
SrTaO;N at (b) and (c) panels. Additionally, the lowest energy configurations for each anionic ordering are also shown in (b) and (c).

in a range defined between the limits of the cis- and trans an-
ionic ordering. This energy arrangement is summarized in Fig.
and [Tk. Regarding the trans-type configurations, we found the
energy differences to be AE = 146.8 meV/f.u and 166.7 meV/f.u
for SNON and STON, respectively, above the cis observed ground
state. These total energy differences agree with the reduction of
the N:p-(Nb, Ta):d hybridization induced by the trans anionic co-
ordination.

In strained oxynitrides, the structures’ total energy versus
the order type follows the same trend as the unstrained cases.
Nonetheless, it is essential to mention that the energy differ-
ence between the lowest cis and trans configurations is reduced
to 130.4 meV/f.u in the SNON oxynitride and 115.7 meV/f.u for
the STON case. Such values are lower than the unstrained sce-
nario. This observation suggests that the epitaxial strain imposed
by the substrate at the thin film deposition process could increase
the probability of observing a more significant concentration of
trans-type of anionic domains. Interestingly, both cis- and trans-
configurations, have been experimentally suggested to coexist
in oxynitrides such as BaTaOzN, LaTiOzN, SrTaOzN, and
SrNbO,N3C, Interestingly, the energy difference between the cis
and rrans configurations is smaller than the one observed at, for
example, BaTaO,N (AE ~ 300 meV/f.u.)55. This slight energy dif-

ference implies that the trans-type oxynitride could be present in
both oxynitrides’ experimental synthesis when grown in thin-film
form. Similarly, less energetically favorable 7rans-type structures,
as well as mer- and fac-type, can be stabilized by biaxial strain
control. In essence, we could expect that, although the lowest
energy structures exhibit a cis-type anionic ordering, the synthe-
sized materials in bulk and thin-films probably show a mixture
of configurations and combinations of anionic orderings where
the cis-type configuration is present with the most considerable
contribution into the samples. It is worth noticing that whereas
the cis and trans-type satisfy the local charge neutrality criteria
between the Sr cations and the (Nb,Ta)O4N, octahedra, the mer-
and fac-types breaks this charge neutrality due to the presence
of (Nb,Ta)O3N3 and (Nb,Ta)OsN; octahedra within the 20-atoms
14 /mcem parent unit cell. With this in mind, we analyzed the vibra-
tional landscape of the most fundamental arrangements, trans-
and cis-type, anionic orderings where the local charge neutrality
is fulfilled. This analysis points out the experimentally observed
ferroelectric response source, as it is addressed in the following
sections.
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Fig. 2 (Color online) In (a) and (b) are presented the computed phonon-dispersion curves in the high-symmetry P4/mmm structure for the trans-type
configuration in the SrTaO;N and SrNbO,N oxynitrides, respectively. In (c) are presented the frequencies for the lower modes, in both SrTaO;N and
SrNbO;N oxynitrides. In (d) and (e), are shown the phonon-dispersion curves for the cis-type anionic order computed in the high-symmetry Pmma
structure for SrTaO;N and SrNbO; N, respectively. As in the trans case, the corresponding lowest vibrational modes for the cis-type ordering are also
shown in (f). In both oxynitrides cases, all the unstable modes were computed for SrTaO;N and SrNbO;N with (labels Nb-s and Ta-s) and without
(labels Nb and Ta) STO's xy-biaxial strain effect. Here, the unstable modes are represented as negative frequencies following the usual convention.

3.2 Trans-type ordering:

We computed the phonon-dispersion curves in the equivalent
high-symmetry structure where no octahedral rotations are ob-
served within the structure, (i.e. a”b"c”)m. The latter vibra-
tional analysis was performed for SrTaO,N and SrNbO,N, with
and without xy epitaxial strain’s effect. This strategy has been
widely applied in oxide and fluorides perovskite-like compounds
explaining the mechanisms of the geometrically-driven ferroelec-
trici, covalent-driven, and hybrid improper fer-
roelectricity in multiple materials®36%, As the rrans-type config-
uration is considered into the pseudo-cubic perovskite structure
with no octahedral rotations, a P4/mmm phase was identified as
the high-symmetry reference. Fig. and [2b show the phonon-
dispersion curves for SrTaO,N and StNbO;N, respectively, in the
trans-type configuration. We observed several unstable modes
from this analysis, which we denoted as negative frequency val-
ues following the usual convention in phonon spectra analy-
sis. These unstable modes were found at several high-symmetry
points along the path (i.e. '— X —M — A — R—Z) within the Bril-
louin zone. For instance, we found at the I'-point, an unstable
phonon mode associated with a polar I'; eigendisplacement. On
top of this mode, we found other negative modes at the M-, A-, R-
symmetry points which are located in the reciprocal coordinates
(0.5, 0.5, 0.0), (0.5, 0.5, 0.5), and (0.0, 0.5, 0.5), respectively.
These modes are related to in-phase octahedral rotations around
the z-axis (i.e. a°b°c™), identified as M", and out-of-phase modes,
identified as A, and A, related to the a°b°c™ and a~a~ ¢’ octahe-
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dral rotation patterns, respectively. In Fig. we also present
the obtained lowest frequency modes for StTaO,N and StNbO,N
oxynitrides with (denoted as Nb-s and Ta-s) and without (denoted
as Nb and Ta) the xy-plane STO’s epitaxial strain effect. As it can
be appreciated, in both Nb and Ta cases, the in-plane strain in-
creases considerably the instabilities which, for example in the
SNON case, go from —238 cm™! to —313 cm~! for the polar
I'; mode. Afterward, for the most negative frequency modes,
we introduced into the high-symmetry structure the atomic dis-
tortions associated to the eigendisplacements of such phonons
(i.e. modes freezing or condensation). We observed that the A
with a a®ac™ is the lowest energy structure explaining the ex-
perimentally observed /4/mcm ground state. Remarkably, when
this structure is analyzed, and the phonon-dispersions computed
at the /4/mcm symmetry, we observed that the I'; mode remains
unstable for both SrTaO,N and SrNbO,N oxynitrides with strain,
and only in the latter case without this external constraint. This
indicating the possible coexistence of octahedral rotations and the
Nb-sites polar displacements. Fig. presents the characteristic
double-well energy profile obtained after the condensation of the
I'; polar mode in the a°a’c™ structure. Here, the structural to-
tal energy is computed as a function of the introduction of the
atomic displacements related to the I'; polar mode. Thus, after
the mode is fully condensed into the structure, denoted by the
energy minima in Fig. [3h, an /4cm polar ground state is obtained
from the I4/mcm reference structure. In this structure, the Nb-
and Ta-sites’ off-centering aligned on the z-axis can couple with
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the a®a’c~ rotation driving the out-of-plane ferroelectric response
in these oxynitrides. In the SrTaO,N case, we observed a single
parabolic energy-well as a function of the polar displacements
without epitaxial strain, which suggests a non-polar ground state
in this case. This behavior also agrees with the low frequency of
the I'; -mode, around —100 cm™!, observed in the high-symmetry
P4/mmm structure. As the strain is imposed, the ferroelectricity
is favored in the STON case demonstrated by the energy double-
well profile. Moreover, in the SNON case, it can be noted that
the ground state is polar even without constraints, and the STO’s
epitaxial strain enhances it.

As commented above, the eigendisplacements of the I'; -mode
lead to an Nb- and Ta-sites off-centering in agreement with
a B-site controlled ferroelectricity as observed in similar com-
pounds®202100  Analyzing the Born-effective charges, Z*, listed
in Tab. we found large deviations, from their nominal value,
of the Nb and Ta’s effective charges. Explicitly, the Nb and Ta
charges show a difference of 8.3 ¢~ and 6.3 ¢, respectively, for
the Z7, component. The previous finding supports the B-site domi-
nated ferroelectricity along the z-axis in both oxynitrides®” which
is driven by the strong B:d — X:p covalent bonding. It is impor-
tant to remark that the tendency to a ferroelectric ground state
for the SINbO, N oxynitride is not observed for the SrTaO,N case
in the absence of epitaxial strain. This different behavior can be
explained in terms of the strength of the metal-anion bond. Since
the Tat> is slightly less electronegative than Nb™>, the Nb-(O,N)
covalent interaction tends to be stronger than the Ta-(O,N) one,
explaining the preference to the off-centering polar displacement
(related to the I'; unstable phonon mode) for the Nb centered
oxynitride. Such more considerable covalent interaction also im-
plies a tighter repulsion between electronic clouds, which leads to
higher instabilities in the vibrational landscape of the SINbO,N
compared to the SrTaO,N oxynitride, as shown in Fig. 2. This
phenomenon has also been reported in KNbO3; and KTaO3 o8]

Finally, we have estimated the ferroelectric spontaneous polar-
ization value for both, Nb and Ta centered strained oxynitrides.
We found rather large values of P, = 41.6 uC-cm~2 and 24.1
uC-cm—2 for SINbO,N and SrTaO,N respectively, under STO’s
epitaxial strain. In the STNbO,N case without strain, we observed
a polarization value of Ps = 22.7 uC-cm~2. No polarization value
is observed for the SrTaO,N case without strain because, as ex-
plained in the discussion above, the ferroelectric I4cm trans-type
structure is unfavorable without STO’s strain in this system.

3.3 Cis-type ordering:

In the cis-type anionic ordering, we identified the Pmma phase
as the high-symmetry structure reference after the geometrical
relaxation (i.e. inner coordinates and cell parameters). In this
phase, no rotations are considered, which corresponds to an
a’b®c? octahedral rotation pattern. The phonon-dispersion curves
were also computed along the entire high-symmetry path (i.e.,
I—X—S—Y—T—R) as depicted in Fig. 2d and [2k. As it can be
appreciated, the R; phonon mode is unstable, and it is associated
with the a®b™¢° rotation around the y-axis. Additionally, as in
the trans ordering case, the polar I'y is also unstable in the high-
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Fig. 3 (Color online) (a) Condensation of the I'; mode in the I4/mcm
structure with rrans-type anionic configuration. The Nb- and Ta-sites
off-centering can be observed in the NbO4N; and TaO4N, octahedra.
Additionally, the same polar mode condensation is observed in the Pmma
structure within the cis-type configuration (b). Here, the ferroelectric
distortion involves a ¢ rotation. In this case, the Nb and Ta contribute
and Sr-site to the polar eigendisplacements. SrNbO;N and SrTaO;N are
shown in green and orange colors, respectively. Filled and empty marks
represent the unstrained and strained case, respectively.

symmetry structure. In contrast to the trans-ordering, we found
that the eigendisplacements of these modes show a polar behav-
ior that involves an a®bh°c™ octahedral rotation coupled to the Sr
and (Nb, Ta)-sites displacements along the y-axis.

After identifying the unstable modes, we proceeded with
the eigendisplacements condensation within the high-symmetry
structure reference. We observed that the I'; mode drives the
structure from the Pmma to the Pmc2; ferroelectric structure. Ad-
ditionally, after condensing the R-mode into the Pmma phase, the
C2/m structure was also observed. Remarkably, despite that the
polar structure is stable, as shown in Fig. [3p, when extracting the
total energy, we observed that the ground state corresponds to the
non-polar C2/m structure. This energy analysis suggests that this
structure corresponds to a metastable polar structure higher in
energy by 19 meV/f.u. and 20 meV/f.u. for the SNON and STON
cases, respectively. Unfortunately, the I'; and R-mode combina-
tion is not allowed, and once the polar eigendisplacements are
frozen into the C2/m structure, such polar distortion is removed
after the complete geometrical relaxation. Therefore, we con-
clude that, in the unconstrained and fully relaxed case, the cis-
type STNbO,N and SrTaO,N oxynitrides ground state belongs to
a non-polar structure. As such, the nature of these ground-state
phases is mainly due to their anionic ordering and octahedral
rotations. Nonetheless, as soon as the STO’s strain is applied,
several negative modes are also observed induced by the biax-
ial constraint imposed by the STO substrate, as seen in Fig. [2f.
Remarkably, a I, mode also appears in the phonon-dispersion
curves, suggesting another favorable polar structure. The latter
mode leads to an out-of-plane polarization in a Pma2 structure
after applying the full mode condensation to the high-symmetry
reference structure. Surprisingly, the I';’ becomes more unstable
thanks to the in-plane biaxial strain, suggesting a tighter compe-
tition between the C2/m and Pmc2; phases. When analyzing the
energy difference between the mentioned phases, now under the
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epitaxial in-plane strain, we observed that the polar symmetry is
considerably lower in energy than the C2/m phase by a AE of 166
and 110 meV/f.u. for SNON and STON, respectively. Regarding
the Pma?2 phase, although it is not the ground state under strain,
in the SNON case, it is lower in energy by AE of 20 meV/f.u. con-
cerning the non-polar C2/m. This finding suggests the possible
appearance of an additional out-of-plane reversible polarization
in the thin-films case.

To better understand the polar displacements, we also ex-
tracted the Born effective charges in the cis-configuration, as sum-
marized in Table We observed significant charge deviations
from the nominal charges when the Z)*,y is analyzed for Nb and Ta,
as B-sites, and N and O, as X-sites. As discussed previously for the
trans-type anionic ordering, these dynamical charge values are in
complete agreement with the covalent-driven origin mechanism
of the ferroelectric behavior in this 4d, and 5d transition metals
with a 5+ oxidation®”. Interestingly, the Z* values for Sr in both
SrNbO;N and SrTaO,N cases are close to their nominal values,
although the polar eigendisplacements in the Pmc2; phases dis-
play a clear Sr contribution, as depicted in Fig. Bp. These A-site
contributions were also extracted from the eigendisplacements
computed in the phonon-dispersion curves in Fig. and 2.
Therefore, we conclude that in the cis-type anionic ordering, on
top of the B-site ferroelectricity, which is based on the (Nb,Ta):d—
(O,N):p hybridization, a dominating A-site geometrically-driven
contribution is demonstrated thanks to the study of the Born ef-
fective charges and phonon-dispersion analysis. Then, these find-
ings explain the ferroelectric response and the breaking of sym-
metry along this y-axis.

As performed in the rrans-type case, we have estimated the
ferroelectric spontaneous polarization value for both SNON and
STON oxynitrides in the cis-type anionic ordering. Here, we
found values of P, = 26.5 puC-cm 2 and 13.0 uC-cm~2 for
SrNbO;N and SrTaO,N respectively under strain where the po-
lar structure is lower in energy and therefore, the structural
ground state. Remarkably, we believe that although several an-
ionic combinations could be achieved experimentally, these two
mechanisms explained in the trans- and cis-type anionic order-
ings, can lead to the reversible polar behavior observed in thin-
films. The latter combination of phases is made, in a minor con-
tribution from the trans-type ordering compared to the significant
contribution from the cis-type configuration. This difference in
the contribution is following the structural total energy criteria
and the experimental findings®?. Moreover, according to our re-
sults, the substrate compressing strain plays a crucial role in the
cis and trans anionic ordering emergence in the oxynitride sam-
ples. Then, several properties, such as the switching path, po-
larization’s intensity, and ferroelectric’s mechanism, are directly
affected by these anionic arrangements. Therefore, we could con-
clude that the polar response in these oxynitride perovskite com-
pounds is observed as a consequence of the average of the proper-
ties shown by different anionic orderings into the samples, rather
than the properties of the averaged long-range structure, which,
in agreement with the experimental findings, belongs to the non-
polar 74 /mem space group. Moreover, further experimentally and
theoretically focused efforts can be combined to explore the effect
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Table 1 Born-effective charges, Z* in units of ¢e~, computed for the cis-
and frans-type configurations at the Pmma and P4/mmm high-symmetry
phases respectively. The deviation of the Nb, Ta, O, and N values from
their nominal charge suggests the covalent-driven polar character of the
possible non-centrosymmetric phases.

trans-type configuration

Site XX yy 7z Xy VX Nom.
Sr 2706  2.706 2.199  0.000 0.000 +2
Nb 8.012 8.012 13.289 0.000 0.000 +5
O -6.110 -1.733 -2.680 0.000 0.000 -2
N -2.876 -2.876 -10.129 0.000 0.000 -3
Sr 2716 2.716 2.229  0.000 0.000 +2
Ta 7.236 7.236 11.276 0.000 0.000 +5
O -5.593 -1.699 -2.548 0.000 0.000 -2
N -2.660 -2.660 -8.408 0.000 0.000 -3
cis-type configuration
Site XX yy 2z Xy Xz Nom.
Sr 2566 2.375 2.663  0.000 0.000 +2
Nb 8255 10.718 7.168 0.000 0.000 +5
O, -2.093 -2.019 -5.772 0.000 0.000 -2
0, -4635 -3.605 -2.111 2.161 1.180 -2
N  -4.093 -7.469 -1.947 2157 4.298 -3
Sr 2541 2.413 2.685  0.000 0.000 +2
Ta 7.711  9.283 6.684  0.000 0.000 +5
O, -2.032 -1.962 -5.333 0.000 0.000 -2
O, -4327 -3.437 -2.029 1.880 1.158 -2
N -3.893 -6.296 -2.007 1.852 3.264 -3

of specific substrates and interfacial forces in the polar response
of these oxynitride perovskite-like materials.

4  Conclusions:

The structural, vibrational, and ferroelectric properties of oxyni-
trides STNbO;N and SrTaO,N are reported. This study was based
on first-principles calculations within the density-functional the-
ory framework. Using the Site-Occupation Disorder approach and
considering the experimentally reported I4/mcm reference, we
have found an ensemble of nonequivalent structures by symmetry
and performed the energetic analysis of each. We found that the
lower energy structure belongs to the cis-type anionic ordering
configuration maximizing the (Nb,Ta):d — N:p overlapping. Nev-
ertheless, a complete characterization of the potential energy sur-
face structures was obtained to clarify the role of the various com-
petitive interactions between the transition metal and N and/or
O sites. When analyzing the vibrational landscape, we found that
in the trans-type configuration, the appearance of a polar I'-mode
drives the out-of-plane ferroelectric response leading the original
structure towards an I4cm ground state in the considered oxyni-
trides. A ferroelectric response is also observed in the cis-type
anionic ordering structure when the in-plane epitaxial strain is
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considered. Thus, the reversible polarization state belongs to a
metastable structure in unconstrained oxynitrides. These struc-
tures can be stabilized as the lower energy ground state phases
when epitaxial strain is applied. Remarkably, such spontaneous
polarization is considerably enhanced by the epitaxial strain, as
observed previously in other oxides and thin-filmsZ?.,

In the rrans-type configuration, the ferroelectric behavior re-
sponds to a purely covalent-driven B-site off-centering origin.
In contrast, the cis-type involves a Sr-sites contribution with
geometrically-driven eigendisplacements accompanied by octahe-
dral rotations and (Nb,Ta)-sites off-centering. The latter findings
are additionally confirmed by the extracted eigendisplacements
and the computed Born effective charges in both cases. We thus
hope that this study will clarify the experimental observation of
reversible polarization demonstrated in STNbO,N and SrTaO,N
oxynitrides in thin films. Moreover, these results will help experi-
mentalists and theoreticians analyze and design novel multifunc-
tional materials based on anionic engineering.
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