Downloaded at UNIVERSITE CATHOLIQUE DE LOUVAIN UCL on April 24, 2021

Check for
updates

Ferroelectricity and multiferroicity in
anti—-Ruddlesden—Popper structures

Maxime Markov?, Louis Alaerts®*®, Henrique Pereira Coutada Miranda?®, Guido Petretto®®, Wei Chen®®,

Janine George®®), Eric Bousquet¢, Philippe Ghosez, Gian-Marco Rignanese?, and Geoffroy Hautier

a,b,1

2|nstitute of Condensed Matter and Nanosciences, Université Catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium; PThayer School of Engineering,
Dartmouth College, Hanover, NH 03755; and “Theoretical Materials Physics, Quantum Materials Center (Q-MAT), Complex and Entangled Systems from

Atoms to Materials (CESAM), Université de Liége, B-4000 Liege, Belgium

Edited by James Rondinelli, Northwestern University, Evanston, IL, and accepted by Editorial Board Member Zachary Fisk March 16, 2021 (received for

review December 18, 2020)

Combining ferroelectricity with other properties such as visible
light absorption or long-range magnetic order requires the dis-
covery of new families of ferroelectric materials. Here, through
the analysis of a high-throughput database of phonon band
structures, we identify a structural family of anti-Ruddlesden-
Popper phases A;X;0 (A=Ca, Sr, Ba, Eu, X=Sb, P, As, Bi) showing
ferroelectric and antiferroelectric behaviors. The discovered fer-
roelectrics belong to the new class of hyperferroelectrics that
polarize even under open-circuit boundary conditions. The polar
distortion involves the movement of O anions against apical A
cations and is driven by geometric effects resulting from inter-
nal chemical strains. Within this structural family, we show that
EusSh,0 combines coupled ferromagnetic and ferroelectric order
at the same atomic site, a very rare occurrence in materials
physics.

ferroelectricity | multiferroicity | DFT

Ferroelectric (FE) materials are of great fundamental and
applied interest. They are currently used in many technolo-
gies such as electric capacitors, piezoelectric sensors and trans-
ducers, pyroelectric detectors, nonvolatile memory devices, or
energy converters (1-8). For decades, most applications have
relied on FE oxide perovskites. However, the need to combine
ferroelectricity with other properties such as visible light absorp-
tion (9, 10) or long-range magnetic order (11, 12) is driving the
search for materials and structural classes beyond perovskites.
High-throughput (HT) computational screening is a promising
approach to search for materials possessing specific properties.
It has been successfully used in a wide variety of fields from
thermoelectrics (13, 14) to topological insulators (15-17). Dif-
ferent HT computing approaches have also been used to identify
new FEs (18-21). Inspired by these previous studies and using
a recently developed large phonon database, we searched for
materials exhibiting dynamically unstable polar phonon modes,
a signature of potential ferroelectricity. Our HT search identifies
a family of (anti)FE materials: the series of anti-Ruddlesden—
Popper phases of formula A4X20O, where A is a +2 alkali earth
or rare-earth element, and X is a —3 anion Bi, Sb, As, and P. We
survey how (anti)ferroelectricity subtly depends on the chemistry
of A4X20 and unveil the physical origin of the polar distor-
tion. Interestingly, the discovered FEs belong to the new class
of hyperferroelectrics (22) in which spontaneous polarization is
maintained under open-circuit boundary conditions. The anti—
Ruddlesden—Popper phases also lead to unique combinations of
properties, for instance, a rare combination of ferroelectricity
with ferromagnetism in EusSb,O.

Results

An HT database of phonon band structures was recently built
for more than 2,000 materials present in the Materials Project
and mostly originating from the experimental Inorganic Crys-
tal Structure database (23-27). Using this database, we searched

PNAS 2021 Vol. 118 No. 17 e2026020118

for nonpolar structures presenting unstable phonon modes that
could lead to a polar structure. This is the signature of a poten-
tial FE material (20). We identified BasSb,O (space group
I4/mmm) to be such an FE candidate. Its crystal structure and
phonon band structure are shown in Figs. 14 and 24, respec-
tively. This phase was reported experimentally by Roéhr and
George (28), and its crystal structure can be described as analo-
gous to a Ruddlesden—Popper K>NiF, phase, a naturally layered
structure alternating rock salt (KF) and perovskite (KNiF3) lay-
ers, but for which cation and anions have been switched. Inspired
by the terminology used for antiperovskites (29, 30), we will refer
to it as an anti-Ruddlesden—Popper phase.

In BasSb2O, the large instability of a polar phonon at I is
compatible with ferroelectricity. Relaxing the structure along this
unstable mode confirms the existence of a lower-energy stable
phase (AE =—6.58 meV per atom) with a noncentrosymmet-
ric space group [4mm and a spontaneous polarization of 9.55
uC/cm?, The parent I4/mmm structure consists of the peri-
odic repetition of alternative rock salt BaSb and antiperovskite
BasSbO layers, along what we will refer to as the z direction.
In this structure, O atoms are at the center of regular Ba octa-
hedra (Fig. 1B). The polar distortion appearing in the I4mm
phase has an overlap of 90% with the unstable polar mode, prov-
ing that most of the gain of energy comes from the unstable
polar mode. When keeping the center of mass of the system
fixed, the related atomic displacement pattern, illustrated in Fig.
1C, is dominated by the movement along z of O anion (no =
0.212) against the apical Ba cations, that moves the opposite way
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Fig. 1. (A) Conventional unit cell representing the anti-Ruddlesden—
Popper structure of A;X;0. The A cation atoms (in green) form an octa-
hedral cage with an O atom (in red) in its center. The X anion atoms (in
violet) act as an environment in the voids surrounding the cages. Adopting
a schematic representation with two neighboring octahedra surrounded by
X atoms, we label three potentially metastable phases. (B) In the reference
nonpolar phase, the two O atoms are located in the middle of the octa-
hedral cages of A cations (shaded green), being equidistant from the two
apical A cations. (C) Upon the polar distortion, the O atoms move upward in
the direction of apical A cations moving downward, as indicated by the red
and green arrows, respectively. This results in a loss of centrosymmetry and,
thus, leads to a finite polarization value along this direction. (D) In the case
of an antipolar distortion, the O and A cation atoms in neighboring cages
move in opposite directions, canceling out the polarization. In the plots, the
displacements of the atoms have been amplified compared to their actual
values (Results) in order to make them easily understood.
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(no =—0.029)." This cooperative movement of Ba and O atoms
is responsible for the spontaneous polarization along z, while Sb
and the other Ba atoms play a more negligible role (in reducing
the polarization by only 4%). Contrary to regular Ruddlesden—
Popper compounds, that can show in-plane ferroelectricity but
are not unfavorable to out-of-plane polarization, the polariza-
tion here is along the stacking direction. Also, Ba4Sb2O does not
show the antiferrodistortive instabilities ubiquitous in traditional
Ruddlesden—Popper phases (31-34).

Next to Ba,Sb2O, other alkali earth atoms such as Ca and
Sr have been reported to form in the same structure (35, 36).
To further explore the role of chemistry on ferroelectricity, we
plot, in Fig. 2, the phonon band structure of the A4Sb,O series,
with A=Ca, Sr, and Ba, in their /4/mmm phase. All compounds
are insulating. We observe that the polar instability is reduced in
Sr4Sb2O in comparison to Ba;Sb2O and is totally suppressed in
Ca4Sb2 O.

However, the existence of a polar instability is not enough to
guarantee an FE ground state. Other competing phases (e.g.,
antipolar distortions) could be more stable than the polar phase
(37). Indeed, the presence of phonon instabilities at points other
than I (e.g., X or L) indicates the possibility of such competing
phases (Fig. 2). By following the eigendisplacements of individ-
ual and combined unstable modes, we confirm that the lowest-
energy phase is polar for Ba4Sb2>O. Combined with its insulating
character [Heyd—Scuseria—Ernzerhof (HSE) direct band gap is
1.22 eV] and the moderate energy difference between nonpolar

*In the /14mm ground state, the motion of the top apical O atom has been reduced by
anharmonic couplings with other modes.
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and polar states, this confirms an FE ground state. In Sr4Sb2O,
we find that the ground state is instead an antipolar C2/m phase,
as illustrated in Fig. 1D (see SI Appendix, Fig. S2 for the entire
crystal structure of the antipolar distortion of SrySb2O). This
antipolar phase is only AE= 0.57 meV per atom lower in energy
than the polar phase. Hence, the polar phase could be stabi-
lized under moderate electric fields, making Sr4Sb2>O a potential
antiferroelectric compound (38). Using E. ~ AE /Qq Ps, we esti-
mate the critical field E. in SrsSb2O to be 81 kV/cm, which
could be easily accessible in experiment. Turning to the atomic
pattern of antipolar distortion, we see that it corresponds to
a simple modulation of the polar distortion, with O atoms in
neighboring octahedra moving in opposite directions and can-
celing out the macroscopic polarization (Fig. 1D). As such,
Sr4Sb2O would therefore appear as a rare example of Kittel-type
antiferroelectric (38-40).

We also note an intriguing discontinuity at I in the unstable
phonon branch of BasSboO (Fig. 2). We rationalize this dis-
continuity by noting that the unstable optical mode is polarized
along the z axis, so that it is transverse (TO) along I'-X and I'-
Y and longitudinal (LO) along I'-Z. This is further illustrated
in Fig. 2 by the gray smearing on top of the phonon dispersion
curves that indicates the longitudinal character Lg,.. The latter
was defined as Lq, =q- (Z5 - Aav)/|Z5 - Aa,v|, where q is the
phonon wavevector, Z™ is the Born effective charge matrix, and
A is the eigendisplacement of atom « with phonon mode index v.
Interestingly, we notice that the overlap between the lowest LO
and TO mode eigendisplacements is 90% and that the LO-TO
splitting is rather small, so that the LO mode remains strongly
unstable. Such a feature was previously reported in LiNbO3 (41),
or in hexagonal ABC FEs, and is the fingerprint of so-called
hyperferroelectricity (22). This demonstrates that BasSb,O is
not only FE but belongs to the interesting subclass of hyper-
ferroelectrics in which a spontaneous polarization is maintained
even under open-circuit boundary conditions (electrical bound-
ary conditions with the electric displacement field D =0), so
even when the unscreened depolarizing field tries to cancel out
the bulk polarization.

The chemical versatility of the anti-Ruddlesden—Popper
phases is high. Beyond A4Sb2O oxo-antimonides, synthesis of
oxo-phosphides, oxo-arsenates, and oxo-bismuthides have been
reported (see SI Appendix). We have systematically computa-
tionally explored the entire range of A4X20 structures (A=Ca,
Sr, Ba; X=Sb, P, As, Bi). The phonon band structures are all
plotted in SI Appendix, Fig. S1, and the results of the relaxation
along all unstable phonon modes are presented in Table 1. More
information on the phases competing for each chemistry is avail-
able in SI Appendix. We found that all Ca-based compounds are
paraelectric. Only BasAs2O and BasSb2O show a polar ground
state; the ground states are antipolar most of the time. We note
that we only found a few instabilities through octahedra rota-
tions and tilts in the anti-Ruddlesden—Popper phase, while they
are common in standard Ruddlesden—Popper structures such as
(Ca,Sr)3Ti2O7 (42), CasZr2S7 (43), and LasSrCroO7 (44). One
of the appeals of perovskites is their strong chemical tunabil-
ity, as many different chemical substitutions can be performed
tuning the FE properties (34, 37). It appears that similar tunabil-
ity could be available for A4X2O. Moreover, as our described
anti-Ruddlesden—Popper structure corresponds to n =1 in the
traditional series Asn+1Xn+10n+1, one could consider tuning
properties by varying n to higher values, possibly by thin-film
growth (45, 46).

We now turn to the origin of the polar distortion in A34X-O0.
We especially focus on the A4Sb2O series which shows a transi-
tion in the nature of the ground state from strongly polar for Ba
to antipolar for Sr and nonpolar for Ca. The anti-Ruddlesden—
Popper structure shows a polar displacement of an anion in an
octahedral cationic cage, and it is natural to make the analogy
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Fig. 2. Phonon dispersion curves of /4/mmm A,Sb,0 parent structures, with the A cation atoms being (A) Ba, (B) Sr, and (C) Ca. Unstable phonon modes are
highlighted in red. Change of the cation atom from the heavy Ba atom to the lighter Ca atom leads to the stabilization of the paralectric parent structure.
On top of the phonon dispersion of Ba;Sb, 0, we plot the longitudinal character L, to distinguish between LO and TO modes and highlight a discontinuity

atT.

with traditional FE perovskites such as BaTiOs, where a cation
moves in an anionic octahedral cage. However, the analysis of
the Born effective charges hints at a very different physical
mechanism in both situations. While FE oxide perovksites can
show anomalously high Born effective charges (Z7; = +7.25 e,
Z5 = =5.71 e) (47), the Born effective charges in Ba;Sb>O are
closer to the nominal charges (Zz, = +2.67 e, Z§5 = —2.71
e). This indicates a more ionic bonding between the O and
alkali earth atoms and that dynamical charge transfer is not
as important as in oxide perovskites (48). This conclusion is
further confirmed by the crystal orbital Hamilton population
(COHP) analysis (49-51) showing rather weak covalent charac-
ter of Ba—O bonds in Ba4Sb2O in contrast to the much stronger
covalent character of Ti—O bonds in BaTiOs;, with integrated
COHP energy being one order of magnitude higher than the
one in BasSb>O. In passing, we note that, while Born effec-
tive charges are lower in anti—-Ruddlesden—Popper structures,
their large atomic displacements (e.g., 0.40 A for O and —0.20
A for one of Ba atoms in Ba;Sb>0) maintain a reasonable polar-
ization. This analysis points to an FE distortion driven by a
geometrical effect with the simple picture of an O atom relatively
free to move in a too large cationic cage. To further confirm this
picture, we study the interatomic force constants (IFCs) in real
space. We observe that the on-site IFC of the O atom, quantify-
ing the restoring force that it feels when displaced with respect

to the rest of the crystal, is close to zero in Ba;X>O along the
z (out-of-plane) direction, and one order of magnitude smaller
than in-plane. This highlights that the O atoms are almost free to
move along z in the 74/ mmm phase.

The close to nominal Born effective charges and very low
on-site IFC are both characteristics of geometrically driven fer-
roelectricity as described in fluoride perovskites (52). The geo-
metric nature of the instability naturally explains why going from
Ba to Sr and Ca weakens the polar instability. Indeed, the on-
site IFCs of the O atom along z increase as we go from Ba to Ca
(0.17, 0.99, and 1.79 eV/A?) and as the cation to O distance along
z progressively decreases (dao= 3.08, 2.88, and 2.66 A). The
smaller room for the O movement lowers the polar instability
for Sr compared to Ba and cancels it for Ca. The local charac-
ter of the structural instability in real space is confirmed by its
fully delocalized character in reciprocal space in Fig. 2. The local
and geometric nature of the structural instability is also consis-
tent with the hyperferroelectric character (53) and the possible
emergence of antiferroelectricity.

In A4X>0 anti-Ruddlesden—Popper compounds, the O atoms
are surrounded by an octahedron of A atoms, showing a local
environment similar to that experienced in the AO rock salt
phases. The latter are constituted by regular octahedron units
and are paraelectric. However, it has been predicted theoreti-
cally (54) and recently confirmed experimentally (55) that rock

Table 1. Classification of the A;X;0 family according to their electric state

Bi Sb As P
Ba Anti-FE C2/m, —7.37 eV FE /4mm, —6.58 eV FE J4mm, —5.93 7% Anti-FE Cmce, —21.24 v
Sr Anti-FE C2/m, —1.74 eV Anti-FE C2/m, —0.83 eV Paraelectric C2/m, —0.65 MV Anti-FE Cmce, —2.87 DV
Ca Paraelectric /4/mmm, 0.0 ¥ Paraelectric /4/mmm, 0.0 Jev Paraelectric /4/mmm, 0.0 D% Paraelectric /4/mmm, 0.0 D&%

Paraelectric refers to a stable structure or a structure with nonpolar transition only, FE is a material with the nonpolar to polar transition, anti-FE is a
material with nonpolar to nonpolar transition with a polar phase being slightly higher in energy with respect to the lowest phase. The energy difference
between the parent and the lowest child phase as well as the space group of the ground phase are shown. The parent phase has a space group /4/mmm;
the polar and antipolar phase space groups are /4mm and C2/m, respectively. For A4P,0, another orthorhombic antipolar phase emerges.
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Fig. 3. Energy difference between child and parent phases (solid lines) and
polarization (dashed lines) of Ba,;Sb,0 (black curves) and BaO (red curves) as
a function of in-plane strain computed with PBE functional. The data were
fitted with linear function and the fourth-order polynomials for polariza-
tion and energy difference respectively. Regular BaO and strained elongated
BasSb,0 octahedra are shown.

salt alkali earth can become FE beyond a critical compressive
epitaxial strain. Fig. 3 shows the energy difference and polar-
ization between the paraelectric and FE phases as a function
of the compressive strain for BaO (red) and Ba,Sb2O (black).
The FE phase becomes favored for BaO above a compressive
strain of 1%. On the other hand, the unstrained Ba;X>O has
BagO octahedra distorted to the equivalent of around —6% in
BaO. Applying a tensile strain on Bay;X>O moves the octahe-
dral geometry toward unstrained rock salt BaO and lowers the
polar instability. Additionally, the ¢/a ratio describing the octa-
hedron elongation is ~1.2 and close to that of the FE phase
of BaO at that strain. This highlights that, in Ba4X»O, the sur-
rounding atoms impose an internal, chemical strain on the BagO
cages. This natural strain induces ferroelectricity, as previously
highlighted in strained BaO. We note that such a level of strain
(6%) is difficult to reach within epitaxial films of rock salt (55).
In BasSb2O, however, polarization increases much more slowly
with strain than in BaO, due to the presence of Sb atoms which
limit the deformation of octahedra in the FE phase (see SI
Appendix). While we focused on the X=Sb antimonide series
here, the trend with Ba >Sr > Ca in terms of polar distortion
is present across all chemistries from X=P, As, Bi, and Sb (see
SI Appendix).

Compared to common perovskite-related structures, the
A4X50 family offers opportunities for achieving properties that
have been traditionally difficult to combine with traditional FE
perovskites. Anti-Ruddlesden—-Popper materials show typically
smaller band gaps compared to oxide perovskites. While tetrag-
onal P4mm BaTiOs shows an indirect optical band gap of about
3.2 eV [1.67 eV in generalized gradient approximations (GGA)
between O 2p and Ti 3d states], we estimated the band gap
of BasSb2O to be 1.22 eV, using the HSE hybrid functional
[0.67 eV in Perdew-Burke-Ernzerhof (PBE)]. The band struc-
ture of BasSb2O is shown in Fig. 4, highlighting a direct gap at
Z between Ba 5d (conduction bands) and Sb 3p states (valence
bands). Other A4X>0 compounds show similar band gaps in the
range from 0.57 eV to 1.00 eV in PBE (see SI Appendix, Fig. S4).
Such FEs with small band gaps compatible with visible light could
be very useful in the field of ferroelectricity-driven photovoltaics
(9, 10, 56-59).

Another grand challenge has been to combine ferroelectric-
ity with magnetic long-range order in magnetoelectric multi-
ferroics. The traditional mechanism of polar instability in the
B site of a perovskite has been deemed difficult to combine
with ferroelectricity, since the nonmagnetic d° character of the

40f6 | PNAS
https://doi.org/10.1073/pnas.2026020118

B site transition metal is often necessary to favor ferroelec-
tricity (60, 61). Combining polar distortion on one site and
magnetism on another site such as in EuTiO3 or BiFeOs (11,
62) or moving toward improper ferroelectricity as in YMnOs
has led to magnetoelectric multiferroics (63—-65). The geometri-
cally driven polar instability demonstrated in anti-Ruddlesden—
Popper structure offers an alternative opportunity for multifer-
roicity. Magnetic +2 rare-earth atoms often substitute to alkali
earth, and EusSb2O has been experimentally reported to form in
the anti-Ruddlesden—Popper structure (66). Computing phonon
band structures and relaxing the structure along the unstable
modes, we found that EusSboO is FE. Similar to BasSb-2O,
the geometric polar instability in EusSb2O involves, directly,
the movement of nonmagnetic O against the magnetic apical
Eu?*. This is likely to couple magnetism and ferroelectricity.
Our calculations show that EusSbyO exhibits a ferromagnetic
ground (Ery — Eqrn = 1.6 meV) state with an easy axis point-
ing along the c¢ direction and along the polarization (Eysr=
19 peV). We estimate the magnetic Curie temperature to be
~24 K (see Methods). Most magnetoelectric multiferroic mate-
rials, including the most studied BiFeOs, are antiferromagnetic.
Despite their technological importance, there are very few exam-
ples of materials combining ferromagnetic and FE order (67),
and the few known ones are double perovskites [e.g., PboCoWOs
(68) or the RyNiMnOg/Laz;NiMnOs heterostructures (69)]
where magnetism and ferroelectricity come from different sites.
EusSb,O, similar to its parent rock salt EuO, is a ferromag-
netic insulating oxide (70). The coexistence of ferromagnetism
and ferroelectricity has just been confirmed experimentally in
epitaxially strained EuO films (55) and is naturally appear-
ing in EusSb,O anti-Ruddlesden—Popper phase. The magnetic
space group I4m’m’ is compatible with linear magnetoelec-
tric coupling, and the magnetoelectric tensor has the following
form (71):

oz 0 0
0 0 s

More quantitatively, the computation of the linear magneto-
electric tensor in EusSb2O confirms that a coupling is present
with a small but nonzero value: o, = 0.10 ps/m (ionic contribu-
tion 0.08 ps/m and 0.02 electronic contribution), a., = 0.02 ps/m
(ionic contribution 0.01 ps/m and 0.01 electronic contribution).
We note that other rare-earth-based anti-Ruddlesden—Popper
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Fig. 4. Electronic band structure of BasSb,0 in its /Amm polar phase along
the high-symmetry directions with PBE functional with a scissors correction
of 0.55 eV. The direct band gap at Z point (1.22 eV) is marked by red and
green points for the conduction and valence bands.
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phases are known to exist: EusAs2O (72), EusBi2O (73),
Yb4As20 (74), YbsSb2O (75), and SmyBi2O (76). It is possi-
ble that, in addition to EusSb2O, other anti-Ruddlesden—-Popper
compounds are magnetoelectric multiferroics.

Conclusions

Following a data-driven approach based on an HT search within
a database of phonons, we have identified a family of A4X>0
(A=Ba, Sr, Ca, Eu and X=Bi, Sb, As, P) materials forming in an
anti—-Ruddlesden—Popper structure and showing (anti)FE prop-
erties. The discovered mechanism of polar distortion involves the
movement of an anion in a cation octahedron. This distortion is
geometrically driven and controlled by the natural strain present
in the cation octahedron. This mechanism leads to hyperferro-
electricity but also offers the possibility of combining ferroelec-
tricity with properties uncommon in traditional perovskite-based
structures such as small band gaps or magnetism. More specif-
ically, we show that EusSb>O exhibits a rare combination of
ferromagnetic and FE order coupled through linear magneto-
electric coupling. The wide range of chemistries forming in the
anti-Ruddlesden—Popper structure offers a tunability similar to
that of perovskite structures in terms of strain, chemistry, and
heterostructures and opens an avenue for FEs research.

Methods

The HT search for novel FEs was performed using a recently published
phonon database (23). We first selected the unstable materials presenting
at least one phonon mode m with imaginary frequencies wn(q) within a g-
point region of the Brillouin zone. For each of these materials and modes,
we focused on the high-symmetry q points commensurate with a 2x2x2
supercell. We generated a set of new structures by moving the atoms in
that supercell according to the displacements corresponding to the differ-
ent modes and q points. The symmetry of each new structure was analyzed
using the spglib library (77) with a tolerance of 107% A and 1° on angles.
Then, the new structures were categorized as polar or nonpolar, depending
on their point group. Finally, after relaxing all of the structures in the set, we
classified the materials as paraelectric (when all of the structures in the set
are nonpolar and the polarization is thus always zero), FE (when the ground
state is polar, hence possessing a finite polarization value), or anti-FE (when
the ground state is nonpolar but there exists at least one polar phase in the
set slightly higher in energy). In the latter case, the material can be driven
to the polar phase upon application of a strong enough electric field and
thus acquire the nonzero polarization.

Density functional theory (DFT) calculations were performed with the
ABINIT (78) and Vienna Ab initio Simulation Package (VASP) (79, 80) codes.
PBEsol exchange—correlation was used everywhere, if not otherwise noted.
PseudoDojo norm-conserving scalar-relativistic pseudopotentials (ONCVSP
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v0.3) (81, 82) were used in ABINIT. The Brillouin zone was sampled using
a density of approximately 1,500 points per reciprocal atom. All of the
structures were relaxed with strict convergence criteria, that is, until all
of the forces on the atoms were below 10~® Ha/Bohr, and the stresses
were below 10~* Ha/Bohr® (23). The phonon band structures were com-
puted within the density functional perturbation theory (DFPT) formalism
as implemented in ABINIT (83, 84) using a g-point sampling density simi-
lar to the k point one, although for I'-centered grids. The polarization was
computed with both the Berry-phase and Born effective charge approaches.
GGA_PBE projector-augmented wave (PAW) pseudopotentials were used in
VASP (85). The structures were relaxed up to 1073 eV/A. The cutoff energy
was set to 520 eV, and electronic convergence was done up to 10~7 eV. The
k-point sampling was similar to the one used in ABINIT. Both codes yield
essentially the same results in the identification of the ground state phase.
The use of PBE exchange-correlation potential does not change the ground
state phase as well. The Lobster calculations were performed based on VASP
DFT calculations. (49-51, 86) We used the following basis functions from the
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pling. Magnetic symmetries and the form of magnetoelectric tensor were
identified via the Bilbao crystallographic server.
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