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Work on orthoferrite perovskites (e.g., GdFeOs) shows that ABO; oxides with A and B magnetic cations
present novel behaviors (e.g., magnetoelectric) not possible when only one cation has spin. Unfortunately, the
magnetic A cations are usually lanthanides whose 4 f electrons interact weakly, restricting the most interesting
effects to low temperatures. Here we explore the possibility of having both A and B sites occupied by 3d transition
metals, by running a systematic first-principles investigation of 81 compositions, considering the polymorphs

most likely to be stable in bulk or thin-film forms (perovskite, corundum derivatives). We predict specific
compounds to be multiferroics at high temperature, multiferroics with large magnetic moments, “multiferroic
metals” (i.e., as the much-sought “polar metals,” but also magnetic), and ferromagnetic insulators. Our results
offer a compelling panoramic of these compounds and the possibilities they offer, providing plenty of directions
for further original research, both theoretical and experimental.
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I. INTRODUCTION

Identifying new room-temperature magnetoelectric multi-
ferroic materials (MEMs), combining both magnetism and
ferroelectricity, has been a research priority for the past
15 years [1-3]. MEMs are unique in that their magnetic
properties can be controlled by applied electric fields (and,
conversely, magnetic fields act on their electric polarization
and response), a possibility of great interest as regards the
design of (low-power) devices for electronics and spintronics,
data storage, and so on. Yet, most known MEMs present
such appealing behaviors only at relatively low temperatures,
BiFeO; [4] remaining the only simple, easy to prepare com-
pound that is apt for room-temperature (7;,om) applications.

Interestingly, Zhao et al. recently showed that, for ABO3
compounds with two active magnetic sublattices, novel ferro-
electric, and multiferroic effects can be expected to occur [5].
In the particular case studied by these authors, multiferroic
GdFeOs; [6], ferroelectricity results from a symmetry break-
ing caused by simple G-type antiferromagnetic (G-AFM)
spin arrangements, characterized by antiparallel first-nearest-
neighboring spins (see Fig. 1), adopted by both Gd and Fe
spin sublattices. Similar effects were observed in the so-
called type II multiferroic compounds [7], which display an
improper ferroelectric order caused by the symmetry breaking
in a magnetic transition. Yet the case of GdFeO; presents a
key difference: Instead of the complex (cycloid, spiral) spin
orders of typical type II multiferroics (e.g., TbMnO;3 [8]),
here multiferroism relies on trivial AFM orders that are very
frequent [9,10], suggesting that ABO; compounds with both
A and B spin sublattices are, in principle, good candidates to
yield MEMs via the mechanisms discussed in Ref. [5].

With this motivation, here we use first-principles meth-
ods to study an extensive collection of ABO; compounds
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with A and B magnetic sublattices, characterizing their ba-
sic electronic, magnetic, and polar properties. We obtain
some perovskite-like solutions that resemble the behavior of
GdFeO; (e.g., potentially, perovskite films of FeNiO3, which
might constitute a high-temperature type II MEM). Yet, in
the vast majority of cases our simulations yield nonperovskite
structures that have, nevertheless, very interesting properties,
even exceeding our expectations. For example, we predict a
good number of strong proper ferroelectrics that are also mag-
netic, which renders them “type I” MEMs [7]. In particular,
we have plausible predictions for room-temperature MEMs
(e.g., CoFeOs and CrFeOs3, both with a LiNbO; structure) and
MEMs with large magnetization (e.g., LiNbOs-type ScTiO3
and ScVOs; perovskite TiCrOs; perovskite films of MnCrO3).
Further, we also have more exotic predictions, such as “metal-
lic multiferroics” (e.g., LiNbO;3-type NiCrO; and NiFeOs3) or
ferromagnetic insulators (e.g., CrVO3 and MnVO3, both with
the ilmenite structure). In the following we summarize our
findings, giving some details on our most appealing results.

II. OUR APPROACH

Here we describe our approach as regards the selection
of materials for our screening calculations, as well as the
simulation methods employed.

A. Materials to screen

Currently known ABO; oxides with A and B magnetic
sublattices often involve rare-earth lanthanide ions (denoted
by R) at the A site. The spin-polarized electrons thus belong
to a 4f shell very localized around the ionic core, and the
corresponding spin-spin interactions are rather weak, which
results in very low ordering temperatures. In contrast, the B
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FIG. 1. Spin orders discussed in this work. (a), (b): Sketch of
the perovskite (PK), LiNbO;-type (LN-type), or Al,O;-like (AO-
like) lattices (a), with the cations numbered in (b). The FM order
corresponds to all spins being parallel, in both the A and B sublattices.
The FiM order corresponds to having all A cations with spin up, and
all B cations with spin down. The AFM1 order corresponds to having
cations Al, A2, B1, and B2 with spin up, and all others with spin
down. Finally, the AFM2 order corresponds to having the A1, A2, B3,
and B4 cations with spin up, and all others with spin down. (c), (d):
Sketch of the I lattice (c), with the cations numbered in (d). The FM
and FiM orders are defined as above. The AFM1 order corresponds
to having the A1, A3, AS, B1, B3, and B5 cations with spin up, and all
others with spin down. The AFM2 order corresponds to having the
Al, A3, AS, B2, B4, and B6 cations with spin up, and all others with
spin down.

cations are usually first-row transition metals (TMs); their
unpaired 3d electrons interact strongly via B—O—B super-
exchange couplings that are dominant in insulating perovskite
oxides, and ordering temperatures are relatively high [11].
For example, in GdFeO; the iron spins order at about 660 K,
while the Gd spins order at about 2.5 K [9]; this is the typical
situation, obviously incompatible with observing at T;om the
MEM behavior discussed in Ref. [5].

To obtain ABO3; compounds with both A and B spin sub-
lattices ordering at relatively high temperatures, one might
try to replace the R-cations at the A-site by species featuring
less-localized magnetic electrons. A natural possibility is to
consider TMs, i.e., elements with partly filled 3d, 4d, or 5d
shells. Then, since we are particularly interested in identifying
MEMs, which must thus be insulators, it seems most reason-
able to restrict ourselves to first-row TMs. Indeed, it is known
that the more-delocalized 4d and 5d electrons tend to render
metallic phases, while insulating states are more likely to
occur for the less-spread 3d states. Hence, here we investigate

FIG. 2. Polymorphs obtained as lowest-energy solutions. (a) Per-
ovskite lattice with a “a~a~c™” pattern of rotations of the Og groups
(symmetry Pbnm, see text), as it occurs in GdFeOs; the view is along
the axis of in-phase rotations. (b) Perovskite lattice with stronger
“a~a~cT tilts, as it occurs, e.g., in TiCrOs; a polar distortion,
roughly perpendicular to the plane of the figure (i.e., along the axis
of the ¢* rotations) reduces the symmetry to Pna2;. (c) Perovskite
lattice with “a”a~a™” tilts and a polar distortion along the tilting
axis (elongated direction of the shown cell), as it occurs in BiFeO;
(R3c space group). When the tilts are very large, the A and B
cations acquire similar octahedral oxygen environments, and we
have a LiNbOs-like lattice. (d) Corundum structure of Al,O3, which
is essentially obtained from the LiNbO; lattice for same A and B

cations. (e) Ilmenite structure, as that of FeTiO;.

ABO; compounds in which both the A and B sites are occupied
by a first-row transition metal, namely, Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, or Zn. We consider all possible combinations, which
yields a total of 81 compositions.

Admittedly, ABO3 perovskites with a first-row TM at the A
site are not that common. Such cations (in typical 24, 34, or
4+ ionization states) all have relatively small ionic radii [12],
and the few existing perovskites of this type (e.g., ScAlO3
[13], ScVO; [14], double-perovskite Sc,NiMnOg [15], as
well as other In- and Mn-based compounds) can be obtained
only by special synthesis routes [15]. Rather, small-A ABO;3
compounds tend to present other structures, as, for example,
the so-called corundum-derivative phases [Figs. 2(c) to 2(e)].
For example, FeTiO3; and MnTiO; usually crystallize in the
nonpolar ilmenite (I) structure, and they can also be prepared
as a LiNbOs-type (LN-type) polymorph [16,17]. Note that,
in the latter case, the polar order is proper (mimicking that
of prototype one-dimensional ferroelectric LiNbO3), which
makes these materials type-I MEMs [7]. (Further, these par-
ticular compositions feature only one spin sublattice, as Ti*"
presents a nonmagnetic 3d° electronic configuration.) Simi-
larly, ScFeO; presents a metastable LN-phase that has been
found to be a Tjoom MEM with weak magnetization [18]. Be-
yond the LN polar structure, Al,Os-like (AO-like, the original
corundum structure in Fig. 2(d) [19]) configurations are also
common among materials with the same cation occupying the
A and B sites.
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Other polymorphs occur frequently among ABO; com-
pounds with small A cations. Thus, for example, ScFeOs3
presents the bixbyite structure at ambient conditions [18];
manganites like ScMnO; present a well-known hexagonal
polymorph [20,21]. Interestingly, in many cases materials
with these chemical formulas can be stabilized as LN- or
I-type phases, using appropriate synthesis routes [15]. Further,
the growth of thin films on appropriate substrates is another
reportedly effective strategy to obtain metastable structures,
in particular, perovskites. Examples include YMnO; [21]
and ScMnOj [22], which present a nonperovskite hexagonal
polymorph in bulk-like conditions. Hence, needing to define
a tractable problem, here we restrict ourselves to the inves-
tigation of perovskite (PK) and corundum-related structures
of small-A ABO; materials, as the literature suggests there
should be reasonable chances of realizing experimentally our
most promising predictions.

Having defined a broad and relevant space of possible
compositions (81 ABO3; compositions where both A and B are
first-row TM atoms) and structures (most common PK phases,
as well as LN-, AO-, and I-type polymorphs), we use first-
principles methods to screen all the resulting materials, so as
to identify the most promising candidates to present interest-
ing functional properties. For each of the simulated structures,
we considered the spin arrangements sketched in Fig. 1.

B. Simulation methods

For our simulations we use density functional theory within
a generalized-gradient approximation adapted for solids (usu-
ally denoted “PBEsol” [23]) as implemented in the VASP
package [24,25]. To better treat the strongly correlated 3d
electrons, a “Hubbard-U” correction [26] with U = 4 eV is
used throughout. The interactions between ionic cores and
valence electrons are treated within the projector-augmented
wave (PAW) formalism [27], solving the following electrons
explicitly: 3s, 3p, 3d, 4s for Sc; 3d and 4s for Ti, V, Cr,
Mn, Fe, Co, Ni, and Zn; 2s and 2p for O. A plane-wave
energy cutoff of 500 eV was used in all cases. For each
oxide, we start from four initial structural phases: a tetragonal
ferroelectric PK phase (like that of BaTiOs3), a rhombohedral
ferroelectric PK phase (like that of BiFeO3), an orthorhombic
nonpolar PK phase (like that of GdFeOs), and a characteristic
I-type structure (like that of ilmenite FeTiOs). The LN and
AO solutions are obtained as a relaxation when we use the
PK BiFeOs-like structure as a starting point. A k-point mesh
of 6 x 6 x 4 is used for sampling the Brillouin zone of the
orthorhombic PK polymorph, and similarly dense meshes
are used for all other structures. Structural optimizations are
carried out by relaxing both atomic positions and cell vectors;
residual forces are below 0.01 eV/A and residual stresses
typically below 0.1 GPa. Electric polarizations were comput-
ing using the Berry-phase formalism [28]. Atomic magnetic
moments were estimated from projections to localized orbitals
employed within the PAW scheme, and are provided here as
indicative of the basic electronic state of the cation.

We made extensive use of freely available crystallographic
tools [29,30] to analyze the symmetry and distortions of our
relaxed structures. We also used the VESTA [31] and MAT-
PLOTLIB [32] packages for visualization of structures and data.

Let us discuss briefly our choice of Hubbard-corrected
density functional theory (DFT + U) for this work. An in-
tensive investigation like this one, which involves numerous
structural optimizations for varying compositions and spin
arrangements, requires a computationally light method for it
to be feasible. Additionally, DFT + U simulations have been
shown to yield qualitatively and semiquantitatively correct
results for many multiferroic and related compounds, includ-
ing ferrites [33,34], manganites [35,36], and even nickelates
[37,38] displaying exotic charge- and orbital-ordering effects.
Further, DFT + U has been used to compute the parameters
of suitable spin Hamiltonians that can be solved numerically
to yield magnetic-ordering temperatures in agreement with
experiment [39,40]. Hence, DFT + U provides us with a
practical simulation approach that should yield generally re-
liable results. Having said this, let us stress that one should
not take our DFT + U results blindly. The treatment of the
strongly correlated electrons in our compounds is not trivial,
and DFT + U not infallible; thus, a detailed investigation
of specific compounds would require a careful check of the
computational approach being used.

Here, we tested the results for selected materials by repeat-
ing our calculations for alternative values of the U correction,
namely, 3 and 5 eV. Generally speaking, our tests show that
our essential results and conclusions are not U-dependent.
For example, in the case of ScVOs; (which poses the chal-
lenge of treating V3* in the 3d* configuration), we obtain
the same lowest-energy polymorph for all U values consid-
ered, while the energy difference EA-E* between the lowest-
lying antiferromagnetic and ferromagnetic orders ranges from
18 meV/f.u. (for U =3 eV) to 11 meV/fu. (for U =5 eV).
In other cases, such as CoFeOs, the results for U =4 eV
and U = 5 eV are very similar (e.g., E* — ET changes from
—280 meV/fu. to —255 meV/f.u.); yet, for U =3 eV we
obtain qualitatively different solutions: the Co cation adopts a
low-spin configuration for some spin arrangements, while it is
always in a high-spin state when larger U values are used in
the calculation. Finally, let us note that some of our results—
e.g., regarding the relative stability of different polymorphs—
involve very tiny energy differences. In such cases, the choice
of U, as well as other technicalities of the calculations (most
notably, the density functional used [41,42]), can be expected
to impact the qualitative outcome. Yet, our main conclusions
are robust against this difficulty, as we are assuming from the
start that special synthesis routes may be necessary to realize
most of our materials predictions.

III. RESULTS

A. Screening calculations

As mentioned above, we consider all ABO3; compositions
where A and B are first-row TM elements (i.e., Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, Zn). For each composition, we relax the
material starting from structures corresponding to all relevant
polymorphs. These include two perovskite structures, i.e.,
the nonpolar orthorhombic phase of CaTiOs [Pbnm space
group, Fig. 2(a)] and the polar phase of BiFeOs; [R3c space
group, Fig. 2(c)]. Note that the former structure becomes
polar, with Pca2; symmetry, when both A and B sublattices
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adopt the G-AFM spin order, as is the case of GdFeO; at
low temperatures. As for the latter phase, it is characterized
by antiphase Og rotations about the [111] pseudocubic axis—
a~a”a” in Glazer’s notation—and a proper ferroelectric po-
larization along that same direction. Interestingly, this R3c
phase can be viewed as a structural bridge between the PK
and LN lattices [43]; indeed, all our calculations starting
from BiFeOs3’s structure resulted in a relaxed solution that
we identify with the LN-polymorph, with very large Og tilts
exceeding 10°. (According to our calculations, LiNbO3 and
BiFeO; present Og rotations about the pseudocubic axes of
about 13.7° and 8.1°, respectively.) Note that the LN structure
yields the AO corundum phase mentioned above whenever
the A and B sites are occupied by the same species. Fi-
nally, we also include the I-like polymorph [Fig. 2(e)]. In all
cases, we consider the short-period spin arrangements shown
in Fig. 1, which include the main ferromagnetic (FM) and
AFM orders compatible with our studied polymorphs. This
allows us to determine the dominant magnetic interactions in
the investigated compounds. Notably, the AFM arrangements
can be ferrimagnetic (FiM) whenever anti-aligned A and B
spins do not compensate, but render a zero net magnetization
whenever there is an antiparallel spin order within the A and
B sublattices.

Let us note that these compounds are not trivial for a
first-principles treatment, as many of them possess strongly
correlated electrons in partly occupied orbital groups. At the
same time, we know that computationally efficient simula-
tion schemes as those based on “Hubbard-corrected” density
functional theory (DFT + U) [26,44] render an acceptable
description of the ground state of most such oxides; certainly
this is the case for Fe3* ferrites and Cr’* chromites [5,41],
but DFT + U also works reasonably well for more challenging
compounds such as Co’>" cobaltites [40,45] or Ni*t nickelates
[37,46]. Further, the most likely shortcoming of the DFT + U
approximation is a well-known one: it may yield a metallic
solution for compounds that are actually insulating due to a
poor treatment of dynamical correlations. Here we treat all
our materials at the same level of DFT + U theory, choosing
a typical correction of U = 4 eV for all atomic species
considered. While such a drastic choice seems appropriate
for a materials-screening investigation like this one, and we
are confident that this approximation does not affect our
main conclusions, one should keep in mind that, obviously, a
more detailed study of individual compounds would require a
specific assessment of the theory to employ. Here, as regards
obtaining converged and sound results in a computationally
reliable way, our employed approach worked well for all
considered compositions except two, VCoO3 and CoVOs, for
which the electronic solutions were not fully converged and
which are thus excluded from our presentation below.

B. Most stable polymorphs

Figure 3 summarizes our results for the relative stability of
the structural polymorphs here considered. The energy of a
certain polymorph corresponds to the most stable spin order.
For any given composition, we take the value for the I solution
(Ep) as zero of energy. We find that the I and LN (or AO)
structures are generally dominant. Our calculations predict

correctly a number of expected I-type (FeTiO3 [47], MnTiO3
[48], COTiO3 [49]) and AO—type ((X-FCQO3 [50], Cr203, V203
or Ti,O3 [51]) ground states. In many cases we obtain nearly
degenerate polymorphs, suggesting that different structures
can be stabilized via different synthesis routes. For example,
for ScFeO3; we obtain that the LN and PK polymorphs are
nearly degenerate, with a slight preference for the former; this
resonates with the experimental observation, i.e., that the PK
phase can be reached from the bixbyite ground state upon
heating and compressing, to later obtain a LN structure when
the material is brought to ambient conditions [18].

It is interesting to note that the corundum-derived struc-
tures are characterized by a similar oxygen environment for
both A and B cations, as both are caged in (distorted) Og
octahedra. Since here we are considering materials with A
and B cations of similar size, it is most natural that such
corundum-type polymorphs dominate. As can be appreciated
in Figs. 2(c) and 2(e), the difference between the LN and
I polymorphs lies on the stacking of Og octahedra along
the direction of the three-fold axis. Figure 2(c) also shows
the cation off-centering responsible for the development of
a ferroelectric (FE) polarization in the LN lattice. The polar
LN phase has the R3¢ space group, while the corresponding
paraelectric (PE) structure would present the R3¢ symmetry.
Interestingly, for all the materials studied in this work, the
relaxation of the LN-type structure results in a polar phase,
the PE structure always being a saddle point of the energy. (An
exception to this rule happens whenever the A and B cations
are the same; then we have a centrosymmetric AO-type phase
instead of the FE LN-type polymorph.) For an illuminating
discussion of corundum structures and their FE properties, we
refer the reader to the works of Ye and Vanderbilt [52,53].

According to our simulations, only a few compositions
display a PK ground state. Interestingly, a dominant PK
solution is obtained mostly for compounds with Sc at the A
or B sites; further, we obtain that the most likely PK structure
is the Pbnm orthorhombic phase of CaTiOs3, as consistent with
the known general trends in the family [54,55]. Further, most
of our PK structures are characterized by very large rotations
of the Og octahedra: we typically obtain values of about 15°,
quite larger than the angles (~12°) in compounds like GdFeO3
[56]. A limit case is given by Zn,O3, where the tilts in the
a~a”ct pattern are so large that the resulting structure can
hardly be identified as a perovskite. (In fact, the ideal PK
phase stops making sense as a reference structure for Zn,0Os3,
which prevents us from quantifying the tilt amplitudes.) Thus,
in the same way that a strongly tilted a“a~a~ BiFeOs-like
structure takes us from the PK to the LN lattice, our results
for Zn, O3 hint at the possibility of obtaining a new polymorph
by exaggerating the a~a~c¢™ tilts that are typical of GdFeOs.
We are not aware of any experimental realization of such a
structure.

Finally, we also find that TiCrO;3 is a PK with an or-
thorhombic phase, but strongly polar in this case [Fig. 2(b)].
The corresponding space group is Pna2;, and the resulting
structure resembles that of BilnO3 [57]. Interestingly, a less-
distorted version of this phase (with smaller tilts and more
regular Og octahedra) has been reported for BiFeO; [41]
and BiFeO3-LaFeOj3 solid solutions [58]. Note that this polar
phase has exactly the same symmetry as that of GdFeOs.
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FIG. 3. Energies of the PK, LN (or AO), and I (taken as reference) structures of all the considered materials, given in eV per formula unit
(f.u.). Blue squares and red diamonds correspond to PK and LN (or AO) solutions, respectively. For each composition and structure, we retain

the energy corresponding to the most stable spin configuration.

However, in GdFeO; the polarization is improper and appears
as a consequence of the symmetry breaking associated to the
spin order; in contrast, TiCrOs; is a proper ferroelectric, and
thus a type I MEM. Admittedly, we did not expect to find a
strongly ferroelectric ground state for TiCrOs; yet it occurred
naturally, as the result of a structural relaxation starting from
a Pna2, GdFeOs-like structure.

C. Functional properties

Figure 4 and Table I summarize our results as regards the
functional properties of the most-stable polymorphs obtained.
As shown in Fig. 4, most of the considered materials are
predicted to be insulating, a result that we deem reliable given
that our DFT + U methodology is a generally trustable theory
to determine the insulating or metallic character of transition-
metal oxides. (It goes without saying that particularly difficult
cases, or a more accurate quantification of band gaps and
other electronic features, may require higher-level theories.)
Further, many of these insulating solutions present the polar
LN structure and are thus, presumably, ferroelectric. (From
our results, we cannot assure that these materials will have
a switchable FE polarization; yet, we know they do comply
with the necessary—and typically sufficient—requirements
concerning symmetry and insulating character, which makes

them likely ferroelectrics.) We thus have many predictions for
promising type I MEM behavior. In the following we give a
brief account of our most remarkable results, as grouped in
the categories of Fig. 4(a).

1. High-temperature multiferroics

Among the obtained insulating and FE compounds, some
present strong AFM interactions. This is hardly a surprise,
as AFM-type super-exchange couplings are dominant among
insulating oxides. Hence, we find good candidates to display
high-temperature magnetoelectric multiferroic behavior.

Table I lists the compounds that, according to our cal-
culations, might be high-temperature MEMs. In the Table
we give some details about the computed band gap, basic
magnetic properties, and electric polarization of the three
most promising ones, namely, CoFeO3, CrFeOs, and VFeOs3.
In Fig. 5(a) we also show the computed density of states
(DOS) of CoFeOs, which is a representative case. It is in-
teresting to note that the obtained energy difference between
a FM spin arrangement and the AFM ground state ranges
between 86 meV /f.u. for VFeO3 to 280 meV /f.u. for CoFeOs.
This is in the range of values obtained for compounds like
BiFeO; or GdFeO; (~225 meV/f.u. [40]), which present
Neel temperatures above 600 K [9,59]. Hence, our screening
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FIG. 4. Summary of our results. Panel (a) shows the materials that are predicted to present the most interesting properties, grouped in
the four indicated categories. Panel (b) gives further detail on the most stable solutions obtained for each of the investigated compositions. As
shown in the legend, we indicate the lowest-energy polymorph (PK-, LN-, or I-type), whether it is polar, whether it presents a net magnetization,
and whether it is an insulator or (half)metal. Note that, whenever we have an LN-type solution with same A and B cations, it actually reduces
to the AO corundum structure. Note that, because the A and B sites are crystallographically rather similar in the dominant corundum-like

structures, this figure is approximately symmetric upon A—B swapping.

calculations suggest that these materials will be high- (even
room-) temperature MEMs.

It is worth to note that, if we swap the A and B cations
of the compounds just mentioned, the resulting materials
(FeCo03, FeCrOs3, and FeVO3) are all predicted to be LN-type
insulators with AFM order. This suggests that the properties of
these crystals will be robust against anti-site defects involving
the A and B sublattices.

Another interesting compound in this category is FeScOs,
which is also predicted to be a LN-type insulator with an
energy difference of 187 meV/f.u. between the FM spin
arrangement and the AFM ground state. This ferrite is thus
another candidate to be a T;oom MFM, yet with only one
magnetic sublattice in this case.

2. Multiferroics with large magnetization

All the above compounds are antiferromagnets with spin
sublattices that perfectly cancel each other (AFM1 and AFM2
in Fig. 1). In such cases, the net magnetization will be either
zero or very small, the latter possibility being associated to a
small spin canting (not considered here).

Yet, we also find compounds whose lowest-energy phase is
an insulating LN-type structure with a ferromagnetic ground
state. The most interesting materials in this category are
ScTiO3 and ScVOs3, Fig. 5(b) showing a representative DOS
result for the latter. In these compounds, the magnetic cations
are Ti** and V3, respectively, and the FM interactions are
associated to B—O-B superexchange paths forming relatively
small angles [11]; for example, we obtain 134.6° for ScTiOs.
Interestingly, we find that the related compounds TiScO3 and

VScOj; have similar properties, which suggests that an exper-
imental realization of these materials will be robust against
antisite defects.

Thus, these materials are predicted to be MEMs with a
large remnant magnetic moment, and are likely to attract
great interest in the multiferroics community. Unfortunately,
our calculations also suggest that the corresponding magnetic
ordering temperatures will be quite low. As detailed in Table I,
in this case the energy differences between relevant spin
arrangements are of the order of 10 meV/f.u., which suggests
Curie points well below Tioom-

Finally, TiCrOs; is a unique case that also falls within this
category. As mentioned above, this compound is among the
few predicted to present a PK-like ground state; in fact, a
polar one with Pna2; space group [see Fig. 2(b)]. Further,
it displays a lowest-energy FM configuration, separated by a
sizable energy gap of 36 meV /f.u. from the most favorable
AFM spin arrangement. Hence, we predict TiCrO; to be a FM
MEM at moderately high temperatures, although most likely
below Tioom-

3. Metallic multiferroics

In addition to the many insulating solutions obtained, we
also get a number of metals and half-metals (Fig. 4). In many
cases, these metals present a polar LN structure, which auto-
matically renders them “multiferroic metals.” Today, there is
great interest in identifying noncentrosymmetric (symmetry-
wise polar) metals, which have been argued to display many
interesting properties, ranging from higher superconductive
temperatures to intrinsic Rashba effects [60-62]. Here, we
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TABLE I. Most promising materials, and a brief summary of their properties. E* is the energy of the lowest-lying AFM spin structure with
a vanishing net magnetization (strictly zero within the colinear-spins approximation considered in this work), while E” is the energy of the
most stable spin order with a large net magnetization (FM or FiM). Energies (EA — ET), atomic magnetic moments (M) polarizations (P) and
band gaps (E,,,) are given in meV/f.u., Bohr magnetons (up), ©C/cm? and eV, respectively. All LN, AO, and I structures present the R3c,
R3c, and R3 space groups, respectively. PK polymorphs can present either the high-symmetry Pbnm (e.g., typically the case of materials with a
single magnetic sublattice, like ScCrOs;, labeled as “PK-Pbnm”) or the reduced-symmetry Pna2, space group. Among the latter, the symmetry
breaking can be either caused by the ordering of the two spin sublattices [e.g., FeNiOs, labeled as “PK-Pna2,(1)”] or by a proper polar
distortion [e.g., TiCrO;, labeled as “PK-Pna2,(2)”]. Typically, we indicate the polymorph found to be most stable among those considered;
solutions corresponding to a competing higher-energy polymorph are marked with an asterisk. Note that the ionization state of most cations
can be inferred from the computed magnetic moments. For example, we obtain a value around 4 for Fe** in a high-spin configuration, which
is typical of the projection method used here (see Methods). Similarly, for Cr** in a high-spin configuration we get M, & 3, for high-spin
Mn>** we get values around 4, and so on.

High-T multiferroics

CoFeO; LN-type, AFM with EA — EF = —280, Mc, = 2.97, Mg, = 4.11, P = 110, Ey,py = 1.1 eV
CrFeO; LN-type, AFM with E* — EF = —92, M, = 2.93, Mg, = 4.16, P = 128, E,, = 2.3 eV
VFeO; LN-type, AFM with E4 — Ef = —86, My = 1.90, Mg = 4.15, P = 122, E,,, = 1.8 eV
FeNiO; PK-Pna2,(1) (*), AFM with EA — ET = —108, Mp, = 4.14, My; = 0.82, P = 2.5, E,,, = 0.6 €V
Other: LN-type: FeCoOj;, FeCrO;, FeVO;, FeScO;
Multiferroics with large magnetization

ScTiO; LN-type, FM with E4 — EF =7, My; = 1.00, Sc is not magnetic, P = 91, Ey,, = 2.0 eV
ScVO, LN-type, FM with E4 — EF = 14, My = 2.00, Sc is not magnetic, P = 86, Ey,, = 1.9 eV
TiCrO; PK-Pna2,(2), FM with E4 — EF =36, My = 1.04, M, = 3.06, P = 44, Egp =1.7€V
MnCrO; PK-Pna2,(2) (*), FM with EA — ET = 60, My, = 4.03, Mc, = 3.08, P = 58, E,,, = 0.2 eV
Other: LN-type: TiScO3, VScOs; PK-Pra2,(2) (*): CrMnO3, MnCrO;

“Metallic multiferroics”
NiCrO; LN-type, FM half metal with E* — EF = 305, My; = 1.20, Mc, = 2.98
NiFeO; LN-type, AFM metal with E4 — EF = —32, My; = 1.20, Mg, = 4.06
Other: LN-type: CrNiO3, CrMnOj3;, MnCrO;, MnScOs3, NiScO3, CoCrOs, CrCoO3, MnFeOs, FeMnO;

Ferromagnetic insulators
CrvVO; I-type, FM with E4 — EF = 14, Mc, = 3.08, My = 2.03, Eg, = 2.0eV
MnVO; I-type, FM with EA — EF =5, My, = 4.54, My = 1.34, Egp =0.7eV
Other: I-type: Mn,0O3; PK-Pbnm: ScCrOsz, ScMnOj3

predict polar metals that are, in addition, magnetic. These
could be interesting in various contexts, a notorious example
being the quest for compounds presenting small skyrmions
[63,64]: There, inversion-symmetry breaking is required to
activate the spin-order interactions that cause noncollinear
(skyrmion-like) spin arrangements, and the symmetry reduc-
tion is most usually achieved by introducing surfaces or
interfaces; in our “multiferroic metals,” inversion symmetry
is intrinsically broken.

According to our results, compounds like NiCrO; or
NiFeO3; are promising “multiferroic metals.” In particular,
for NiCrO3; we obtain relatively strong magnetic interactions
that might yield this behavior even at Ti,om. The energy
differences among relevant spin orders (most notably, 305
meV /f.u. in the case of NiCrO;) are summarized in Table 1.
Figure 5(c) shows the computed DOS for the representa-
tive case of NiCrOs;, which features a clear half-metallic
character.

As regards the amplitude of the polar distortion, these
compounds are similar to the insulating LN-type polymorphs
reported in Table I, which typically present spontaneous po-
larizations around 100 ,uC/cmz. Yet, because NiCrOz and
NiFeO; are metallic, their polarization is not defined and,
thus, we do not report it in the table.

Finally, let us stress that the occurrence of structures that
are simultaneously polar and metallic is not a surprise. While
it is true that for years such solutions were deemed unlikely
[65], today there is ample experimental [62] and theoretical
[60,61] evidence that polarity (even ferroelectricity [66]) is
compatible with metallicity and the attendant presence of free
screening charges. In particular, whenever the polar distortion
is driven by chemical or steric effects, metallicity does not
affect much the polar distortion. This is the case of LiOsO3
[62] or doped LiNbOj3 [60], where the small Li cation tends
to move off from its high-symmetry position thus creating
a polar distortion. The LN-like phases here studied, which
all present a relatively small A cation, fall in the same cat-
egory. Hence, our predictions of polar LN-type metals are
compatible with our expectations from previous works on this
problem.

4. Ferromagnetic insulators

Finally, let us briefly comment on the I-type solutions that
we find. These compounds are nonpolar, and thus do not
belong in any of the categories of multiferroics discussed
above. Nevertheless, some of them present a rare and very

064406-7



ZHAO, BELLAICHE, AND INIGUEZ

PHYSICAL REVIEW MATERIALS 3, 064406 (2019)

40 (a) CdFeO;;

20

DoS

-20
—40

40
20

DoS

-20
-40

40t
20

DoS

-20

—40F _ ¢r3q
a0} (d) CrVO;
20}
2 e PN
(@] 0 =
()] W
_20,
—— Cr3d
—40F — v3d i
-8 -6 -4 -2 0 2 4

Energy (eV)

FIG. 5. Computed partial density of states of some of the mate-
rials highlighted in the text. (a) CoFeOs, a candidate to be MEM at
Troom- (b) ScTiO3, a candidate to be MEM with large remnant mag-
netic moment. (¢) NiCrOs;, a candidate to be a “multiferroic metal”
at Tioom. (d) CrVOs;, a prospective low-temperature ferromagnetic
insulator.

interesting feature: they are simultaneously ferromagnetic and
insulating.

As shown in Fig. 4 and Table I, our best materials in
this category are CrVOs3, MnVO3;, and Mn;,0O3. Figure 5(e)
shows the computed DOS of CrVOs, as a representative case.
Not surprisingly, in all cases the magnetic interactions are
relatively small (never exceeding 20 meV /f.u.), which suggest
relatively low ordering temperatures.

Interestingly, some of our PK solutions fall in this category
as well. For example, our calculations predict that materials
like ScCrOs and ScMnOj; are insulators displaying a FM
order at relatively low temperatures. As in the case of the FM
LN-type compounds mentioned above, the ferromagnetism
can be attributed to the large Og tilts, and relatively small
B—0O-B angles, occurring in these materials [11].

IV. DISCUSSION

Let us begin by noting that the results of Fig. 4 display
an almost perfect symmetry upon swapping the A and B

sublattices. This makes good sense: While the A and B crys-
tallographic sites are clearly different in the PK structure (in
terms of oxygen coordination), the difference is not so marked
in the LN- and I-type lattices. Hence, for LN- and I-type
structures, ABO3; and BAOj; can be expected to be similar, but
not necessarily identical; for perovskites, they can be expected
to be quite different. Hence, since most of the obtained lowest-
energy structures are either LN- or I-type, that explains the
dominant (but not perfect) symmetry in Fig. 4.

Our materials screening yields other interesting results,
beyond those cited above. For example, in addition to the
high-T AFM MEMs (e.g., CoFeO3) and low-7" FM MEMs
(e.g., ScTiO3) cited in Table I, we obtain clear predictions
for other, low-T MEMs with AFM spin order. LN-type com-
pounds NiTiO3 and VFeOj; belong to that category.

We should also note that the above discussion is focused
on the lowest-energy solutions obtained for the compositions
considered. Yet, as is clear from Fig. 3, in many cases we find
that the PK, LN, and I polymorphs lie very close in energy,
which suggest that obtaining one or another may strongly
depend on the experimental preparation conditions. See, for
example, the remarkable case of TiCrOs, for which we predict
that these three polymorphs lie within a tiny 15 meV/f.u.
energy window. With this in mind, we now briefly mention
a number of appealing possibilities that involve metastable
structures obtained in our investigation.

A notable case is that of of FeNiO;. Here, while the
predicted lowest-energy structure is a LN-type metal (Fig. 4),
we have a low-lying insulating PK solution with Pna2, space
group (Fig. 3). If it were possible to stabilize such a poly-
morph in thin-film form, e.g., by employing an appropriate
PK as a substrate, we would be likely to obtain a type-Il MEM
analogous to GdFeOs. (Note the relatively small polarization
reported in Table I, which is characteristic of improper ferro-
electric order in type-II MEMs.) Indeed, thin films of FeNiO3
or other compositions displaying similar low-lying insulating
PK phases (e.g., MnVO3), may be our best hope to realize the
MEM concept discussed in Ref. [5]—i.e., polar order driven
by simple AFM orders in two spin sublattices—, which was
our original motivation for this work. The MnVO3; compound
may be of particular interest, as in that case the PK structure
is the polymorph lying immediately above the I-type ground
state, which might facilitate obtaining it experimentally. (In
contrast, for the mentioned FeNiOj3, the I-phase lies between
the LN-type ground state and the PK polymorph.) On the
negative side, the spin-ordering temperature for MnVOs; is
expected to be very low, as we obtain a tiny difference of
4 meV/f.u. between competing AFM and FM orders.

Additionally, many of our predicted I-type (nonpolar) ma-
terials present a low-lying LN-type (polar) polymorph that
might be accessible by controlling the growth conditions, in
an analogous way to what has been experimentally realized
for FeTiO3; and MnTiO; [16,17].

Let us also note the cases of MnCrO3; and CrMnQOs3. Our
calculations predict these materials to display a LN-type
ground state, with competitive I and PK phases. Interestingly,
for the PK polymorph our simulations render the proper
ferroelectric Pna2, structure that we predict to be the ground
state of TiCrO3. Hence, the growth of these compounds on
a suitable PK substrates might render an interesting new
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type of MEM with strong ferroelectricity and two magnetic
sublattices. As a bonus, our calculations predict that the
spin order in these compounds will be FM with a relatively
high ordering temperature; most promisingly, for MnCrO3; we
obtain an energy difference between the FM and lowest-lying
AFM states of 60 meV /f.u. in favor of the former.

On a different note, as regards the magnetic order, we have
not been able to identify any clear trends across the family
of compounds here considered. We have the impression that,
to tackle this task, we need a better basic understanding
of the factors determining the magnetic couplings in ABO;
oxides with two different magnetic sublattices, a topic that
is poorly investigated for PKs, let alone for LN- and I-type
compounds.

Regarding magnetism, one may also wonder whether our
results tell us something on how the transitions of the two
magnetic sublattices will occur, e.g., together or separately. To
explore this issue, let us consider the case of CrFeOs, which is
representative of the LN-type AFM multiferroics predicted in
this work (see Table I). Let us postulate a simplest spin model,
with only three independent exchange interactions (Jercr,
Jreres Jorre) connecting close neighbors, thus disregarding
longer-range couplings and atomistic details (e.g., we assume
a Cr atom sees eight equivalent Fe neighbors, which is not
strictly the case in the LN structure). We can then compute
such effective couplings by requesting this model reproduce
the energies of three spin configurations considered in our
screening calculations (AFM1, FM, and FiM in Fig. 1) plus an
additional FiM order in which all Cr atoms are in the spin-up
state while half of the Fe spins point up and half down. The
obtained coupling constants are Jeycr = —0.2meV, Jpepe =
—29.2meV, and Jrec;y = —10.5 meV, where the negative sign
indicates an AFM interaction. These results suggest that the
iron spins will order antiferromagnetically at a relatively
high temperature. The Cr atoms will then be surrounded
by four spin-up and four spin-down irons; thus, the strong
Jrecr couplings between individual Cr-Fe pairs will tend to
cancel out, and the Cr spins will order at a relatively low
temperature dictated by the weaker Jcc, interaction. In sum,
by considering some additional (simple) spin arrangements,
we can supplement our screening calculations and make this
sort of analysis for the investigated materials. However, this
exercise does not allow us to test the validity of the very
simple spin model postulated in this discussion, and the
ensuing conclusions should thus be taken with a grain of salt.
A reliable investigation would require a significant number of
additional calculations to derive and validate a suitable spin
Hamiltonian.

It is also interesting to comment on the electronic state of
the A and B cations in our compounds. In our experience, the
computed magnetic moments are the most informative quan-
tity to estimate ionization states in these oxides, more reliable
than approximate atomic-charge estimates. From the data in
Table I, we find that the vast majority of our compounds
present both A and B cations in a high-spin configuration
corresponding to a 3+ ionization state. Thus, for example, for
a compound like ScTiO; we obtain 1 unpaired spin for the
Ti cation (corresponding to Ti**, or a 3d' electronic config-
uration) and a null magnetic moment for Sc (corresponding
to Sc** and a 3d° electronic configuration). For example, for

MnCrO; we obtain four unpaired spins for Mn and three for
Cr, which correspond to high-spin configurations 3d* (Mn>*)
and 3d> (Cr*"), respectively. This kind of reasoning explains
our results for most of compounds studies in this work.

The compounds with Ni are trickier, though. For example,
according to the data in Table I, for NiCrO3; we would say
that we have a trivial Cr’" in a high-spin state. That would
imply that we have Ni** with a 3d” electronic configuration;
however, if that is the case, the result for the estimated
magnetic moment (about 1.2 unpaired spins) is difficult to
interpret. Indeed, if Ni** were in its frequent low-spin state,
we should find one unpaired electron (or an even smaller
moment, which would reflect a strong hybridization with sur-
rounding oxygens); the other possible state of Ni**, with high
spin, would present three unpaired electrons. The computed
magnetic moment does not correspond to any of these limits,
suggesting that a more careful analysis is needed to clarify the
electronic states in this case. A detailed investigation of such
difficult cases remains for future work.

Finally, let us comment on the thermodynamic stability of
our predicted materials. If one looks at the experimentally
synthesized ABO3; compounds with a small transition metal A
cation, essentially all of them are obtained by special synthesis
routes, typically involving high pressures and/or temperatures
[15]. This implies that the obtained compounds are thermody-
namically metastable, the stable solution corresponding to a
different polymorph or a phase separation into simpler oxides.
For example, this is the case of the LN-phase of ScFeOs3,
which was produced and characterized in Ref. [18], in spite
of its tendency to phase separate; indeed, if, for example, we
consider the lowest-energy solutions obtained in this work
for Fe,O3; and Sc,Fe;, we obtain that the transformation
2ScFeO; — Fe,03 + Sc, 03 is exothermic, with a released
energy of about 0.29 eV. The situation is similar for other
compounds predicted here and which have not been obtained
experimentally yet. Thus, for example, our results indicate
that the reaction 2ScCrO3; — Sc,03 + Cr,O3 has an energy
reduction of 0.15 eV associated to it, while 2CrFeO, —
Cr;03 + Fe, 03 releases 0.12 eV. Hence, from a thermody-
namic point of view, we have reasons to believe that the
synthesis routes that make it possible to obtain materials like
ScFeO3; might also enable the synthesis of compounds like
ScCrO; and CrFeO; as metastable phases. Similarly, as men-
tioned above for the cases of YMnO; and ScMnQOj3, growth
of thin films on suitable substrates is another much-employed
strategy to stabilized metastable polymorphs of ABO3 oxides,
and a promising way to try to obtain the most interesting
materials here predicted. Hence, in conclusion, most (if not
all) our predicted compounds are expected to be metastable;
yet, this fact does not lessen their interest.

V. CONCLUSION

We report on a computational screening of ABO3 oxides
in which both the A and B cations are first-row transition
metals. Our calculations delivered a good number of pre-
dictions of great relevance to the fields of multiferroic and
functional oxides. Most notably, we obtain new candidates
to display magnetoelectric multiferroic properties, including
room-temperature (antiferromagnetic) and lower-temperature
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(ferro and ferrimagnetic) compounds. Further, we find a good
number of high- (even room-) temperature “multiferroic met-
als,” of potential interest for applications requiring a broken
spatial inversion symmetry (from Rashba effects to skyrmions
and photovoltaics). Finally, we obtain several insulating fer-
romagnets, albeit at relatively low temperatures, as well as a
number of interesting metastable structures (e.g., ferromag-
netic multiferroics with proper ferroelectricity) that might be
grown as thin films on suitable substrates. While additional,
more careful and material-specific, first-principles calcula-
tions may be required to better quantify and understand the
properties of some of these compounds, our high-throughput
investigation is detailed and reliable enough to reveal trends
in the considered family and identify promising directions for
further research. We thus hope our work will contribute to

invigorate the field of functional oxides, by broadening the
range of materials types that can potentially present appealing
physical properties and be useful for applications.
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