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Abstract: We use density functional theory (DFT) calculations to show that oxygen vacancies (vO) and
mobility induce noncentrosymmetric polar structures in SrTi1−x−yFexCoyO3−δ (STFC, x = y = 0.125)
with δ = {0.125, 0.25}, enhance the saturation magnetization, and give rise to large changes in the
electric polarization |∆P|. We present an intuitive set of rules to describe the properties of STFC,
which are based on the interplay between (Co/Fe)-vO defects, magnetic cation coordination, and
topological vacancy disorder. STFC structures consist of layered crystals with sheets of linearly
organized O4,5,6-coordinated Fe–Co pairs, sandwiched with layers of O5-coordinated Ti. (Co/Fe)-vO

defects are the source of crystal distortions, cation off-centering and bending of the oxygen octahedra
which, considering the charge redistribution mediated by vO and the cations’ electronegativity and
valence states, triggers an effective electric polarization. Oxygen migration for δ = 0.125 leads to
|∆P| > ∼10 µC/cm2 due to quantum-of-polarization differences between δ = 0.125 structures. In-
creasing the oxygen deficiency to δ = 0.25 yields |∆P|, the O migration of which resolved polarization
for δ = 0.25 is >∼3 µC/cm2. Magnetism is dominated by the Fe,Co spin states for δ = 0.125, and
there is a contribution from Ti magnetic moments (∼1 µB) for δ = 0.25. Magnetic and electric order
parameters change for variations of δ or oxygen migration for a given oxygen deficiency. Our results
capture characteristics observed in the end members of the series SrTi(Co,Fe)O3, and suggest the
existence of a broader set of rules for oxygen-deficient multiferroic oxides.

Keywords: multiferroic materials; magnetic perovskites; oxygen vacancy; density functional theory

1. Introduction

Materials that simultaneously possess at least two ferroic orders (ferroelectricity, fer-
roelasticity, and/or ferro/ferri/antiferromagnetism) are described as multiferroic [1]. The
search for such materials has expanded to several classes of systems, of which the magnetic
perovskites provide outstanding examples with a wide range of cation compositions and
oxygen stoichiometries [1–3]. Among transition metal (TM) perovskites, SrTi1−xFexO3−δ

(STF) and SrTi1−xCoxO3−δ (STC) both display magnetization that depends on their oxygen
content, with typically higher magnetization at higher levels of oxygen deficiency (δ) [4–6].
On the other hand, at room temperature, stoichiometric SrTiO3 (STO) is a nonmagnetic
paraelectric. At low temperatures, it presents an antiferrodistortive structural change that
suppresses the ferroelectric (FE) ordering, as well as quantum fluctuations that forbid
the FE phase transition [7–9]. Several mechanisms promote a FE phase in STO [10,11].
For example, the application of electric fields, A-site cation substitution, strain in thin
films [12,13] and nonstoichiometric solid solutions have all been proposed to lead to a fer-
roelectric response [14,15]. Defects such as coupled Sr (vSr) and O (vO) vacancies, vSr with
interstitial ITi, anti-site TiSr and SrTi and their coupling with vO [16–18] have been suggested
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to promote ferroelectricity in STO with Sr/Ti atomic ratio close to 1 [19]. A-site defects such
as vSr can also mediate polar effects in (111)-oriented and (001)-bulk-terminated perovskites
based on SrTiO3 [20,21].

Oxygen deficiency has been used to enhance multiferroicity in PbTiO3 [22] and ferro-
electric switching in Si-doped HfO2 [23]. Ferroic parameters in YMnO3 [24] and strained
SrMnO3 [25] could be manipulated by using δ as well as the ferroelectric response in
perovskite-structured relaxors [26]. Multiferroism in oxygen-deficient SrFeO3 nanopar-
ticles was also studied [27], and the magnetic ordering followed the tendencies of the
vO-modulated magnetism in STF [4], whereas the FE parameter was not clearly associated
with the vO. STF also displays ferroelectricity in nanocrystalline thin-film form with a
polarization up to 6 µC/cm2 depending on the Fe concentration [28]. In addition, a com-
parable field-driven polarization of up to ∼1 µC/cm2 was realized in Fe-doped, Ti-rich
STO multiferroics at room temperature [29]. In the case of STC, although its FE properties
have not been reported, preliminary work [30] suggests that STC could share some FE
characteristics with O-deficient STO. STC presents a relatively large band gap and room
temperature magnetization [31,32] as well as off-centering features induced by the incor-
poration of Co [33] or through the Co–vO–Ti distortions [34], which are ingredients of the
STO-like ferroicity discussed in this work.

The use of oxygen deficiency as a tool with which to tailor ferroic order parameters
requires a profound knowledge of the roles of the defect density and vacancy distribu-
tions, ABO3 cation symmetry and ratio, as well as of the TM electronic features such as
valence states, radii, electronegativity, stabilizing hybridizations, and occupancies [4,5,34].
Although physical/chemical synthesis is able to control several of these factors [4,34],
obtaining specific polarization/magnetization values requires theoretical and simulation
insights that can help both to narrow the large parameter space of stoichiometries and com-
positions to achieve useful properties and to understand the microscopic mechanisms that
underlie the origin of such ferroic orders in oxygen-deficient perovskites. In this work, we
theoretically explore the perovskite SrTi1−x−yFexCoyO3−δ (STFC) [34] from three perspec-
tives: the effect of different δ values with several vO distributions for each δ; substituting
B cations with Fe and Co in distinct configurations, and modulating the TM spin states
among the possible valance states and spin polarizations. STFC-based systems have been
experimentally studied in the context of oxygen transport in membranes [35], electrical con-
ductivity in energy applications and memristors [36], as well as oxygen electrodes for solid
oxide cells [36,37]. The ferroelectric features of STFC have not been addressed, although
there are indications of multiferroicity in this versatile material as we shall show here.

In Fe-substituted STO, the saturation magnetization can be modulated, and ferro-
electric properties are induced for low x values (Fex, y = 0) [4,29]. STF tends toward
stable antiferromagnetic solutions for low and high δ values, whereas Co-substituted
STO is predominantly ferromagnetic for low O deficiencies without a Fe substitution
(Coy, x = 0) [4–6,38]. The STC band gap increases with δ, with presumably small but finite
electric polarizations [5,30]; STFC presents an oxygen deficiency-modulated band gap that
is maximum at intermediate δ along with the saturation magnetization [34]. On the other
hand, SrFe1−zCozO3−δ, without the nonmagnetic role of Ti, is able to display voltage-tuned
magnetic response [39], which for low z values also displays multiferroicity [27]. All these
factors suggest that Fe/Co-substituted STO could combine magnetic and ferroelectric
order parameters within a realizable range of oxygen deficiency. Moreover, STFC could
help to better understand the role of δ in the triggering of multiferroic behavior. That is,
mechanisms known so far for proper or/and improper ferroelectricity [1–3] do not seem
to completely account for several features of oxygen-deficient ABO3−δ. Therefore, com-
putational engineering of oxygen-deficient compositions could show us one path toward
designing room-temperature multiferroics. Furthermore, studies of order and coordination
of TM cations have recently given new insights into multiferroic properties [4,5,34,39,40],
voltage decay in Li-ion batteries [41,42], oxygen diffusion in strained oxides [43], and or-
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dering in niobium–tungsten complex oxides [44], pointing to the importance of the local
cation order in these materials.

In this work, we primarily focus on the ferroelectric and magnetic response of oxygen-
deficient STFC. We demonstrate this by using density functional theory (DFT) calculations
that oxygen vacancies (vO) in SrTi0.75Fe0.125Co0.125O3−δ with δ = {0.125, 0.25} induce
noncentrosymmetric polar structures, which support large electric polarization changes
|∆P| through vO migration and/or O-deficiency changes that are compatible with a robust
magnetization. We explore a variety of vO configurations and show how |∆P| varies within
∼23 µC/cm2 for the lowest-energy structures, with δ = 0.125 systems displaying the
highest resolved polarization differences. Our results capture key aspects of recent results
on Fe–Co-substituted STO, and give a further insight into the electronic and structural
mechanisms that would enable the realization of multiferroics by using specific defects
and/or cation distributions in ABO3−δ.

2. DFT Modeling

Spin-polarized DFT calculations were performed by using the Vienna Ab-initio Simu-
lation Package (VASP 5.4) [45] within the projector-augmented wave (PAW) method [46]
and with an energy cutoff of 500 eV. k-point grids of 4× 4× 4 for relaxation calculations as
well as 6× 6× 6 k-points for static calculations were used. The valence electrons included
in the chosen pseudopotentials for Sr, Ti, Fe, Co, and O are 4s24p65s2, 3d34s1, 3d74s1, 3d84s1,
and 2s22p4, respectively.

All ions and supercell parameters were relaxed until atomic forces were below 0.05
and 0.01 eV/Å, for large and intermediate δ values, respectively. Oxygen-migration barriers
were computed by using the nudged elastic band (NEB) method [47], with forces converged
below 100 meV/Å and energies below 10−5 eV. The generalized gradient approximation
(GGA) within the Dudarev approach for the +U-corrected Hubbard model (GGA+U) was
used for the d electrons of the TM [48].

The U values used here for Fe, Co, and Ti are 3, 9, and 8 eV, respectively, and were cho-
sen based on an extensive search for lattice parameters, local magnetic moments, and band-
gap behaviors that would best represent end members SrTiO3, SrFeO3 and SrCoO3, as well
as the intermediate solutions SrTi1−xFexO3 and SrTi1−xCoxO3 with x = {0.125, 0.25} [4,5]
(Figures A2–A4); such U values also partially capture distinctive features concluded
from hybrid calculations for STFC [34], and are used here to also calculate the oxygen-
migration barriers and paths. For the purpose of validating our ferroelectric calculations
with GGA+U, we performed additional calculations by using the screened hybrid Heyd–
Scuseria–Ernzerhof (HSE06) functional [49] with 2× 2× 2 and 4× 4× 4 k-points grids, for
a selected set of states, and results are presented in Appendix E.

The electric polarization was calculated by using the Berry phase approach [50].
In this work, we do not consider the ferroelectric response if the systems are metallic
systems [51,52]. Instead, screening based on the formation energy of the defective structures
is used to narrow the configurations to the more interesting insulating vO states. The
calculations involving the Berry phase theory were done with the implementation provided
by VASP [50], and the quantum-of-polarization space analysis, which is discussed in section
IV, was performed with homemade software. The pre- and post-processing of data required
for this work were performed with VESTA [53], CrystalMaker® [54], and pymatgen-based
programs [55].

SrTi0.75Fe0.125Co0.125O3−δ prototypes were modeled by using 2× 2× 2 supercells, with
the pair of Fe–Co ions aligned along [100], [110], and [111] directions, as shown in the upper
panel of Figure 1a. Once the three configurations were analyzed, which is done by testing all
the valence states admissible for the TM stoichiometry and the possible spin polarizations,
vO are created by removing one (δ = 0.125⇒ δ01) or two (δ = 0.25⇒ δ02) oxygen atoms
out of the relaxed δ = 0⇒ δ0 systems, and the resulting structures are grouped following
a symmetry analysis of the configuration space with a tolerance of between 10−3–10−4Å.
For δ01, such an analysis leads to seven nonequivalent O-deficient configurations for [100]
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and [110] TM alignments. The [111] alignment has three configurations, all of them shown
in Figure 1a. In the case of δ02, there exists a total of 156 nonequivalent double-vacancy
structures. For each configuration, we have again considered all the atomic valence states,
which are reflected in several possible high and low Pauli states for the TM, as well as
the possible combinations for the ferromagnetic (FM) or antiferromagnetic (AFM) Co–Fe
exchange coupling. This FM/AFM notation that we have used is plausible in the sense that
our DFT methodology uses periodic boundary conditions to construct the crystal out of
the supercells in Figure 1; however, for nonuniform distributions of Fe and Co ions, these
orderings would be just locally correct. Fe and Co magnetic moments generally differ in
magnitude, such that in the AFM alignment the system has a finite magnetization (i.e., it
is strictly speaking ferrimagnetic); nonetheless, we retain the notation AFM for sake of
simplicity. The valences of the cations are such that we maintain a neutral supercell for a
given oxygen deficiency, and charged defects are not considered because our calculations
suggest spontaneous charging of the vO is negligible, even for an excess or deficiency of
electrons, in agreement with hybrid simulations [34]; therefore, a charge background is
not used [56]. We initialized the systems with those combinations, and then relaxations
without magnetic constraints were performed [5].

a

c
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a
b

c

d

e

f g
a

b c

g

d

f e

(a)

CoFe Ti

[111][110][100]

O vO

∆E100
δ0

= 0.92 eV∆E100
δ0

= 0.08 eV

(b)

(c)

Conductor gs
Semiconductor gs

Figure 1. (a) Fe–Co arrangements in a 2 × 2 × 2 perovskite cell and vO positions for δ01.
∆E100

δ0
= difference with [100] configuration. (b) Formation energies E f for the ground state (GS)

found for all vO in the three Fe–Co configurations for δ01, and (c) E f for δ02; vO positions are labeled
with letters as defined in Figure A1 of the Appendix A. Solutions marked with vertical lines, a, b, c
(δ01), and a′, b′, e′, and m′ (δ02) are used for subsequent analysis.
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Although O deficiency is commonly observed in experiments, a path to use it to
selectively enhance ferroic parameters is still unknown. The data obtained in this work
provides insight into a general approach. We consider materials that favour large local
magnetic moments, which implies states with at least one vO coordinating either a Fe or
Co cation, as this favors high-spin states [5,34] and therefore a larger magnetization per
unit cell. This constraint narrowed our configurations down to 59 structures which are
displayed in Figures 1 and A1. We then analyze their formation energies, remembering
that although for STC and STF the [100], [110], and [111] alignments of the Co or Fe ions
display energetically distinct states for the same magnetic saturation [4–6,34], and that for
most cations the chemical potentials are equal to the DFT ground-state energies, for some
elements at T = 0 the ground state (GS) is inadequate as a reference state and corrections to
the energies should be made (e.g., to elements with structural phase transitions below room
temperature (Ti, Na, Sn), diatomic gases (O), and elements subjected to +U corrections [57]).
Moreover, different coordination numbers due to vacancy distributions are related to the
ionic radii, which in turn can be related to various valence states; therefore, comparing the
Equation (1) results is more appropriate than total energy comparisons. The expression for
the formation energy E f is

E f = EvO − Eδ0 + NvO µO, (1)

where EvO is the total energy of the defective crystal after relaxation, and Eδ0 is the total
energy of the crystal corresponding to δ0. NvO is the number of removed oxygen atoms, and
µO the chemical potential with respect to O2 [58]. The energies obtained with Equation (1)
are also corrected by using the fitted experimental enthalpies, as GGA/PBE calculations for
O2 tend to suffer from overbinding errors [59,60]. The resulting energies are presented in
Figure 1 according to the respective orientations of the Fe–Co pairs i.e., along [100], [110],
and [111] crystalline axes.

In what follows, we use the data in Figure 1 to evaluate the ferroic order parameters
of STFC by using a representative set of states that are selected as described below. The
ferroic order parameters are compared in terms of the oxygen deficiency δ, and for each δ
an oxygen-migration analysis connecting the lowest-energy vacancy states is performed
in search of those insights that lead us to further understand how to design a multiferroic
perovskite by controlling its oxygen content.

3. Results
3.1. Representative Configurations

The results of the evaluation of Equation (1) for the remaining vO ground states (GSs)
described in the previous section are depicted in Figure 1 panel (b) for δ01 and panel
(c) for δ02. Although most of the GSs are semiconductors, there are few configurations
which posses a slightly lower energy semi-metallic solution among the several possible
initializations mentioned above. In those cases, we have shown both solutions for the sake
of illustration, although the lowest energy solution for what turned out to be the most
representative Fe–Co crystal arrangement is a semiconductor state in either δ01 or δ02 cases.
Moreover, TM cations, such as the magnetic Fe and Co, are able to accommodate a wider
range of spin states than their diamagnetic counterparts; therefore, any response of the
valence states to oxygen content could also lead to hopping conductivity [61]. Mobile
charges would screen out the electric polarization, limiting the ferroelectric response;
therefore, we focus on the semiconductor states, which were also compared to the GSs from
hybrid DFT calculations [34], and allow us to evaluate the electric polarization within the
Berry phase approach.

Considering the results of Figure 1, a preference for the vO to be coordinated by
[100]- and [111]-oriented Fe–Co pairs is observed, as Ti–Ti coordinated vacancies tend
to have significantly higher E f . This is consistent with the preference for at least one
O5 uncompleted octahedral site hosting Co and Fe ions, reducing the number of δ02
configurations to be analysed. However, the total energy differences between configurations
with [100]-oriented Co–Fe and the other two orientations for δ01 and δ02 deficiencies is
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at least ∼ 0.6 eV and ∼ 0.7 eV, respectively, when comparing [100] and [110], with even
larger differences for [111]. Moreover, the energy differences between Fe–Co pairs favor
[100]-configurations by ∼0.1 vs. [110] and ∼0.9 eV vs. [111], as Figure 1a shows.

We comprehensively analyzed the magnetic/electric order parameters of the three
lowest-energy GSs of O-deficient structures with the [100] Fe–Co arrangement and δ01 as
pointed out in Figure 1 (vertical lines). In the case of the same cation arrangement for δ02,
we analyzed the three lowest GSs plus a fourth GS that is energetically closest to the other
three states, as also depicted in Figure 1. The structural and magnetic properties of these
perovskites are described in Table 1. The system relaxes to FM ordering in the global GS
with spin gaps below ∼20 meV of AFM orderings in P1 and P4/mmm symmetries for δ01
and δ02, respectively. P1 has the lowest symmetry due to the vO oriented perpendicular
to the Fe–Co alignment, which is responsible for the larger unit cell (UC) volume with
respect to P4/mmm. The Fe and Co ions are stable as high spin states for δ01 and δ02,
and the magnetic moment/UC slightly increases from [100]b to [100]a′ , as both Fe and Co
are sandwiched by a vacancies in a′. The band gap also increases significantly for any
δ02 compared to any δ01 solution. FM and AFM orderings compete among GS solutions
depending on the number and location of vO with respect to the Fe–Co pair. These results
are in partial agreement with hybrid calculations [4,5,34].

Table 1. Semiconductor GSs: [100]a,b,c for δ01, Figure 1a; and [100]a′ ,b′ ,e′ ,m′ for δ02, Figure 1b. ∆E with
respect to the lowest GS. The space group was obtained by using a tolerance of 0.05 Å.

Vacancy a (Å) b (Å) c (Å)
Volume

(Å3) µB/Fe µB/Co µB/UC Order ∆E
(meV/f.u.)

Egap
(eV)

Space
Group

[100]a 8.01113 8.00104 8.00101 512.843 3.96 3.21 0.87 AFM 17.1 0.0 P4mm
[100]a 8.03717 7.9533 8.01124 512.094 4.10 3.43 8.90 FM 37.1 0.39 Pmm2
[100]b 8.03101 7.97895 8.03229 514.696 3.37 2.90 0.84 AFM 0.8 0.40 P1
[100]b 8.03693 7.97111 8.03031 514.442 3.41 2.91 6.87 FM 0. 0.45 P1
[100]c 8.00861 7.99924 8.03576 514.793 3.60 2.87 6.91 FM 66.8 0.0 Pm
[100]c 7.9939 8.01455 8.02041 513.847 4.12 3.32 0.91 AFM 82.1 0.64 Pmm2

[100]a′ 7.93281 8.0405 8.04098 512.883 3.63 2.88 1.00 AFM 0. 1.20 P4/mmm
[100]a′ 7.92617 8.04598 8.04597 513.122 3.64 2.87 7.02 FM 20.2 1.14 P4/mmm
[100]b′ 8.08034 8.07529 7.97517 520.313 4.08 2.91 6.88 FM 33.7 1.56 P1
[100]b′ 8.10709 8.03554 8.00719 521.573 4.07 2.85 0.88 AFM 46.1 1.55 Pm
[100]e′ 7.96727 8.09836 8.04881 519.323 4.07 2.87 0.85 AFM 61.6 1.32 Pm
[100]e′ 7.96523 8.10383 8.04897 519.551 4.09 2.92 6.84 FM 64.8 1.35 P1
[100]m′ 8.03584 8.10503 7.9565 518.213 4.08 2.87 2.84 AFM 66.5 1.77 Pmm2
[100]m′ 8.04113 8.10629 7.95194 518.337 4.09 2.92 8.83 FM 73.1 1.73 Pmm2

E f in our analysis is not significantly affected by magnetic interactions between va-
cancies and the periodic boundary conditions images as suggested by HSE calculations
in STC and STFC [5,34] i.e., as we shall discuss later, vO distributions of interest seem
to promote ferroelectric states partially because of the tendency of the π(d-p) orbitals to
localize into lower symmetry structures while the degeneracies are broken principally
by breaking Hund’s rules [62,63], as suggested by the predominance of high spin states.
Oxygen-mediated phase separation and nonnegligible defect interactions have been ob-
served in similar materials and have been associated with negative or negligible E f [64];
the stoichiometry and defect configurations analysed here do not suggest the occurrence of
that phenomena in STFC.

The rest of this paper is focused on the differences in electrical polarization between
the structures illustrated in Figure 2. Global GSs, as well as higher energy solutions, are
considered so that magnetization and structural changes can be compared more generally
along with the electrical polarization behavior.
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Figure 2. PQ differentiated polarization within the Berry phase approach. (a) |∆P| between δ01 gs
in Table 1. Symmetrical x-axis P for [100]a (dashed) is also shown. (b) The sides of the triangles
represent the minimal |∆P| for the respective end-states in the inset frame; the |∆P| values are
shown on each side. (c) STFC supercell with O migration between [100]a ⇔ [100]c (P fingerprint
shown in (a)). (d) Energies relative to the δ01 gs along the [100]a ⇔ [100]c migration for FM/AFM
alignments ([100]a ⇒migration coordinate 0.0; [100]c ⇒migration coordinate 1.0). (e–h) The same
information as presented in (a–d) but involving instead δ02 gs in Table 1 and the migration [100]b′ ⇔
[100]e′ ([100]b′ ⇒migration coordinate 0.0; [100]e′ ⇒migration coordinate 1.0).

3.2. Electric Polarization and O Migration

The electric polarization order parameter is defined as follows:

P = Pion + Pelec, (2)

with Pion and Pelec the ionic and electronic contributions respectively, which are given by

Pelec =
occ

∑
n

1
Vcell

3

∑
j=1

pnjaj (3)

Pion =
e

Vcell
∑

i
Ziøi (4)

where we have summed over the occupied n bands, and the ionic contribution is defined by
the Zi charges of the atomic nuclei and their positions øi in the UC. The pnj are the reduced
polarizations, i.e., the components of the polarization along the primitive lattice vectors,
which in terms of the reciprocal lattice vectors have the form

pnj =
Vcell
2π

bj · Pn. (5)

However, as the Bloch functions used to evaluate the Berry connections are not
unique [65–68], two different sets of periodic functions follow the relation

p̃nj = pnj + emj, (6)
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where mj is an integer. Hence, the electric polarization can be expressed as

P̃n = Pn +
e

Vcell

3

∑
j=1

mjaj = Pn +
eR

Vcell
, (7)

with R = m1a1 + m2a2 + m3a3 a lattice vector. This result implies that the polarization is
well-defined just up to the modulus of the eR/Vcell quantity (i.e., all the points defined by
Equation (7) are valid solutions to Equation (2)). The quantity separating two different
polarization values is called the quantum of polarization PQ

PQ = eR/Vcell . (8)

This quantum is subject to the indeterminacy introduced by the freedom to choose
the atomic base for a periodic lattice of point charges. Moreover, P is invariant to unitary
unit cell translations for which moving the origin of coordinates is not generally a way
to resolve the multiple polarization values as would be the case if the total polarization
was a well-defined basal property. This leaves us with a property that can be found from
a lattice of polarization, the different components of which along the lattice vectors are
expanded by PQ, such that P = Pion + Pelec + PQ. ∆P is only determined within such a
quantum uncertainty; hence, the process of resolving the polarization requires evaluation
at intermediate steps connecting the end structures of interest; this will result in branches
of polarization separated by quanta as displayed in Figure 2 [65–68]. Some of the processes
that can be used to generate intermediate linking structures are ionic displacements, defect
migration, applying strain, and/or inducing structural changes with pressure or external
fields [65,66].

Let us discuss now the evaluation of ∆P for the systems in Table 1. Figure 2a,e reveal
the values of the electrical polarization lattices in STFC for δ01 and δ02, correspondingly. In
order to obtain the change in the polarization, which is the more meaningful quantity from
an experimental point of view, we compared the lowest GS by using the lattice of polariza-
tion given by the different PQ solutions, and in that lattice the figures formed by joining the
P points associated with each defect configuration will have sides of magnitude equivalent
to |∆P|. Our first observation is very promising: Figure 2a for δ01 shows that O-deficient
STFC perovskites can have sufficiently noncentrosymmetric polar structures to yield out-
standing |∆P| values. Figure 2b enlarges the smallest possible changes in polarization,
within eR/V uncertainty, which occurs when the system transitions from [100]a to [100]b
(i.e., 10.19 µC/cm2); by comparing [100]c-[100]b or [100]a-[100]c, we obtain 12.89 µC/cm2

and 12.12 µC/cm2, respectively. These values are in the range of the polarization of known
ferroelectrics [1,2,69].

To resolve |∆P|, we find the values of the polarization between the end points defining
two different structures in Table 1. Those values connect two vertices that might be sepa-
rated by different PQ, in which case |∆P| values would be larger than the ones mentioned
above, and would capture features associated with electronic structure changes that differ-
entiate those ground states. Structural deformation due to oxygen diffusion could lower
the symmetry and lead to large lattice-parameter changes as in strained/pressure-induced
ferroic transitions, and charge transfer and redistribution could be mediated by migrating
oxygen [4,6,70]. Hence, we analyze the effects of adiabatic oxygen migration by following
NEB-relaxed paths [71,72] between selected vO sites. Figure 2 displays two representative
migrations, and Figures A5–A10 contain additional examples.

Symmetry-equivalent vO configurations lead to symmetric barriers, whereas migra-
tions connecting energetically different configurations are represented by asymmetric
barriers as seen in Figures 2 and A5–A10, which resemble, for example, oxygen diffusion
along different O5-defined NaBiTiO3 planes [73]. In our case, for instance, symmetric
[100]c vO have the z–y plane defining ∆P as Px does not change in that rotation, but the
local magnetic moments do not change either because neither Fe nor Co coordinations
are being modified (Figure A7). The migration barriers for symmetric cases are in gen-
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eral comparable or even larger than nonsymmetric ones, and in the process of tuning
the ferroelectric and/or magnetic order parameters, energetically different vO are most
likely to be involved in an oxygen-driven structural accommodation, which leaves us with
the migrations [100]a to/from [100]c or [100]b if we restrict for sake of comparison to ∆E
approximated to the separation between the lowest and the second-lowest GS. We display
in Figure 2a the continuous polarization footprint of a system in which an oxygen moves
from the Fe–O–Co position to the vO in [100]c and back to the vO in [100]a along the path
illustrated in Figure 2c. Moreover, in Figure A8 the results for migration between a and b
are shown.

In the migration from [100]a to [100]c the semiconducting character of the system is pre-
served throughout the intermediate migration states independently of the spin polarization,
and it has a y-reflection symmetry and thence provides Py = 0-centered solutions for the
polarization. The FM path requires slightly more energy than the AFM one although it is
lower in the vicinity of the [100]c end point Figure 2d, which means it would require around
the spin-gap energy difference to maintain the material as a semiconductor throughout the
whole path. The magnetization/UC would decrease because of the change in magnetic
order rather than due to a decrease in the local magnetic moments observed in the FM path
(Figure A5), which is also related to the steepest decrease of the energy band gap in this
last path as TM orbital occupancy is slightly increased; such magnetization is nonetheless
of considerable magnitude ∼1 µB. The electric polarization on the other hand is now not
restricted to the closest values within the P lattice, such that |∆P| for [100]a-[100]c vacancy
switching would reach ∼24 µC/cm2.

Figure 2e presents the values of the electric polarization components as well as the
|∆P| values between the δ02 structures in the same way that Figure 2a does for δ01 but using
instead the four δ02 structures in Table 1. We can also see the electric polarization fingerprint
for the adiabatic O migration of the Fe–O–Ti oxygen perpendicular to the Fe–Co line in
[100]b′ to the Fe–vO–Co in [100]b′ , leading to [100]e′ , as Figure 2g illustrates. As we compare
figures (b) and (f), it is clear that lowest energy GS for δ02 provides a smaller |∆P| than
those obtained with δ01. We have to take into account an energetically expensive fourth GS
[100]m′ in order to reach similar polarization values with two vacancies (e.g., differences
between the first two GS configurations for δ01 and δ02 are 10.19 µC/cm2 and 2.71 µC/cm2,
respectively); this is a persistent trend among O-deficient perovskites in Figure 1. This
leads to the observation that connected polar end structures for δ01 yield larger |∆P| than
those obtained for δ02.

A second observation is that crystals with such increased δ yield |∆P| differences
that are more sensitive to the vO symmetry and are consistently larger when, among the
three energetically lowest vO, the two compared δ02 configurations share a c vacancy. In
contrast, sharing no vacancies or sharing a vacancies leads to lower changes of polarization.
The inclusion of g vacancies always increases the changes of the polarization but, unlike
the result for the lowest three GSs, it will favor the duplicity of the a defects. The energy
barrier for δ02 between [100]b′ and [100]e′ also shows an energy difference between FM and
AFM polarizations, which favors the AFM e′ polarization throughout the migration path in
terms of energy, but the spin gap is again relevant in the vicinity of the Fe–O–Ti oxygen
position. A third general observation that we can extract from Figures 2, A5 and A6 is
that for δ01 it is possible to find an oxygen migration linking two distinct configurations in
Table 1 (or their symmetrical representations), which could generate a finite ∆P through a
continuous polarization footprint connecting the end states. For δ02, however, such a polar-
ization footprint presents a nonmonotonic path due to polarization jumps of magnitude
comparable to the differences in polarization between the GS configurations for δ01 and δ02
within the first PQ. Whereas for δ01, uncompleted paths could be found (e.g., when some of
the intermediate states turned out to be metallic), in the δ02 case not just all the end states
are semiconductors, but they remained as such when disturbed by the vacancy relocation.
Therefore, the polarization can always be defined but not always be fully resolved. A
change in the branch PQ separating the available end solutions of the electric polarization



Magnetochemistry 2022, 8, 144 10 of 30

should always consider at least the closest one as is evident, for instance, in Figure 2e,
where the migration path suggests two different |∆P| that are different from the one in
Figure 2f (i.e., |∆P| ∼ 36µC/cm2 and |∆P|∼21 µC/cm2, as seen in Figure 3 at δ = 0.25). In
the following section, we will discuss these jumps of polarization along with several other
features of the magnetic/electric response of our oxygen-deficient perovskites.

Figure 3. (Top panel) Polarization changes |∆P| between studied configurations and (bottom panel)
band gap. The lowest two |∆P| at each δ (dashed lines) are shown. |∆P| obtained from migrations
shown in Figure 2a,b are marked with crosses. Band gaps shown for δ01 and δ02 correspond to the
lowest-energy semiconductor states of Table 1.

The results so far show that the O-deficient STFC is indeed electrically polarized, as
well as magnetic, and can display a significant change of electric polarization by tuning
the oxygen vacancy content and/or transporting oxygen while maintaining the crystal
among the stable solid solutions along paths with various energy barriers depending on
the magnetic configuration of the end states. Furthermore, we have shown that FM or AFM
ground states have a different saturation magnetization that provides the material with
two field-tunable order parameters. The relation between the magnetic and ferroelectric
behavior according to the role of TM cations (Co/Fe), migration paths and the structural
and electronic trends will be discussed in the next section along with an intuitive picture
of the effect of varying oxygen pressure during growth to obtain a specific multiferroic
response of the material.

4. Discussion

The polarization changes have been discussed in terms of oxygen diffusion, which
may be controlled electrochemically (e.g., by ionic liquid gating or oxygen pumping), or it
may be driven by temperature fluctuations or strain effects. This provides the possibility
of direct control over the polarizability of such materials post-growth, as well as via the
oxygen pressure during growth. In Figure 3 we show that although the centrosymmetric
stoichiometric solutions do not predict a switchable polarization, increasing the deficiency
δ of the perovskite yields polarization changes |∆P| that are larger for δ01 and decrease
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for δ02. However, in both cases a migration mechanism can improve upon such a value,
providing us with at least twice the initial response for one vO and up to ∼4–6 times
for two vO. The largest |∆P| attainable, according to our calculations, likely requires
vacancy migration. This mechanism has been widely studied in solid perovskite fuel cells,
perovskite-based capacitors, solid electrolytes and all-oxide electronics [74,75]; however, its
use in multiferroics as a mechanism to assist ferroic-order is unexplored.

Considering the GS, Figure 4 suggests the magnetization follows a similar behavior as
the changes of the electric polarization when δ increases. However, if migration occurs, for
instance for δ01 between a and c, the magnetization would decrease considerably while the
electric polarization switches. On the other hand, when oxygen migrates between a and b
sites, the magnetization will slightly decrease while the change of the polarization cannot
be determined as the system becomes metallic at intermediate points of the migration. For
the migration in Figure 2e,f at δ = 0.25, we will have an inverse change in |∆P|, increasing
when relaxing from e′ to b′, while the magnetization/UC decreases. This magnetization
behavior qualitatively replicates the experimental magnetization trends of STF [4]. The
maximization of both polarization and magnetic moment in some of the cases is intriguing
considering the effect of 3D occupancy in perovskites, i.e., partly filled 3D orbitals promote
magnetism but disfavor FE [1,2].

Figure 4. Fe/Co and cell magnetic moment vs. δ. Values shown for δ01 and δ02 correspond to the
lowest-energy semiconductor states of Table 1.

Let us now analyze the roles of Co and Fe during oxygen migration. Comparing
vacancies a and c for δ01, Figure 4 shows that the largest change of the magnetic order
parameter is not due to a change in the electronic occupancy of the TMs as the vacancy
moves between Fe–O6/Fe–O5 and Co–O5, but to the magnetic switching between the two
energetically close GSs. The Co has a very small change of its magnetic moment compared
to δ0 solutions, whereas Fe has increased more appreciably for δ01, being then responsible
for any effective saturation magnetization of the c solution. Figure 5 displays the differences
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between the electronic occupancy of Co/Fe and the cation polarization, which is driven
by the rotation of the vO in the Co–O5 with respect to the Fe–Co line as Figure 6 also
illustrates. In Figure 7, we can see that such vacancy interchange will modify the total and
d-orbital charges of the Co even though it remains in an uncompleted oxygen octahedral
coordination, due to the larger electronegativity of Co with respect to Fe. In addition,
the smaller changes for Fe still give rise to a slightly larger increase of the local magnetic
moment, which is a sign of an intrinsic charge reorganization among the hybridized orbitals
of the Fe–O–Co bonding.

Figure 5. Fe, Co, Ti, and O projected density of states (DOS) for [100]a,c and [100]a′ ,b′ ,e′ corresponding
to δ01 and δ02, respectively.

Figure 6 shows density charge differences of a and c for δ01 with respect to the
nonoxygen-deficient system. These representations, which are calculated for defective
structures with the same symmetry as in Table 1, provide a simple but powerful insight
about the origin of the electric polarization in the perovskites. The resulting structures are
noncentrosymmetric and have off-centered Co and Fe cations as well as Ti ions. The uncom-
pleted Fe/Co–O5 octahedra present local bending with respect to the plane perpendicular
to the Fe–vO–Co and Ti–vO–Co directions that is reflected in tetrahedral lattice distortions.
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The symmetry of the charge density suggests that the creation of the oxygen vacancy
has promoted a subtle charge redistribution that is more evident in the case of Co cations
as they present a larger change of local charge. Fe and Co coordinations also show distinct
characteristics beyond the ionic radii changes that are triggered by the 3d-2p hybridization
of the TM at the Fe–O5 and Co–O5 centers, as also suggested by the projected density of
states in Figures 5 and A11. One of the signatures of the Fe and Co behavior can be seen
in Figure 5. For δ01 Co, hybridization defines the acceptor-like states delimiting the band
gap whereas half-filled Fe states form the Fermi limit of the valence band. For δ02, the
additional electrons partially occupy the acceptor states, increasing the gap and proving
the propensity of Co to fill 3D orbitals under variations of charge, whereas Fe orbitals tends
to reach high-spin states so that the closest empty state has always opposed polarization to
the majority populated states. These features are useful ingredients for the generation of a
material whose ferroic degrees of freedom do not exclude each other.

Figure 6. Projected charge density difference ∆ρ = ρ(δ01) − ρ(δ0) + ρ(ORemoved) (in a 2× 2 unit
cells projection), with ρ the respective charge densities, for [100]a (a) and [100]c (b) configurations.
Charge accumulation/depletion (positive/negative ∆ρ) is represented by using blue/red colors. A
green-dashed circle has been used to highlight the vO local position (one out of four is displayed).
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Figure 7. Total and d-orbital Fe/Co charge variation vs. δ with respect to δ0 perovskites. Values
shown for δ01 and δ02 correspond to the lowest-energy semiconductor states of Table 1.

With the introduction of a second vacancy, which for the sake of comparison is either
a, b, or c, we know that the minimal electric polarization changes tend to decrease. b′

could maintain an FM magnetization, whereas e′ presents an AFM coupling with nonzero
magnetization as the Co and Fe local moments change. Figure 7 shows that the additional
c-vO mimics what happens with δ = 0.125, and Fe decreases its charge even further,
whereas Co does the opposite for b′. This is consistent with the fact that we have Co–O4
and Fe–O5 octahedra (b and c are the second and third GSs for δ01 as well as b′ and e′ for
δ02, respectively, these last differing in the vacancy switching a− b). The change in Co
d-occupancy are favored, but, unexpectedly, the change for Fe is negligible. Comparing
c to e′, Fe–O6 converts to a Fe–O5 without a Fe-nvO–Co, which for δ01 favors a change
in d-occupancy of Co. Compared with Figure 4 and the projected density of states in
Figure A11, it is clear then that the Fe/Co t2geg electron population is no longer defining
the saturation magnetization alone. The previously magnetically neutral Ti are able now
to play a role by contributing with a magnetization equivalent to one electron, as seen in
Figure A6, where the magnetization originates on the O5-coordinated Ti1 for Co–vO–Ti in
[100]b′ and Ti2 for Fe–vO–Ti in [100]e′ .

Ti2 for instance, as seen in Figures 2 and A6 for migrations between b′ and e′, passes
from zero to a finite ∼ 1µB halfway along the migration path; Ti1 behaves in the opposite
manner. This happens when the Co coordination passes from O4 to O5 whereas the Fe
coordination remains O5. In this last configuration, a Co–O–Ti1 3d-2p hybridization turns
Ti1 off with that additional Co charge as Figures 7 and 5 show. When oxygen migrates to
form a, the Ti octahedra can intuitively be thought of as having a charge transfer process
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in which Ti2 now has a similar hybridization to that described for Fe–O–Ti2, with the Ti
now in an uncompleted Ti–O5. This magnetization process of Ti ions through hybridised
orbitals represents a process in which an electron is given and received due to the different
electronegativities and electronic valences, as well as to the local defect topology with
respect to the neighboring TM cations. It differs from what happens in vacancy-induced
magnetism in SrTiO3−δ [7], as in that case nonfilled 3d-Ti orbitals can locally define the
magnetization. The Ti1,2 magnetic activation in b′ and e′ is then due to a superexchange-like
mechanism between those ions that is dominated by the Co and Fe electronic environmental
response to the vO.

Figure 8 gives a pictorial description of the charge transfer due to the relocation of
the vacancies, which is equivalent to the change in the TM octahedral coordinations. In
the case of the migration in Figure 2 the Fe and Ti1 remain in 5 coordination but Co and
Ti2 change from 4 to 5 and 6 to 5 coordination, respectively. A Ti coordination changed by
1 means that an effective electron charge loss or gain, which means a ∓1µB change in Ti
magnetization. On the other hand, the change in the local magnetic TM will change the TM
valence spin state. An effective ±1µB variation in the Ti will result from the hybridizations,
as the covalent character of the Co/Fe–O–Ti1,2 persists. The initial polarization of the Ti
ions with respect to the magnetic cations follows the magnetic description here and in
references [4,5,34], which puts the Ti1,2 ions with a different polarization with respect to
Co–Fe FM coupling and the opposite of that for AFM coupling. The magnetic solutions for
the crystal images in between the end states will simply switch, as can be seen in Figure A5
for all the δ02 migrations. This behavior just described is common among all the δ02 systems
we handled in this investigation.

Figures A5–A10 show that migration barriers in STFC range between ∼40–130 meV/f.u.,
with the lowest values obtained for migrations involving “excited” vacancies coordinating Ti
ions. Comparatively, some of the previously calculated barriers for STO are around
∼50 meV/f.u. [76]. Our energy barriers indicate the possible costs of an oxygen mo-
bility process. They are measured with respect to the global GS in Table 1 and connect end
states that can have slightly different symmetries. Features such as the small well-like steps
separating the large barrier from the stable GS are attributed mostly to the relaxation of the
O5,4 uncompleted octahedra, whose bending with respect to the Co/Fe-vO line changes
during the migration. O5 undergoes an initial rigid rotation before the planes perpendicular
to the (Fe/Co)-vO bend. This asymmetric energy landscape resembles the trapping effect
in Gd-doped CeO2 [77] which, however, can be tuned through oxygen vacancy migration.
Pronounced features, which reach negative energy in a few cases, represent the instabil-
ity of the intermediate states when a conductor–semiconductor transition is possible, as
Figure A8 shows. Although the final path of the oxygen could lead the ions into otherwise
interoctahedral space, as displayed by the z-(x, y) solutions for the NEB coordinates in
Figure A7, this is not really an interstitial diffusion phenomenon, as observed in electrolytes
under strain [78] or in promotion of TM shifting/diffusion through vO migration in bulk
LiNiO2 [79]. In this last case, and in our STFC, there is always a spin polarization solution
that keeps the system semiconducting. In general, oxygen migration between O4,5,6 sites
depends on the pathway and the coordinating A(B) ions for the end-vO. We have three
different B ions stabilized in different spin states, so we expect our systems to mimic a
variety of features for the migration barriers as described for O2 diffusion in NaBiTiO3 [73].
The changes in ferroic order parameters still depend upon the full relaxed GS.
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Figure 8. Coordinations of the Ti, Co, and Ti1,2 ions as the migrations connecting b′ with a′, e′, and m′

occur. Arrows point out the vertex between which the oxygen move starting in this case, e.g., from
b′. Black numbers represents O coordinations that do not change from b′ to any other configuration
whereas white ones have changed by 1.

Lattice distortions in Figure 6 and Table 1 suggest that |∆P| for δ02 configurations
could be enhanced by lattice strain, which is useful if we were to use strain mechanisms
to tune the migration barriers while conserving specific symmetries for the defective end
structures [78]. The structural effect of vacancies can itself produce or suppress polar
structures, e.g., [100]a has a P4mm structure without inversion symmetry along the Fe–Co
direction whereas [100]c has a Pmm2 orthorhombic structure. They both represent a finite
change of the electric polarization as seen in Figure 2. In the GS case for δ02, the inclusion of
a second vO in O–Fe–vO–Co reestablishes the inversion symmetry and as a consequence the
polarization decreases. Nonetheless, any |∆P| still requires a nonzero band gap. Although
δ02 systems are semiconductors, the migration paths in Figures 2, A9 and A10 seem to be
unable to completely resolve |∆P|, even when such semiconductor behavior remains in the
intermediate structures. This is because of the jumps in the polarization fingerprint, which
follow the charge transfer that separates the two end states, as Figure 5 and supplementary
figures illustrate. A denser grid of intermediate structures would still have some jumps
in the path as charge is redistributed into ions that are in generally not symmetrically
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equivalent, which are responsible for the largest part of the polarization change. The
magnetization could be used to narrow the structural region of imminent electronic transfer
by using, for instance, a climbing point technique, but this is beyond the scope of this work.

In our search for the STFC electric order parameter, we have used a semi-local func-
tional that is adapted to the TM nature of the solid solution through the +U, which, in
turn, we fixed to a plausible value after a systematic analysis of the GS and experimental
properties of several STO-based magnetic solutions. Nonetheless, it is pertinent to check
the robustness of the electric polarization behavior in Figure 2 when we modify +U. To
do this, we have chosen the δ01 configurations, as they display similar changes of electric
polarization for a given δ. Then, we tune +U of Co because among the TM studied here,
Co is the species associated with more possible U values. Figure A15 displays the trian-
gles of electric polarization changes as calculated for several UCo. We have kept UCo > 5
eV, because lower values can render the system conductive, as suggested in Figure A14.
Figure A15a shows that the electric polarization changes do not depend, importantly, on
the U value for Co within that range, independently of the vacancy location. Figure A15b
displays the same calculations, but in this case using both an HSE functional constrained
to the same conditions as in Figure A15a, and a total HSE relaxation, which is then also
constrained magnetically. These last figures show a decent agreement between the GGA+U
predictions and the HSE ones. That is, the magnitude of the changes of the polarization are
similar, and the major differences do not seem to come primarily from the improvements
that HSE does by capturing the spin occupancy more precisely, but from its ability to
capture slightly better some of those subtle structural changes created by the vO, which
converge differently than the magnetism. A study of the possible magneto-electric coupling
in these tentative multiferroic materials would require more sophisticated methods that
could provide us with more precise U values for every vacancy distribution, for instance, by
using cRPA calculations [80]. On the other hand, the use of oxygen deficiency as a trigger
to multiferroic behavior requires us to classify accurately the metallic or semiconductor
characteristics of systems that relax to energetically close GSs corresponding to different
spin states. Although HSE and similar hybrid methods are useful in that respect, new
methodologies such as occupation matrix control (OMC) [81] could offer an opportunity to
deal with these oxygen-deficient perovskites improving upon hybrid methods with respect
to computational times, screening parametrization and spin initializations.

The concepts discussed here to modulate the order parameters by tuning the oxy-
gen deficiency as well as promoting oxygen mobility in O-deficient structures should
be capable of experimental demonstration. Engineering of O-deficient TM-based mag-
nets/ferroelectrics is now within reach. Stable three-state nonvolatile memory devices were
realized by combining both ferroelectricity and oxygen vacancy migration in Pt/BTO/STO,
where oxygen vacancies modify the switching properties [82]. Combined in situ scanning
probe and transmission electron microscopy has been used to study the field-induced
migration of oxygen vacancies in thin films of PrCaMnO3. The oxygen vacancies in the
material have been imaged in situ and are found to migrate under an external electric
field [83]. Measurements of thermally stimulated and pyroelectric currents were performed
in STO single crystals subjected to an electric field. A dielectric-to-pyroelectric phase
transition in an originally centrosymmetric crystal structure with an inherent dipole mo-
ment is found, which is induced by oxygen migration [84]. Moreover, changes in oxygen
content are achievable, e.g., by ionic liquid gating, so one has a path to modulating the
properties in real time [85]. For instance, it has been recently shown that a redox-driven
reversible topotactic transformation in epitaxial SrFe0.8Co0.2O3−δ thin films can be achieved
at room temperature and at atmospheric pressure. This transformation triggers changes
in electronic structures as well. Reversible redox reactions and/or associated changes at
low temperature and under atmospheric pressure are particularly valuable to develop a
cathode for solid-oxide fuel cells [86].
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5. Conclusions

We demonstrated that STFC is a magnetic semiconductor capable of sustaining electric
polar structures for a range of TM orderings and O deficiencies. Variations of δ and O
migration are effective mechanisms by which to tune magnetic and electric polarization
changes and therefore engineer perovskites by using O deficiency and cation arrangement.
The Fe and Co TM contribute differently to the order parameters according to their elec-
tronegativity, radii, and spin valences, which allows us to design a variety of vacancy
densities and cation and vacancy distributions such that both magnetic and ferroelectric
orderings can be enhanced.

The preferred ground states of STFC consist of layered perovskites with sheets of
linearly organized O4,5,6-coordinated Fe–Co pairs, separated by Ti ions, and sandwiched
with layers of O5-coordinated Ti, which provides a first suggestion for the engineering of
a STFC-based multiferroic. The model suggests that vO are not uniformly spread all over
the crystal but they stabilize at the Fe–Co octahedra, resulting in a layered STFC in which
the magnetic TM are locally undercoordinated in contrast to the Ti layers that are mostly
not defective. The Co,Fe-vO defects are the source of the crystal symmetry distortions,
off-centering of cations and bending of the oxygen octahedra.

Oxygen deficiency of one vO/UC yielded the largest values for the changes of the
magnetic and electric parameters between different arrangements, although there are
several stabilized structures that in the worst case scenario would always display a small
but finite saturation magnetization, whereas the polarization changes are very similar
among those structures. On the other hand, O deficiency of two vO/UC usually provides
smaller electric polarization changes as well as smaller saturation magnetization, but there
are several stabilized structures with increased magnetization, and Ti can also provide a
second source of magnetization.

Oxygen migration for δ = 0.125 yields |∆P| >∼ 10 µC/cm2 due to quantum-of-
polarization differences between δ = 0.125 structures. Increasing the deficiency to δ = 0.25
yields |∆P| the O migration of which resolved polarization for δ = 0.25 is >∼3 µC/cm2.
These predicted values of electric polarization changes are large compared to TM-substituted
STO multiferroics, motivating experimental synthesis and demonstration.

The results have been presented in the form of an intuitive set of rules for STFC to be
multiferroic, but these rules are expected to be a particular case of a broader set for magnetic
oxides based on the interplay between (Co/Fe)-vO defects, TM-cation coordination, and
topological vacancy disorder. The manipulation of electronic properties according to such
rules could facilitate applications such as nonvolatile magnetoelectric memory or logic, or
phase-change materials driven by oxygen content.
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Appendix A. Configurations of Oxygen Vacancies for δ02

Figure A1. Configurations of oxygen vacancies for δ02 systems in main text Figure 1. For each Fe–Co
orientation considered in this work, we labeled the different δ02 combinations in terms of the δ01

vacancies displayed in Figure 1.
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Appendix B. GGA+U: Selection of Hubbard +U Parameters
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Figure A2. Properties of SrTiO3, SrFeO3 and SrCoO3 perovskites calculated with GGA+U by using
different Hubbard parameters for Ti, Fe, and Co. (a,b) Lattice parameter and band gap of SrTiO3.
(c–f) Lattice parameter and magnetic moment per Fe/Co ion of SrFeO3 and SrCoO3, respectively.
Horizontal lines indicate the respective experimental values (from Refs. for SrTiO3 [7], SrFeO3 [87,88],
SrCoO3 [89]) whereas vertical lines indicate the U values chosen for this work.
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Figure A3. Properties of SrTi1−xFexO3 perovskites (x = {0.125, 0.25}) calculated with GGA+U by
using different Hubbard paramterers for Ti and Fe. UTi takes values of 2, 4, 6, and 8 eV, represented
by orange, blue, green, and purple diamonds, respectively. (a) Lattice parameter of SrTi0.875Fe0.125O3

compared with experimental parameters for x = 0.13 (from Refs. a [90] and b [38]). (b) Magnetic
moment per Fe ion for x = 0.25 compared with HSE results (Ref. c [4]).
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Figure A4. Properties of SrTi1−xCoxO3 perovskites (x = {0.125, 0.25}) calculated with GGA+U by
using different Hubbard parameters for Ti and Co. UTi takes values of 2, 4, 6, and 8 eV, represented by
orange, blue, green, and purple diamonds, respectively. (a,b) Lattice parameters of SrTi0.875Co0.125O3

compared with experimental parameters for x = 0.14 (from Refs. a [91] and b [92]) and HSE results
(Ref. c [5]). (c,d) Magnetic moment per Co ion for x = 0.125 and x = 0.25. (e,f) Lattice parameters
for x = 0.25 and [110]-aligned Co–Co, compared with experimental values for x = 0.23 (Refs. a and
d [90]) and HSE calculations for x = 0.25 (Ref. c).

Appendix C. Oxygen-Vacancy Migration

In this section we present complementary information associated with the oxygen
migrations shown in Figure 2 of the article main text as well as the results for two additional
migration paths for δ01 systems. In all cases, the intermediate structural images representing
the vO migration are obtained through: (i) a linear interpolation, between the end structures,
of the atomic coordinates and lattice vectors; (ii) a relaxation of such interpolation by using
the nudged elastic band method (NEB). Depending on the end states magnetic ordering for
δ01 and δ02 respectively, which are detailed in Table 1 of the article, the migration images
were annotated FM or AFM.



Magnetochemistry 2022, 8, 144 23 of 30

Appendix C.1. Migration Path between δ01 vacancies in Figure 2: [100]a and [100]c

  

(a) (b) (c)

AFMFM

Figure A5. (a) Band gap Egap along the migration path between [100]a (migration coordinate 0.0) and
[100]c (migration coordinate 1.0) for FM and AFM NEB-relaxed structures. (b,c) Magnetic moment
“m” of the TM labeled in Figure 2 of the main text, and of the whole perovskite supercell for the
relaxed FM and AFM migration paths. End-state values are associated with the GS reported in
Table 1.

Appendix C.2. Migration Path between δ02 vacancies in Figure 2: [100]b′ and [100]e′

(a) (b) (c)

AFMFM

Figure A6. (a) Band gap Egap along the migration path between [100]b′ (migration coordinate 0.0) and
[100]e′ (migration coordinate 1.0) for FM and AFM NEB-relaxed structures. (b,c) Magnetic moment
“m” of the TM labeled in Figure 2 of the main text, and of the whole perovskite supercell for the
relaxed FM and AFM migration paths. End-state values are associated with the GS reported in
Table 1.

Appendix C.3. Other Migration Paths for δ01

Appendix C.3.1. Migration Connecting Symmetry-Equivalent Vacancies: The Case of [100]c

(a) (b) (c)

(d) (e)

Figure A7. (a) Energy relative to the δ01 gs, (b) band gap Egap and (c) magnetic moments “m”
along the migration path between [100]c (migration coordinate 0.0) and a symmetrically equivalent
structure (migration coordinate 1.0). (d) Oxygen-migration path in which Co–vO–Ti switches from
the c direction to the b direction, and the corresponding relaxed fractional position of the migrating
oxygen. (e) Electric polarization lattices along NEB-relaxed paths.
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Appendix C.3.2. Migration Connecting Nonequivalent Vacancies: The Case of [100]a and
[100]b

(a) (b)

(e)

(c) (d)

AFMFM

Figure A8. (a) Energy relative to the δ01 gs, (b) band gap Egap and (c,d) magnetic moments “m” along
the migration path between [100]a (migration coordinate 0.0) and [100]b (migration coordinate 1.0),
for AFM and FM NEB-relaxed structures. (e) Electric polarization lattices corresponding to the FM
NEB-relaxed path.

Appendix C.4. Other Migration Paths for δ02

Appendix C.4.1. Migration Path between δ02 Vacancies: [100]b′ and [100]m′

(a) (b)

(e)

(c) (d)

AFMFM

Figure A9. (a) Energy relative to the δ02 gs, (b) band gap Egap and (c,d) magnetic moments “m” along
the migration path between [100]b′ (migration coordinate 0.0) and [100]m′ (migration coordinate 1.0),
for AFM and FM NEB-relaxed structures. (e) Electric polarization lattices corresponding to the FM
NEB-relaxed path.
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Appendix C.4.2. Migration Path between δ02 Vacancies: [100]a′ and [100]b′

(a) (b)

(e)

(c) (d)

AFMFM

Figure A10. (a) Energy relative to the δ02 gs, (b) band gap Egap and (c,d) magnetic moments “m”
along the migration path between [100]a′ (migration coordinate 0.0) and [100]b′ (migration coordinate
1.0), for AFM and FM NEB-relaxed structures. (e) Electric polarization lattices corresponding to the
FM NEB-relaxed path.

Appendix D. Projected Density of States

Figure A11. spd-decomposed density of states (left panel) and Fe, Co, Ti1, and Ti2 d-orbital projected
density of states (right panel) for [100]a,c and [100]a′ ,b′ ,e′ vacancies corresponding to δ01 and δ02,
respectively.
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Figure A12. Fe, Co, Ti d-orbita,l and O p-orbital (left panel) and Fe, Co d-suborbital (right panel) pro-
jected density of states for [100]a,c and [100]a′ ,b′ ,e′ vacancies corresponding to δ01 and δ02, respectively.

Figure A13. Ti d-suborbital (left panel) and O p-suborbital (right panel) projected density of states
for [100]a,c and [100]a′ ,b′ ,e′ vacancies corresponding to δ01 and δ02, respectively.
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Appendix E. Robustness against Different Functionals

Figure A14. Fe/Co magnetic moments magnitude and band gap of δ01 configurations for different
+U parameters. UCo was tuned down to 3 eV while keeping (UFe, UTi) = (3, 8).

Figure A15. Polarization of δ01 configurations tested against (a) different +U parameters and (b) the
HSE06 hybrid functional. [100]a is represented by circles, [100]b by squares, and [100]c by triangles,
following the same scheme as in Figure 2a,b. For a clear comparison, we show a region corresponding
to only one of the “polarization triangles” of Figure 2a. UCo was decreased from 9 to 3 eV while
keeping (UFe, UTi) = (3, 8). Hybrid calculations were carried starting from the GGA+U structures;
HSE-1 maintains the structure rigid while constraining magnetization to the values presented in Table
1; in HSE-2, the structure is allowed to relax, followed by a constrained magnetization calculation.
For HSE-3, both structure and magnetization are relaxed.
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