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Interplay between polarization, strain, and defect pairs in Fe-doped SrMnO3−δ
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Defect chemistry, strain, and structural, magnetic, and electronic degrees of freedom constitute a rich space
for the design of functional properties in transition-metal oxides. Here, we show that it is possible to engineer
polarity and ferroelectricity in nonpolar perovskite oxides via polar defect pairs formed by anion vacancies
coupled to substitutional cations. We use a self-consistent site-dependent approach employing with a correction
that accounts for local structural and chemical changes upon defect creation and which is crucial to reconcile
predictions with the available experimental data. Our results for Fe-doped oxygen-deficient SrMnO3 show that
substitutional Fe and oxygen vacancies can promote polarity due to an off-center displacement of the defect
charge resulting in a net electric dipole moment, which polarizes the lattice in the defect neighborhood. The
formation of these defects and the resulting polarization can be tuned by epitaxial strain, resulting in enhanced
polarization also for strain values lower than the ones necessary to induce a polar phase transition in undoped
SrMnO3. For high enough defect concentrations, these defect dipoles couple in a parallel fashion, thus enabling
defect- and strain-based engineering of ferroelectricity in SrMnO3.

DOI: 10.1103/PhysRevResearch.3.033237

I. INTRODUCTION

The interplay between electric polarization, magnetism,
strain, and the defect chemistry constitutes a rich phase dia-
gram for the design and control of novel functional properties
in transition-metal perovskites [1–11]. In particular, strain
imposed, for example, by lattice matching with the substrate
during coherent epitaxial growth of thin films is an established
route to engineer polarity and ferroelectricity in nonpolar
complex oxides [5,7–10,12]. Defect engineering can tailor the
ferroelectric response by introducing polar defect pairs. In
particular, substitutional defects coupled to oxygen vacancies
(VO), such as FeTi-VO defect pairs, were shown to align with
the direction of the lattice polarization in ferroelectric PbTiO3

[5] or to promote ferroelectricity in paraelectric SrTiO3 [13].
Polar distortions, strain, and stoichiometry can couple or
compete in determining the material properties as shown for
oxygen-deficient SrMnO3 (SMO) thin films [9], the material
we also use as a model system in the present study.

Bulk SMO occurs in a hexagonal structure [14], but the
perovskite phase of SMO (space group Pnma; see Fig. 1) with
G-type antiferromagnetic (AFM) order [15] can be stabilized
at low temperature in thin films [16]. It was predicted from
theory that biaxial epitaxial strain induces a polar distortion in
SMO, mainly associated with Mn ions displacing from their
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high-symmetry positions, the magnitude of the distortion and
hence the ferroelectric polarization increasing with increasing
biaxial strain [8,9,12]. This is caused by softening of the
in-plane polar modes that become unstable for tensile strains
larger than about 2%. Compressive strains larger than 4% are,
instead, necessary to induce ferroelectricity in the direction
perpendicular to the strain plane. The strain response is dif-
ferent in the competing ferromagnetic (FM) phase, requiring
smaller compressive but larger tensile strains to trigger polar
instabilities [17]. At the same time, tensile strain favors the
formation of oxygen vacancies, the presence of which was,
however, found to be detrimental to ferroelectricity [9].

Fe doping of oxygen-deficient (SrMnO3−δ) thin films could
be a strategy to reverse this behavior, since ferroelectricity
is expected to be enhanced both by the decrease in crys-
tal symmetry due to the aliovalent Fe ion and especially
by the formation of a defect dipole due to the possible as-
sociation of the substitutional Fe with an oxygen vacancy
[13]. SrMn1−xFexO3−δ was synthesized in the past in an at-
tempt to obtain manganites with a mixture of d3 (Mn+4)
and d4 (Fe+4) cations [18], as found in other mangan-
ites showing colossal magnetoresistance, e.g., the family of
doped Ln1−x(Ca/Sr)xMnO3 [19,20]. At room temperature,
SrMn1−xFexO3−δ phases were found to adopt a cubic per-
ovskite structure with a disordered arrangement of Mn and
Fe transition-metal cations in the octahedral sites due to their
similar ionic radii. Oxygen vacancies observed during syn-
thesis in air are generally created to maintain charge balance
after the aliovalent substitution and introduce Fe+3 cations
in the structure as suggested by iodometric and Mössbauer
measurements [18,21,22]. Mössbauer data suggest as well
that oxygen vacancies are predominantly found in the vicinity
of the Fe+3 ions [18,21,22]. SrMn1−xFexO3−δ samples show
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FIG. 1. (2 × 2 × 2) Pnma supercell of stoichiometric SrMnO3.

AFM behavior for both low (x � 0.3) and high (x � 0.9)
Fe doping, while a spin-glass state caused by the interaction
between Fe+3/+4 and Mn+3/+4 was observed for intermediate
dopant concentrations [18,21].

With the aim of understanding the mechanism underly-
ing emerging polarization and the interaction between polar
defect pairs, epitaxial strain, and the electronic, structural,
and magnetic degrees of freedom, we used density functional
theory with a Hubbard U correction (DFT + U ) calculations
to investigate the properties of Fe-doped oxygen-deficient
SMO thin films. Our results suggest that defect engineering,
through controlling the concentration and distribution of polar
defect pairs formed by anion vacancies coupled to substitu-
tional cations, constitutes a parameter to design multiferroic
materials. Defect couples can, indeed, promote polarity and
ferroelectricity in nonpolar perovskites due to an off-center
displacement of the defect: the spatially separated substitu-
tional FeMn (negatively charged) and VO (positively charged)
offset the charge center from the geometric center of the lat-
tice, resulting in an electric dipole moment along the direction
from FeMn to VO already in unstrained and hence nonpo-
lar SMO. Other effects related to the appearance of reduced
Mn+3, negatively charged with respect to the Mn lattice sites,
should also be taken into account, since Mn+3-VO pairs can
result in additional dipoles that affect the overall ferroelectric
response. Finally, the defect-pair dipole can couple with ap-
plied epitaxial strain favoring the transition to a polar phase,
even for strains lower than the ones necessary to stabilize the
polar structure in stoichiometric SMO.

II. METHODS

All DFT calculations were performed with the QUANTUM

ESPRESSO distribution [23,24]. The revised Perdew-Burke-
Ernzerhof generalized gradient approximation PBEsol [25]
was used as the exchange-correlation functional together with
ultrasoft pseudopotentials [26] with Sr(4s, 4p, 5s), Mn(3p, 4s,
3d), and O(2s, 2p) valence states [27]. Kinetic-energy cutoffs
of 70 Ry for wave functions and 840 Ry for spin-charge
density and potentials were applied. A Gaussian smearing
with a broadening parameter of 0.01 Ry was used in all cases.

SMO was simulated as a 40-atom 2 × 2 × 2 supercell
of the 5-atom primitive cubic cell. A shifted 6 × 6 × 6
Monkhorst-Pack [28] k-point grid was used to sample the
Brillouin zone. Both bulk and thin-film geometries of the

FIG. 2. Schematic representation of the possible relative arrange-
ments of FeMn-VO defect pairs in the 40-atom SMO cell in the case
of an (a) out-of-plane (OP) or (b) in-plane (IP) oxygen vacancy.
Purple, orange and brown, and green refer to configurations in which
FeMn is in next-neighbor (NN), next-nearest-neighbor (NNN), and
next-next-nearest-neighbor (NNNN) position relative to the VO. As
opposed to (a), the two Mn sites at the same distance from the VO in
(b) are not symmetry equivalent as indicated by the slightly different
shade for each color.

G-type AFM and FM phases of SMO were considered. For
stoichiometric bulk calculations, both lattice parameters and
atomic positions were relaxed, while thin-film geometries
with biaxial epitaxial strain in the ac plane imposed by a
cubic substrate were computed following the procedure de-
scribed in Ref. [29]. Prior to defect creation, the atoms were
displaced along the eigenvectors of the polar phonon modes
computed for unstrained stoichiometric SMO. Defects were
then created by removing one oxygen atom (VO, concentra-
tion 4.2%) and at the same time substituting one Mn with a Fe
ion (FeMn, concentration 12.5%). Different possible relative
arrangements of the substitutional Fe with respect to the VO

were taken into account (see Fig. 2). Mössbauer experiments
have shown that iron is present as Fe+3 when associated
with the doubly positively charged VO and the substitutional
defect is thus negatively charged. The calculations were hence
performed considering the positive charge state of this defect
pair (Fe′

Mn-V••
O in Kröger-Vink notation [30], where the prime

and dot symbols indicate, respectively, a charge of −1 and +1
relative to the respective lattice site). This charge state results
in agreement with experimental observations [18,21,22] of the
simultaneous presence of Fe+3 and Mn+3. It was obtained by
adjusting the number of electrons and by applying a back-
ground charge to ensure neutrality of the unit cell, as required
by calculations under periodic boundary conditions to avoid
divergences in the electrostatic potential. For simplicity, we
will refer to the defect pairs in this charge state simply as
FeMn-VO. We note that the formation of small self-trapped
polarons that was reported for chemically similar systems
[31–34] was not considered here. Finally, for defective cells,
atomic positions were optimized while keeping the lattice
vectors fixed at optimized values of the nondefective system.
In all calculations, atomic forces were converged to within
5 × 10−2 eV/Å, while energies were converged to within
1.4 × 10−5 eV. Auxiliary calculations using 2

√
2 × 2

√
2 × 2,

3 × 3 × 3, and 4 × 4 × 4 supercells with 80, 135, and 320
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atoms (and 3 × 3 × 4 and 3 × 3 × 3 k meshes and �-point
sampling of the Brillouin zone, respectively) were performed
to investigate the interaction of two defect pairs and the influ-
ence of the defect concentration on the predicted polarization.

A Hubbard U correction [35–37] was applied in all calcu-
lations. For stoichiometric bulk systems, where all Mn sites
are crystallographically and chemically equivalent, we used
global self-consistent U parameters USC computed for the
G-AFM and FM phases of SMO in Ref. [38] using density-
functional perturbation theory (DFPT) [39], as implemented
in hp.x of QUANTUM ESPRESSO [23,24]. Self-consistent
site-dependent U parameters USC-SD were instead computed
for defective systems by perturbing the inequivalent sites
resulting from defect formation (atoms were selected to be
perturbed if their unperturbed atomic occupations differed by
more than 10−3) [38]. DFPT calculations were performed
with a �-point sampling of the q space [39] in the 40-atom
cell. A convergence threshold of 0.01 eV was applied for
the self-consistence of U values. In all cases, atomic orbitals
were used to construct occupation matrices and projectors
in the DFT + U scheme. For simplicity, USC-SD values (see
Appendix A) have only been computed for the unstrained sto-
ichiometric and defective geometries, since even 4% tensile
strain changes USC by only 0.01 eV compared with zero strain
[38].

The strain-dependent formation energy Ef of a FeMn-VO

defect pair in the q = +1 charge state was calculated as de-
scribed in Ref. [40]:

Ef(ε, μi, q) = Etot,def(ε, q) − Etot,stoic(ε)

−
∑

i

niμi + q EFermi(ε) + Ecorr(ε). (1)

Here, Etot,def and Etot,stoic are the DFT total energies of the de-
fective system with a charge q and of the stoichiometric cell,
respectively. ε is the applied strain, and EFermi is the Fermi en-
ergy relative to the valence band maximum of the defect-free
system, which can take values between zero and the band gap
of the material; ni indicates the number of atoms of a certain
species i that are added (ni > 0) or removed (ni < 0) from the
supercell to form the defect, while μi is its chemical potential.
Finally, Ecorr is a corrective term necessary to align the elec-
trostatic potential of the defective cell with that of the neutral
stoichiometric system obtained by calculating the difference
in electrostatic potential between the neutral defect-free cell
and the charged defective one averaged in spheres around
atomic sites located far from the defect [41]. No further finite-
size corrections were applied since the defect concentrations
we simulate are realistic for this material. Different synthesis
conditions can be accommodated by adjusting the set of chem-
ical potentials μi = μ0

i + �μi for each element by assuming
equilibrium with a physical reservoir such as a gas or a bulk
phase. We expressed μFe and μMn as a function of μO. For
this latter, we used O2 as a reference, μO = 1

2 E (O2) + �μO,
while bounds on �μO were derived imposing the stabil-
ity of SMO [�μSr + �μMn + 3�μO � �Hf (SMO)] against
decomposition into elemental Sr or Mn species (�μSr �
0 and �μMn � 0) and against the formation of competing
phases such as SrO [�μSr + �μO � �Hf (SrO)], and MnO
[�μMn + �μO � �Hf (MnO)]. For the Fe impurity, stability

against solubility-limiting phases, such as FeO, were instead
considered to relate μFe to μO [42]. The computed heat of
formation �Hf of the transition-metal oxides was corrected
according to Ref. [43] to account for the mixing of DFT and
DFT + U total energies in the derivation of the formation
enthalpy. We will show results in the oxygen-poor limit with
�μMn = −1.77 eV and �μFe = −1.43 eV. The Fermi energy
was arbitrarily set to the band gap of unstrained SMO, repro-
ducing typical experimental conditions for n-doped materials.
This choice does not affect our conclusions as we are inter-
ested in relative changes of formation energies of different
defect configurations and the effect of strain.

The polarization �P was computed using a point-charge
model:

�P =
∑

i

�riqi, (2)

where �ri is the position of atom i and qi is its nominal charge:
+2 for Sr, −2 for O, and +4 or +3 for stoichiometric or
reduced Mn and Fe sites. The charge applied on each Mn and
Fe ion was defined on the basis of its oxidation state com-
puted through the method introduced by Sit et al. [44]. The
polarization, being a multivalued quantity, has been corrected
by an integer number of polarization quanta �Q, computed as

�Q = e

V

⎡
⎣

a
b
c

⎤
⎦, (3)

with a, b, and c being the lattice parameters, V being
the volume of the unit cell, and e being the elementary
charge. Results obtained with this method include polar-
ization contributions of the lattice and the defect dipole
but neglect electronic redistribution effects compared with
other approaches such as the Berry phase formalism [45,46].
However, the metallic nature of some defective SMO
cells did not allow the application of the Berry phase
approach.

III. RESULTS AND DISCUSSION

SrMn1−xFexO3−δ is modeled using all possible symmetry-
inequivalent FeMn-VO configurations within a 2 × 2 × 2 SMO
supercell (see Fig. 2). In particular, there are two symmetry-
distinct oxygen atoms in this structure: an out-of-plane VO

with the broken Mn-O-Mn bond perpendicular to the biaxial
strain (ac) plane [OP; see Fig. 2(a)] and an in-plane O position
with the broken Mn-O-Mn bond in the ac plane [IP; see
Fig. 2(b)]. For VOP

O , the Mn sites lying at nearest-neighbor
positions relative to the defect [NN, in purple in Fig. 2(a)]
or far away from it [next-next-nearest-neighbor (NNNN)
positions, in green in Fig. 2(a)] are equivalent by symmetry,
while two different groups of Mn ions can be distinguished for
substitution sites in next-nearest-neighbor positions relative to
the vacancy [NNN, in orange and brown in Fig. 2(a)] for a
total of four symmetry-inequivalent FeMn-VOP

O defect pairs. In
contrast, for a VIP

O , the two Mn atoms lying at NN, NNN, or
NNNN positions correspond each to two symmetry-distinct
substitution sites for a total of eight FeMn-VIP

O symmetry-
inequivalent configurations [see Fig. 2(b)].

033237-3



CHIARA RICCA AND ULRICH ASCHAUER PHYSICAL REVIEW RESEARCH 3, 033237 (2021)

FIG. 3. Formation energy Ef computed for FeMn-VO configura-
tions in unstrained (a) AFM and (b) FM SMO as a function of the
FeMn-VO distance. Circles and squares refer to configurations with
VOP

O and VIP
O , respectively. See color code in Fig. 2.

In agreement with Mössbauer studies [21], our DFT +
USC-SD calculations for the insulating AFM phase show a
partial reduction of Mn adjacent to the oxygen vacancy. This
implies that for a FeMn-VO defect pair, two dipoles exist in
the structure, one pointing from the Fe′

Mn to the VO and one
pointing from the Mn′

Mn to the V••
O as discussed in more detail

in Appendix A. This will have implications for the magnetism
and polarization as discussed in Secs. III B and III C. In the
FM phase a partial reduction of one or two Mn sites is ob-
served, which we associated with its metallic nature.

A. Relative stability and formation energy

We begin by investigating the relative stability of the
FeMn-VO configurations in bulk AFM and FM SMO. We note
that we are mainly interested in relative formation-energy dif-
ferences for the different configurations and in strain-induced
changes, rather than absolute defect-pair formation energies,
which have been derived in O-poor conditions and thus cor-
respond to a lower limit for Ef. In the AFM phase, the most
stable configurations are the NNN FeMn-VOP

O , as can be seen
from Fig. 3(a), where we report the formation energy Ef com-
puted for the different FeMn-VO arrangements as a function of
the distance between the FeMn and the VO. The NN FeMn-VO,
the NNNN FeMn-VOP

O , and the majority of the NNN FeMn-VIP
O

have formation energies higher by about 0.1–0.4 eV, while
NNNN FeMn-VIP

O configurations are about 0.7–1.0 eV less
stable. These results indicate that the VO are preferentially
in the neighborhood of the substitutional iron, as suggested
by spectroscopic results [22], even though not necessarily in
its first coordination shell. More importantly, our data suggest
that some disorder is expected, as also indicated by experi-
ments [18]. This is particularly interesting because different
configurations correspond to different orientations of the elec-
tric dipole associated with the FeMn-VO pair, which—as we

FIG. 4. Strain-dependent formation energy Ef of (a) FeMn-VIP
O

and (b) FeMn-VOP
O defect pairs in AFM SMO. See color code in Fig. 2.

will discuss in Sec. III C—is responsible for the polarization
in unstrained SrMn1−xFexO3−δ . Hence the presence of differ-
ent energetically similar configurations could potentially lead
to a switchable polarization and defect-induced ferroelectric-
ity if the defect dipoles couple in a parallel fashion, which we
will explore in Sec. III D.

A different behavior is observed, instead, in the FM phase
[see Fig. 3(b)], where not only are FeMn-VIP

O found to be
generally more stable regardless of the distance between the
substitutional iron and the vacancy, but where the most stable
configuration is a NNNN FeMn-VIP

O defect pair, likely because
these configurations lead to interactions between Mn3+ and
Mn4+ that stabilize the FM phase, as we will discuss in more
detail in Sec. III B. Furthermore, the average difference in
Ef between the defect configurations in FM SMO is only
0.2 eV, and Ef in the FM phase are on average 0.8 eV lower
than in the AFM phase. This can be explained by the smaller
energetic cost to accommodate the two excess electrons as-
sociated with the VO on delocalized Mn or Fe states in the
metallic FM phase. In SMO thin films, the defect forma-
tion energy and consequently the defect concentration depend
on volume changes induced by biaxial strain [9,48,49]. Bi-
axial strain also breaks the symmetry [29] and could thus
allow strain-controlled ordering of defects on inequivalent
sites [9,48,49]. Hence we now consider the interplay between
FeMn-VO defects, strain, and magnetism in SMO. Figure 4
shows the changes in Ef for defect pairs as a function of the
applied strain. In the AFM phase, tensile strain results in a
reduction of the formation energy of FeMn-VO, consistent with
the chemical expansion [50] due to reduced transition-metal
sites. Defect pairs with VIP

O are found to be more sensitive
to tensile strain: 4% strain resulting in a reduction of Ef
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by about 0.4–0.7 eV for FeMn-VIP
O compared with only 0.2–

0.4 eV for FeMn-VOP
O . Consequently, the energy difference

between the NNN FeMn-VOP
O and FeMn-VIP

O configurations is
reduced, favoring disorder. Under compressive strain, instead,
the formation energy of FeMn-VO defect pairs remains fairly
constant (average changes of about 0.05 eV) as already ob-
served for VO in SMO because of crystal field effects [48], and
FeMn-VOP

O are slightly stabilized with respect to FeMn-VIP
O .

Unsurprisingly (as shown in Fig. 19 in Appendix B), the
FM phase exhibits a reduced sensitivity of the formation
energy to strain, which is rationalized by its metallicity. We
also note that for the FM phase, under compressive strain,
the formation energy of FeMn-VIP

O defects increases as ex-
pected from volume arguments, which can be explained in
terms of a reduced sensitivity of the metallic FM phase to
crystal field effects, allowing volume effects to dominate
[48].

B. Magnetic order

Bulk stoichiometric SMO has a G-type AFM ground
state. DFT + U calculations have shown a 4.2% oxygen
vacancy concentration to induce a magnetic phase transi-
tion from AFM to FM [9,38], which is explained by the
vacancy-induced Mn4+-Mn3+ double exchange coupling. The
properties of Fe-doped oxygen-deficient SMO are more com-
plex due to the presence of Fe transition-metal atoms. Indeed,
for the Mn4+, Mn3+, and Fe3+ ions present in the simulated
cells, the interactions between neighboring Mn4+ and Mn4+

and between neighboring Mn3+ and Mn3+ are AFM, those
between Mn4+ and Mn3+ are FM, and those between Mn4+

and Fe3+ are AFM through the π orbitals and FM through the
σ orbitals [18]. Figure 5(a) shows the total energy difference
between the unstrained AFM and FM phases with different
FeMn-VO defect pairs as a function of the distance between
the two defects. We note here that the total energy differences
in Fig. 5(a) cannot be directly compared with differences in
formation energies shown in Fig. 3. This is due to the fact that
the stoichiometric energy, the zero of the Fermi energy (i.e.,
the valence band edge), and the corrective term appearing in
Eq. (1) are different for the two phases and do not cancel
when taking formation-energy differences. The most stable
configurations (see Fig. 3) favor the AFM order. Indeed, all
the configurations with a VOP

O , and the NN and the majority of
the NNN FeMn-VIP

O configurations prefer this magnetic phase.
Only the NNNN FeMn-VIP

O defects strongly favor the FM
phase since the Mn4+-Mn3+ interactions are promoted due
to the larger distance between the Fe3+ ion and the reduced
Mn3+ site. This result is in line with the experimental data
reporting SrMn1−xFexO3−δ , with Fe concentration close to
the concentration in our study (x = 0.125), to show AFM
behavior. Interestingly, the DFT + USC-SD approach includ-
ing local chemical changes on the transition-metal atoms
around the defect is fundamental to predict defect-induced
magnetic properties, since DFT + USC with global USC of
stoichiometric SMO predicts a preferential FM order for all
configurations (see Fig. 20 in Appendix C). This result can
be explained by increasing U favoring the FM order, which
conversely implies that the decreased USC-SD values on the
reduced Mn3+ will locally destabilize the FM order [38].

FIG. 5. Total energy differences [�E (FM-AFM)] per formula
unit between the defective cells with FM and AFM order. AFM
is more stable for positive differences, and FM is more stable for
negative differences. (a) �E (FM-AFM) reported with respect to the
FeMn-VO distance in each defective configuration in the unstrained
SMO structure. (b) Changes in �E (FM-AFM) as a function of strain
for all the considered configurations. Circles and squares refer to data
obtained for VOP

O and VIP
O , respectively. See color code in Fig. 2.

Biaxial strain beyond a critical value of 2% is known
to induce an AFM-to-FM transition in stoichiometric SMO
[9,38]. We now consider the interplay between this magnetic
phase transition and the FeMn-VO defect pair [see Fig. 5(b)].
Unsurprisingly, tensile strain stabilizes the FM phase even in
the presence of the defect pair, affecting all configurations in
almost the same way and in an approximately linear fashion
up to 4% strain. Larger tensile strain results, instead, in a
stabilization of the AFM phase for the most stable config-
urations and in a reduction of the FM stabilization for the
others. This observation can be explained considering the
stronger sensitivity of the AFM phase to volume changes,
which results, as previously discussed, in a larger reduction
of the formation energy and consequently in a stabilization of
the AFM phase for large tensile strains. Compressive strain
up to −2% favors the AFM order: At −2% the majority of
the configurations show an AFM ground state, and for the
remaining cases the two magnetic orders are very close in
energy. The preference for the AFM order, instead, decreases
for larger compressive strain due to the increased stability of
the FM phase in compressively strained stoichiometric SMO
films [38].
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FIG. 6. (a) Angle between the total dipole �Dtot and the computed
polarization �P with respect to the angle between the Fe′

Mn-V••
O defect

dipole �D and the Mn′
Mn-V••

O dipole �D′ for the different defect-pair
configurations. Circles and squares refer to data obtained for VOP

O

and VIP
O , respectively. See color code in Fig. 2. (b)–(d) Schematic

representation of the �D, �D′, and �P vectors for the cases in which the
angle between �D and �D′ is about 60◦ (b), 120◦ (c), or 180◦ (d).

C. Polarization in unstrained SrMn1−xFexO3−δ

We now consider the polarization in Fe-doped oxygen-
deficient SMO by starting from the unstrained geometries.
Polarization can arise due to symmetry reduction by the defect
pair but also due to the formation of a defect dipole �D: The
spatially separated substitutional Fe′

Mn (negatively charged)
and V••

O (positively charged) result in the charge center being
offset from the geometric center of the lattice and hence an
electric dipole moment along the direction from FeMn to VO

[13]. As detailed in Appendix A, the situation is further com-
plicated in the AFM phase by the reduction of one Mn ion
(Mn′

Mn) adjacent to VO, which induces an additional defect
dipole �D′ from the negatively charged reduced Mn′

Mn to the
positively charged V••

O . For simplicity, we will concentrate the
following discussion mainly on results obtained for the AFM
order. Indeed, the metallic nature of the FM phase and the con-
sequent partial reduction of more than one Mn (cf. Appendix
A) result in a more complex behavior, which may not be prop-
erly described within the simple approach we use to estimate
the polarization based on nominal charges (see Appendix D).
Results for the FM phase are reported in Appendix D 2.

The computed polarization �P is roughly aligned with the
vector sum �D + �D′ = �Dtot, forming with �Dtot an angle ranging
from about 6◦ to 50◦ for the different configurations as shown
in Fig. 6(a). The alignment between �Dtot and �P depends on
the relative geometric arrangement of Fe′

Mn, Mn′
Mn, and VO.

In particular, due to geometric constraints, the angle between
�D and �D′ can be around either 60◦ [see Fig. 6(b)], 120◦ [see
Fig. 6(c)], or 180◦ [see Fig. 6(d)]. The smaller this angle, the

FIG. 7. Magnitude of (a) the total polarization vector, as well as
its (b) in-plane (|Pac|) and (c) out-of-plane (|Pb|) components for the
different defect configurations in the AFM phase. Circles and squares
refer to data obtained for VOP

O and VIP
O , respectively. See color code

in Fig. 2.

stronger the combination of the two dipoles and consequently
the larger the alignment between �P and �Dtot [see Fig. 6(a)
and also Appendix D]. For example, for NN FeMn-VO con-
figurations, the Fe′

Mn and Mn′
Mn ions are located at the two

sites adjacent to VO, resulting in antiparallel �D and �D′ dipoles
[see Fig. 6(d)]. As a result of this peculiar arrangement of the
defect dipoles and of the smaller distance between the substi-
tutional iron and the vacancy, NN FeMn-VO configurations are
associated with the smallest total polarization Ptot of about 2
μC/cm2 [see Fig. 7(a)]. This value is close to the one obtained
for an isolated V••

O in SMO (1.90 μC/cm2), where the two
extra electrons reduce the two Mn adjacent to the defect,
resulting in two largely canceling Mn′-V••

O dipoles. Unsurpris-
ingly, Ptot slightly increases with increasing FeMn-VO distance
up to 15–20 μC/cm2 [see Fig. 7(a)], showing the importance
of doping with Fe to form FeMn-VO defect pairs with asso-
ciated large polarization. Indeed, these polarizations are of
similar magnitude to the ones in conventional ferroelectrics
such as BaTiO3 [51]. The in-plane component of the polar-
ization [Pac; see Fig. 7(b)] behaves similarly and is generally
larger than the out-of-plane component Pb [see Fig. 7(c)]. Pb

reflects, instead, the relative arrangement of the FeMn and VO
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FIG. 8. Total off-centering along the b axis for Mn atoms lying
within a sphere of radius r and centered on the center of mass of
the defect pair. Results are for different cell sizes in both unstrained
(a) AFM and (b) FM SMO.

defects along the b axis: For NNN FeMn-VIP
O configurations,

the defects can belong to the same atomic layer [see con-
figurations in brown in Fig. 2(b)] showing Pb values lower
than 1 μC/cm2, or they can belong to atomic layers separated
by about 3.8 Å along b [see configurations in orange and
green in Fig. 2(b)] with Pb values of about 12 μC/cm2. NNN
and NNNN FeMn-VOP

O have instead intermediate Pb values of
about 8–10 μC/cm2 since FeMn and VO defects always belong
to atomic planes at a distance of about 1.9 Å.

These results suggest that the mechanism underlying the
observed polarization in unstrained SMO is the off-centering
of the charge due to the separation of the Fe′

Mn or Mn′
Mn and

the V••
O defects.

D. Polarization and defect concentration

In order to further investigate the mechanism underlying
the polarization induced by the defect pair, we now exam-
ine how the defect concentration impacts the polarization of
Fe-doped oxygen-deficient SMO. Figure 23 in Appendix D
shows that the polarization decreases with increasing cell
size (i.e., with decreasing the defect concentration). This sug-
gests the polarization to originate from a local change in
symmetry around the defect pair due to the defect dipoles.
Indeed, FeMn-VO defects induce small displacements of the
atoms in the vicinity of the defect pair from their high-
symmetry positions. For example, Fig. 8 shows the Mn
displacements along the b axis (with the largest polarization
component) for the defect configuration considered in Fig. 23
in Appendix D and computed in supercells of different size.
These off-centerings have been computed excluding the two
Mn adjacent to the oxygen vacancy to avoid artifacts due to
the relaxation of these undercoordinated sites. In general, the
larger the polarization in Fig. 23 in Appendix D, the larger the
Mn off-centerings. More importantly, the Mn displacements

FIG. 9. 4 × 2 × 2 supercells with two aligned [(a) and (c)] and
antialigned [(b) and (d)] FeMn-VO defect pairs. Illustrations are for
(a) and (b) NNN and (c) and (d) NN FeMn-VOP

O . Gold and purple
arrows indicate the direction of the Fe′

Mn-V••
O and Mn′

Mn-V••
O defect

dipoles, respectively.

are generally larger and constant for sites lying within 6 Å
from the defect pair and decrease afterwards, pointing to a
spatially limited effect of the defect pair.

High defect concentrations may thus promote macroscopic
polarization, but the possibility of different orientations of
neighboring defect dipoles should be taken into account.
For this reason, we performed additional calculations in a
4 × 2 × 2 supercell containing two FeMn-VO defect pairs and
investigated the cases in which the FeMn-VO defect dipoles lie
parallel or antiparallel to one another. Due to the importance
of elastic effects for defects in close proximity [5,52], both
atomic positions and lattice parameters were allowed to relax
in these calculations.

Figure 9 schematically illustrates the structures and orien-
tation of the defect dipoles for the most stable NNN FeMn-VOP

O
configuration, in which the defect dipoles lie mainly in the
ac plane [Figs. 9(a) and 9(b)], and for the most stable
NN FeMn-VOP

O configuration, in which the defect dipoles lie
mainly along the b axis [Figs. 9(c) and 9(d)]. In order to
explain the obtained polarization in the presence of the two
parallel or antiparallel dipoles, the orientation of both the
Fe′

Mn-V••
O and Mn′

Mn-V••
O defect dipoles has to be considered.

As discussed in Sec. III C, for configurations such as NN
FeMn-VOP

O , in which the substitutional Fe is adjacent to VO,
the resulting polarization lies almost along the direction given
by the combination of the Fe′

Mn-V••
O and Mn′

Mn-V••
O and has

033237-7



CHIARA RICCA AND ULRICH ASCHAUER PHYSICAL REVIEW RESEARCH 3, 033237 (2021)

nearly equal components along the a, b, and c directions [see
Fig. 9(c)]. Introducing two antiparallel NN FeMn-VOP

O results
in two opposite Fe′

Mn-V••
O and Mn′

Mn-V••
O dipoles along the b

axis, and consequently in quenching the polarization compo-
nent along this axis [see Fig. 9(d)]. In contrast, for the NNN
FeMn-VOP

O configuration, the polarization is larger along a due
to the longer Fe′

Mn-V••
O dipole with a smaller component along

b also due to the Mn′
Mn-V••

O dipole [see Fig. 9(a)]. Two antipar-
allel NNN FeMn-VOP

O defect pairs result in quenching the large
component of the polarization along a, but in only a small
decrease along b, due to the fact that the Mn′

Mn-V••
O dipoles

are still aligned along this axis [see Fig. 9(b)]. In both cases,
the parallel alignment of the defect dipoles is energetically
favored by 0.02 eV for the NN FeMn-VOP

O and even more (by
0.26 eV) for NNN FeMn-VOP

O , suggesting a parallel coupling
of the defect dipoles even at room temperature.

Alignment of the defect dipoles is only one of the two
requirements for defect-induced ferroelectricity, switchability
of the defect dipoles via an electric field being the other. In
Ref. [17], we showed that, for VSr-VO defect pairs in SMO,
polarization switching occurs via diffusion of oxygen vacan-
cies. This process is associated with barriers of about 0.7 eV,
which we expect not to be largely altered in the present case,
and which allow polarization reversal via the application of
electric fields of reasonable magnitude. We thus expect that
oxygen diffusion can result in defect-dipole switching also for
Fe′

Mn-V••
O defect pairs.

E. Interplay between polarization and strain

It is established that epitaxial strain imposed, for example,
by lattice matching with a substrate during coherent epitaxial
growth of thin films breaks the symmetry and affects compet-
ing energy contributions. Hence it constitutes a viable strategy
to induce ferroelectric properties in nonpolar oxides [8,12]. In
this section, we discuss how the FeMn-VO defect chemistry
interacts with strain and with the magnetic properties in deter-
mining the polar properties of SMO thin films.

For tensile-strained AFM Fe-doped oxygen-deficient
SMO, we observe a general increase in the in-plane
components of the polarization (Pa and Pc; see Fig. 10): at 4%
strain by about 7 μC/cm2 for Pa and 12 (7) μC/cm2 for Pc for
FeMn-VOP

O (FeMn-VIP
O ) defects. This increase in polarization is

accompanied by an average increase in the Mn off-centering
by about 0.07 and 0.15 Å at +4% strain along the a and c
axis, respectively [see Figs. 11(a) and 11(b) and Figs. 11(e)
and 11(f)]. Conversely, compressive strain is associated with
an increase [up to 3 μC/cm2; see Figs. 10(c) and 10(d)] in the
out-of-plane component of the polarization associated with
Mn off-centerings of about 0.03–0.1Å along the b axis [see
Figs. 11(c) and 11(d)] already for −4% strain. Interestingly,
this strain is smaller than the −6% predicted to be necessary
to destabilize the polar out-of-plane phonon mode in AFM
SMO [17]. Indeed, the larger Mn displacements computed in
the presence of defect pairs compared with the stoichiometric
case (see Fig. 11) in a strain range between −4 and 2% further
highlight the ability of defect pairs to favor the polar phase
transition.

Interestingly, in the FM phase, polarization was found to
be roughly constant as a function of the applied strain (cf.

FIG. 10. Strain dependence of the a [(a) and (b)], b [(c) and (d)],
and c [(e) and (f)] components of the polarization for the different
defect-pair configurations in AFM SMO. Plots are for (a), (c), and
(e) FeMn-VOP

O and (b), (d), and (f) FeMn-VIP
O defect pairs. Circles and

squares refer to data obtained for VOP
O and VIP

O , respectively. See color
code in Fig. 2.

Fig. 24 in Appendix D), between −2 and 4% strain with small
Mn off-centerings of the same magnitude as in the unstrained
structure (cf. Fig. 25 in Appendix D). A smaller increase in Pb

(Pac) and in the Mn off-centerings along the b axis (ac plane)
starting for a strain of about −4% (6%) is observed also in
the FM phase. The different behavior of the FM phase can
be explained by the larger electronic screening of the defect
dipole in the metallic FM phase and the strain dependence of
the polar modes in stoichiometric SMO, where the IP modes
soften only for large tensile strains beyond 6% and the OP
mode becomes unstable at 2% compressive strain [17].

In summary, not only do these results suggest that doping
SMO thin films with Fe can reverse the suppression of the
ferroelectricity by oxygen vacancies generally present in the
samples [9], but also they suggest that FeMn-VO defect pairs
can, depending on the magnetic order, couple with strain to
favor the polar phase transition.

IV. CONCLUSIONS

In this paper we used DFT + USC-SD calculations to in-
vestigate the potential of inducing ferroelectricity in SrMnO3

(SMO) through polar defect pairs, formed by a substitutional
Fe atom and an oxygen vacancy. We further studied the in-
terplay of these defect pairs with epitaxial strain and the
magnetic phase. DFT + USC-SD is fundamental to describe
electronic-structure changes upon defect formation and to
reconcile predicted magnetic properties with the available ex-
perimental data.

Our results suggest that defect engineering via polar defect
pairs constitutes a parameter to design materials where two
ferroic orders coexist. Investigation of the coupling between
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FIG. 11. Strain dependence of the average Mn off-centering
along the a axis [(a) and (b)], b axis [(c) and (d)], and c axis [(e)
and (f)] for the different defect-pair configurations in the AFM phase
of SMO. Plots are for (a), (c), and (e) FeMn-VOP

O and (b), (d), and (f)
FeMn-VIP

O defects. Circles and squares refer to data obtained for VOP
O

and VIP
O , respectively. See color code in Fig. 2. The white triangles

correspond, instead, to the Mn off-centerings in the stoichiometric
SMO cells.

these orders, which determines them to be type-I or type-II
multiferroics [53], is needed. Ferroelectricity in nominally
nonpolar SMO can arise due to an off-center displacement
of the defect charge resulting in a net electric dipole moment
along the direction from the negatively charged substitutional
Fe′

Mn and Mn′
Mn sites to the positively charged VO. Further-

more, the defect pairs lead to a small off-centering of the Mn
atoms in the defect neighborhood from their high-symmetry
positions.

Epitaxial strain can couple with FeMn-VO, not only re-
ducing the defect formation energy (and hence increasing
the defect concentration) under tensile strain but also, more
importantly, inducing polarity either in plane or out of plane
for tensile and compressive strain, respectively, already for
strains smaller than those required to induce a polar phase
transition in the defect-free material.

These results and the fact that local defect-induced dipoles
couple in a parallel fashion establish polar defect pairs as
a promising route to engineer ferroelectricity in nominally
nonpolar transition-metal oxides.

All data is available on the Materials Cloud at Ref. [47].
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APPENDIX A: SELF-CONSISTENT SITE-DEPENDENT
DFT + USC-SD

1. Hubbard correction for Mn: UMn

Defect formation in transition-metal materials can result in
local perturbations of the chemical environment of Hubbard
sites around the defect, upon which the Hubbard parameters
physically depend. For this reason, we recently proposed a
self-consistent and site-dependent DFT + USC-SD approach in
which the U values are computed for all inequivalent Hubbard
sites [38]. DFT + USC-SD was found to be promising to predict
properties of defective systems, in particular, when excess-
charge localization is restricted to atoms around the defect site
and can be properly captured by site-dependent U values. For
example, in the case of VO in SMO, U values were found to
depend on the distance of the Hubbard site from the defect,
its coordination number, its oxidation state, and the magnetic
order of the host material [38]. Figure 12 shows the USC-SD

obtained for all inequivalent Mn Hubbard sites in SMO with
FeMn-VOP

O defect pairs, where the substitutional Fe is in NN
(top panels), NNN (middle panels), or NNNN (bottom panels)
position relative to VOP

O . Hubbard parameters are reported for
each site as a function of the distance of the Mn site from the
FeMn (via the color of the data points) and VOP

O defects.

a. AFM SMO

Results for AFM SMO suggest that the distance from
the VO has the strongest impact on the computed U val-
ues [cf. Fig. 12(a)]. In fact, we observe deviations from the
self-consistent U computed for the stoichiometric cell (USC),
mainly for Mn atoms adjacent to VO at a distance of about
1.90 Å, while Mn sites at larger distances recover USC (the
deviations are as small as 0.02 eV). For NNN and NNNN
configurations, the two Mn sites adjacent to the vacancy show
different behaviors. The Mn atom farthest from the FeMn

defect shows U values slightly higher than USC (+0.08 eV)
with a behavior similar to that of the Mn sites adjacent to a
doubly charged Vx

O in SMO, which can be explained in terms
of a change in coordination number [38]. Instead, a larger
reduction (−0.41 eV) is observed for the Mn atom closest
to the substitutional iron and for the only remaining Mn site
adjacent to the VO in the case of a NN FeMn-VOP

O defect
couple. This latter behavior was observed for the Mn atoms
adjacent to a neutral V••

O in SMO due to both the change in
coordination number and the change in oxidation state of these
reduced (Mn3+) sites [38]. Similar conclusions can be drawn
for all defect pairs (schematically shown in Fig. 13), including
FeMn-VIP

O defect pairs as shown in Fig. 14.
We determine the oxidation state according to the method

of Ref. [44], which is based on the occupation matrix of the d
orbitals of each Hubbard atom that is available when perform-
ing DFT + U calculations. Each d orbital is considered to be
fully occupied if the corresponding matrix element is closer
to unity than a given threshold. In the AFM phase, we use
a threshold of 0.9 for the occupation. These oxidation states
confirm the above picture (see Fig. 15), where only one of the
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FIG. 12. USC-SD values reported as a function of the distance of
each Hubbard site from the VO and the FeMn defects, computed for
all Mn atoms in SMO with a NN (top), NNN (middle), and NNNN
(bottom) FeMn-VOP

O defect pair in the (a) AFM and (b) FM phases.
The oxidation state is explicitly indicated for (partially) reduced Mn
sites. The insets show the structure of the corresponding configura-
tion, where the red, violet, gold, and dashed spheres represent the
O, Mn, and Fe atoms and the VO, respectively. The values of USC for
the stoichiometric phases are indicated by horizontal dashed lines for
comparison.

FIG. 13. (a) and (b) Defect-pair configurations as in the main
text, numbered according to the location of the Fe substitution site.

Mn sites in nearest-neighbor position relative to the oxygen
vacancy is reduced to Mn3+, in line with results of Mössbauer
spectroscopy suggesting a partial reduction of the Mn atoms
in SrMn1−xFexO3−δ samples, presumably in the vicinity of the
vacant anion [22]. The Fe ion is always in the Fe3+ charge
state, independent of its position relative to the VO.

b. FM SMO

For the FM phase [cf. Figs. 12(b) and 16], the USC-SD values
deviate less from USC than for AFM SMO. Interestingly, all
the Mn adjacent to the VO show the same behavior with a
small reduction of their USC-SD value with respect to USC,
suggesting a partial reduction of these sites (Mn(3+δ)+). These
observations can be explained considering the metallic nature
of FM SMO, in which one expects the defect state and the cor-
responding changes in the local chemical environment to be
more delocalized over the whole structure, compared with the
semiconducting AFM phase, where a more confined impact
of the defect on the local chemical environment was already
observed in the case of oxygen-deficient SMO [38].

These observations of a partial reduction of multiple Mn
sites accompanying the Fe3+ formation are again supported
by the determined oxidation states according to the method
of Ref. [44]. As opposed to the AFM phase, we use a lower
threshold of about 0.7 for the FM order, to be able to discern
one (for configurations in which the VO is adjacent to one Mn
and to the Fe ion) or two (in all the other cases) reduced Mn
atoms as shown in Fig. 17.

2. Hubbard correction for Fe: UFe

We also determined the U value on the Fe using the SC-SD
approach as shown in Fig. 18 for each configuration as a
function of the FeMn-VO distance. The horizontal dashed lines
in Fig. 18 indicate the USC value computed for iron in LaFeO3,
a perovskite material where Fe has the same octahedral coor-
dination environment and the same oxidation state (Fe3+) as in
Fe-doped SMO. Unsurprisingly, larger deviations from these
USC values are generally observed for configurations (in violet
in Fig. 18) in which the FeMn is in nearest-neighbor position
relative to the VO and in the insulating AFM phase. The larger
deviation of the U value for the Fe in the NNNN FeMn-VIP

O
observed only in the AFM case can be explained considering
the interaction of the Fe atoms in these configurations with
the VO in the neighboring cell, which is weaker in the more
screened FM phase.

APPENDIX B: STRAIN-DEPENDENT DEFECT-PAIR
FORMATION ENERGY IN FM SMO

As shown in Fig. 19 for the FM phase, under compressive
strain, the formation energy of FeMn-VIP

O defects increases as
expected from volume arguments, which can be explained in
terms of a reduced sensitivity of the metallic FM phase to
crystal field effects, allowing volume effects to dominate [48].

APPENDIX C: MAGNETIC ORDER IN DFT + USC

Figure 20 shows that for DFT + USC, in which the global
USC computed for stoichiometric bulk SMO in the corre-
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FIG. 14. USC-SD values reported as a function of the distance of each Hubbard site from FeMn and VO defects computed for the Mn atoms
in AFM SMO structures in each of the 12 FeMn-VO configurations shown in Fig. 13. The oxidation state is indicated for the reduced Mn sites.

FIG. 15. Oxidation state reported as a function of the distance of each site from FeMn and VO defects computed for the Mn or Fe atoms in
AFM SMO structures in each of the 12 FeMn-VO configurations shown in Fig. 13.
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FIG. 16. USC-SD values reported as a function of the distance of each Hubbard site from FeMn and VO defects computed for the Mn atoms
in FM SMO structures in each of the 12 FeMn-VO configurations shown in Fig. 13. The oxidation state is indicated for the partially reduced
Mn sites.

FIG. 17. Oxidation state reported as a function of the distance of each site from FeMn and VO defects computed for the Mn or Fe atoms in
FM SMO structures in each of the 12 FeMn-VO configurations shown in Fig. 13.
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FIG. 18. USC-SD values on the FeMn atoms computed for all the
considered FeMn-VO configurations in (a) AFM and (b) FM SMO.
Circles and squares refer to data obtained for VOP

O and VIP
O , respec-

tively. See Fig. 2 of the main text for the color code. The horizontal
dashed line indicates the USC value computed for Fe ions in the
(a) G-AFM and (b) FM phases of LaFeO3 as a reference.

sponding magnetic phase is applied on all the Mn sites, all
the considered FeMn-VO configurations are more stable in the
FM phase and that the stability of the FM order increases with
increasing distance of FeMn from VO. Indeed, the increasing
distance between the Fe3+ and the reduced Mn3+ ions pro-
motes the ferromagnetic Mn3+ or Mn4+ interactions.

APPENDIX D: DEFECT-INDUCED POLARIZATION

1. Polarization in the unstrained AFM phase

Figure 21(a) shows that the angle between the polarization
�P and the Fe′

Mn-V••
O dipole �D decreases with increasing the

FIG. 19. Strain-dependent formation energy Ef of (a) FeMn-VIP
O

and (b) FeMn-VOP
O defect pairs in FM SMO. See color code in Fig. 2

of the main text.

FIG. 20. Total energy differences [�E (FM-AFM)] per formula
unit between the defective cells with FM and AFM order com-
puted with the DFT + USC approach. AFM is more stable for
positive differences, and FM is more stable for negative differences.
�E (FM-AFM) is reported with respect to the FeMn-VO distance in
each defective configuration in the unstrained SMO structure. Circles
and squares refer to data obtained for VOOP

O and VOIP
O , respectively.

See color code in Fig. 2 of the main text.

Fe′
Mn-V••

O distance. This observation seems counterintuitive
but can be explained considering also the presence of the
Mn′

Mn-V••
O dipole �D′, with the reduced Mn always being ad-

jacent to VO. The closer the Fe′
Mn, Mn′

Mn, and VO sites, the
stronger the coupling between �D and �D′ and consequently the
larger the deviation of �P from �D. Indeed, the polarization is
mainly aligned along the direction of the vector sum of the �D
and �D′ dipoles ( �Dtot) as shown by the smaller angles between
�Dtot and �P [see Fig. 21(b)].

FIG. 21. Angle between (a) the Fe′
Mn-V••

O defect dipole �D or
(b) the total defect dipole �Dtot and the polarization �P as a function
of the distance between FeMn and VO for the different configurations
in the AFM phase. Circles and squares refer to data obtained for VOP

O

and VIP
O , respectively. See Fig. 2 in the main text for the color code.
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FIG. 22. Modulus of (a) the total polarization vector and (b) the
in-plane (| �Pac|) and (c) the out-of-plane (| �Pb|) components for the
different defect configurations in the FM phase. Circles and squares
refer to data obtained for VOP

O and VIP
O , respectively. See Fig. 2 in the

main text for the color code.

2. Polarization in the unstrained FM phase

The polarization for the FM phase was computed using
the nominal charges of +2 for Sr, −2 for O, +3 for Fe, and
+4 or +3 for stoichiometriclike or reduced Mn sites, even
though the results of Appendix A 1 b indicated that, due to
the metallic nature of this phase, the reduction of the Mn
sites is only partial. As shown in Fig. 22 while NN defect
configurations, with only one reduced Mn site adjacent to
the VO, exhibit similar or slightly higher total polarization
�Ptot compared with the AFM phase, the NNN and NNNN
FeMn-VO defect pairs show almost the same �Ptot , regardless
of the FeMn-VO distance, contrarily to the increase in �Ptot

with increasing FeMn-VO distance reported for the AFM phase
(cf. Fig. 7 in the main text). This behavior can be explained
considering that for these configurations the polarization is
computed assuming the presence of two Mn′

Mn-V••
O defect

pairs involving the Mn sites adjacent to VO, which results
in the reduction or cancellation of the contribution to the
polarization along the axis of the broken Mn-O-Mn bonds. For
example, for all the FeMn-VOP

O configurations the out-of-plane
�Pb is almost null, the broken Mn-O-Mn bond lying along the
b axis. The observed behavior for the FM phase can thus be
explained considering the presence of only one defect dipole
(the one associated with Fe′

Mn-V••
O ) inducing the polarization,

with respect to the AFM phase where both Fe′
Mn-V••

O and
Mn′

Mn-V••
O are responsible for the predicted properties.

FIG. 23. Evolution of the a, b, and c components of the polariza-
tion for the NN FeMn-VOP

O defective supercell as a function of the cell
size in (a) the AFM and (b) the FM phase.

3. Polarization as a function of the cell size

As shown in Fig. 23, we generally observe a reduc-
tion of the polarization with increasing cell size, deviations
such as those in the 80-atom cell likely being associated
with cell-anisotropy effects. This suggests a local polar-
izing effect that becomes less important as the cell size
increases and hence the defect-pair concentration decreases.

FIG. 24. Epitaxial-strain-driven changes of the (a) and (b) a,
(c) and (d) b, and (e) and (f) c components of the polarization for
the different defect-pair configurations in the FM phase of SMO.
Plots are for (a), (c), and (e) FeMn-VOP

O and (b), (d), and (f) FeMn-VIP
O

defects. Circles and squares refer to data obtained for VOP
O and VIP

O ,
respectively. See Fig. 2 in the main text for the color code.
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FIG. 25. Strain dependence of the average Mn off-centering
along the (a) and (b) a axis, (c) and (d) b axis, and (e) and (f) c axis
for the different defect-pair configurations in the FM phase of SMO.
Plots are for (a), (c), and (e) FeMn-VOP

O and (b), (d), and (f) FeMn-VIP
O

defects. Circles and squares refer to data obtained for VOP
O and VIP

O ,
respectively. See Fig. 2 in the main text for the color code.

4. Interplay between strain and polarization in the FM phase

The strain-dependent polarization of Fe-doped oxygen-
deficient SMO is the result of a complex interplay between
defect chemistry and electronic and magnetic degrees of free-
dom. While for the insulator AFM phase, polarization can
be enhanced by strain, in the FM phase the polarization is
fairly constant with respect to the applied epitaxial strain (see
Fig. 24), and the average Mn off-centerings remain very small
(about 0.02–0.04 Å in the strain range between −2 and 4%;
see Fig. 25), similar in magnitude to the unstrained structure.
Interestingly, compressive strain values of 4% can result in an
enhancement of the Pb component, as confirmed also by the
larger Mn off-centerings observed at this strain along the b
axis. Also at 6% tensile strain an increase in the components
of the polarization and of the Mn off-centerings in the ac plane
is observed. This behavior can be understood considering the
larger electronic screening of the defect dipole in the metallic
FM phase, resulting in the lower sensitivity of the polarization
of the defective cells to the applied strain and evolution with
strain of the frequency of the polar modes in the stoichiomet-
ric FM order, where the IP modes soften only for large tensile
strain of 6% and the OP modes becomes slightly unstable at
2% compressive strain [17].
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