Bi vacancy formation in BiFeO; epitaxial thin films under
compressive (001)-strain from first principles
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Point defects in BiFeOs affect both structural and functional properties. To elucidate the
role of single Bi vacancies and Bi-O vacancy pairs we investigate their stability and effect
on structural and ferroelectric properties in BiFeOs using first principles density
functional theory calculations. Compressive strain is shown to stabilize Bi vacancies, and
the Bi vacancy enthalpy of formation drops abruptly at the structural transition from
rhombohedral R-phase to tetragonal T-phase. For Bi-O vacancy pairs the situation is
more complex, albeit stabilization is found under compressive strain. Out-of-plane
oriented vacancy pairs are stabilized in the T-phase, while in-plane oriented vacancy
pairs are destabilized compared to the R-phase. It is shown that single Bi vacancies do
not affect the spontaneous polarization, while in-plane Bi-O vacancy pairs reduce the in-
plane component of the polarization, resulting in a polarization rotation towards [001].
We also discuss the effect of vacancies on the electronic properties of BiFeOs, and show
that Bi deficiency is consistent with the experimentally reported p-type conductivity.

1 Introduction
BiFeOs (BFO) is a multiferroic with ferroelectric (Tc =~830 °C) and antiferromagnetic (Tn="370°C) order
above room temperature.! Epitaxial thin films currently hold promise for technological applications in
information storage and spintronics.> However, the properties and crystal structure are strongly
influenced by epitaxial strain®®, and the local defect structure.”® Bulk BFO is a rhombohedral perovskite
with space group R3c below Tc.° In bulk, the spontaneous polarization of ~90uC/cm?, mainly driven by 6s2
lone-pairs on Bi** cations, points along the pseudocubic [111] axis.'® Antiferrodistortive rotations of the
FeOs octahedra about the same [111],c axis results in a a'a’a” Glazer tilt system.™*? Due to the flexible
crystal structure, BFO can be grown on a variety of oxide substrates, with a large range of possible
epitaxial strain values.®>® Zeches et al. demonstrated that (001)-strained BFO thin films change their
symmetry from rhombohedral with a small monoclinic distortion (“R-phase” or “R”) to a monoclinic
tetragonal-like phase (“T-phase” or “T”) at compressive strains exceeding 4.5%.'3 The strain-stabilized T-
phase has a large tetragonality (c/a =1.25-1.3), a strongly enhanced polarization of ~150uC/cm? and a
strong piezoelectric response.’31®

Point defects are expected to affect properties like crystal structure, polarization, dielectric constant,
magnetization and leakage current, but are difficult to study experimentally in thin films.” & 1721 |t js
challenging to prepare stoichiometric BFO thin films, and large compositional deviations have been

reported for single-phase materials.” Epitaxial strain has been demonstrated to strongly affect the point

defect concentration in transition metal oxide thin films in recent years, but most work has been devoted



to oxygen rather than cation vacancies.?>?® However, as Bi is a volatile element, Bi stoichiometry is

challenging to control during synthesis and processing,?’3!

particularly of thin films. Although the defect
chemistry of bulk BFO has been studied by DFT,***° a fundamental understanding of the interplay
between cation vacancy formation, epitaxial strain, and physical properties is still lacking.

Here we use Density Functional Theory (DFT) calculations to investigate the effect of epitaxial strain on
the formation of Bi vacancies and Bi-O vacancy pairs in (001) strained BFO over a wide range of strain
from zero to 6% compressive strain. Stabilization of Bi vacancies and Bi-O vacancy pairs under
compressive strain is predicted, while the energetically favored orientation of vacancy pairs changes

upon crossing the R-phase to T-phase boundary. The effect of Bi deficiency on polarization and electronic

structure is discussed and compared to recent experimental reports.

2 Computational details
Density functional theory calculations were performed with the projector-augmented wave (PAW)
method using the Vienna Ab-initio Simulation Package (VSAP 5.3) and the PBEsol functional.**** An

45,46 which were initialized with

effective U of 4 eV was applied to the strongly correlated Fe 3d electrons,
collinear G-type antiferromagnetic order in all calculations. Plane waves were expanded up to a cutoff
energy of 550 eV and the Bi_d, Fe_pv and standard O pseudopotentials supplied with VASP were used.

Pseudo-cubic 40-atom unit cells were used to model the R3c bulk ground state, while both 40-atom
and 320-atom supercells were used for defect calculations. One Bi atom was removed from the cell to
create one Bi vacancy, resulting in defect concentrations of 12.5% and 1.56% for the 40- and 320- atom
cells, respectively. The calculated formation enthalpy of a Bi vacancy differed by only 0.02 eV between
the 40 and 320 atom cells. Hence, the 40 atom cells were used to calculate strained defect cells. We note
that substantial Bi deficiency is not unrealistic in BiFeOs.” 3! Reciprocal space integration was performed
with a 3x3x3 gamma-centered k-point mesh for the 40-atom cell. Ferroelectric polarization was
calculated by the Berry phase method for stoichiometric cells,*” while the point charge method was used
for defect cells.

Epitaxial strain was calculated as (aps-@o,ps)/a0,ps*100%, where aops is the relaxed in-plane lattice
parameter of unstrained bulk. Biaxial epitaxial strain in the (001) plane was imposed by fixing the in-plane
lattice constants while relaxing the out-of-plane lattice constant and all ionic positions for stoichiometric
cells.”® To determine the R-phase to T-phase crossover in stoichiometric cells, we varied the out-of-plane
lattice parameter for each strain level and optimized the atomic positions. For defect calculations, all
three lattice vectors were fixed while the ionic positions were relaxed until the Hellman-Feynman forces
on the ions were less than 0.01 eV/A. Test calculations with point defects, allowing the lattice vectors to

relax, gave the same cross-over strain value between the R- and the T-phase.



The Bi vacancy formation enthalpy, Evs;, in a neutral cell was calculated as:

E.

Vo, = Erorvy, ~ Erotstoicn T M (1)

where Eiotvei and Erotstoich are the total energies of the defect cell and the perfect cell, respectively, and
Usiis the chemical potential of Bi. The formation enthalpy of a Bi-O vacancy pair was calculated by adding
the chemical potential of O, ug, to eq. (1). The chemical potentials for Bi and O were determined by
considering the different chemical reactions between the binary Bi and Fe oxides, using the calculated
total energies of the following reference materials: Bi (R-3m, 166), Fe (Im-3m, 229), Bi»O3 (P21/c, 14), FeO
(Fm-3m, 225), Fes04 (Fd-3m, 227), Fez0s3 (R-3¢, 167) and O, (molecule in orthorhombic cell). The oxygen
rich and oxygen poor limits of -5.41 and -7.29 eV, respectively, were determined using the equilibria
0,/Fe>03/BiFeOs and Bi/Bi,03/BiFeOs, respectively. The total energies of the reference compounds were
obtained after full geometry optimization using the same computational parameters for consistency, and

/'49

with Hubbard U corrections for iron containing compounds following Jain et al.”> Magnetic orders of iron

containing compounds were adopted from literature.>®

3 Results and discussion
3.1 Compressive strain induced “R” to “T” transition in stoichiometric BFO

Before addressing the effects of point defects, we first reproduce the isosymmetric phase transition
induced by (001) epitaxial strain in stoichiometric cells. The crossover from R-phase to T-phase occurred
at 4.5% compressive strain, in agreement with previous experimental and computational work.'3 4

To gain insight into the structural response to strain, we present key structural parameters in Fig. 1.
The c/a ratio goes through a discontinuous step at 4.5% compressive strain from 1.15 on the R side to
1.24 on the T side (Fig. 1(a)), accompanied by an 8% volume increase (Fig. 1(b)) and an abrupt loss of
octahedra rotations about the out-of-plane axis (Fig. 1(c)). Rectification of the octahedral tilts about the
[001] axis mitigates stretching of the Fe-O bonds upon the transition from R- to T-phase, whilst the size
mismatch of the AO;; dodecahedron relative to the BOs octahedron, quantified by the polyhedral volume
ratio Va/Vs,”" >? increases from 4.66 to 4.90 across the R to T boundary (Fig. 1(d)). A Fe displacement
towards one of the apical oxygens also serves as a moderation mechanism of the lattice distortion. Large
polar displacements of Fe from the octahedral centers, depicted in Fig. 1(e), give rise to a significant
enhancement of the out-of-plane polarization, effectively rotating the polarization direction from [111],.
to [001],c (Fig. 1(e-f)). Fig. 1(f) shows that the in-plane polarization is suppressed by decreasing the in-
plane lattice parameters, while the overall polarization of 155uC/cm? of the T-phase at 4.5% compressive

strain is larger than reported for bulk materials. >
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Fig. 1 Variation of structural parameters of BiFeOs as a function of (001)-strain. (a) c/a ratio for a 40-atom pseudocubic cell; (b)
volume of the 40-atom pseudocubic cells; (c) rotation angles of the FeOe octahedral around the three principal lattice vectors;
(d) polyhedral volume ratio Va/Vs; (e) Fe-O bond lengths of the oxygen octahedra; (f) total polarization and in-plane and out-of-
plane polarization components.

3.2 Strain dependence of Bi vacancy formation energy

First the effect of a large defect concentration, 12.5%, was investigated with one Bi-vacancy in the 40-
atom cell (Fig. 2(a-b)). Under oxygen rich conditions, Bi vacancies can form by evaporation of gaseous Bi

(g) through the reaction:

BiFeO, — Bi, ,Fe;%, Fe;'O, + xBi(g) (2)
The electronic charge compensation by holes of a Bi vacancy can be formally expressed by the Kroger-

Vink equation:

BiY, +3Fe}, — V; +3Fe;, +Bi(g) (3)

where Bi§; and Fef, are Bi** and Fe®* in their regular lattice sites, V];i' is a bismuth vacancy of relative
charge -3 and Fey, is Fe**.?>° The calculated formation energy of a Bi vacancy in unstrained bulk is 5.43eV.
Interestingly, the strain induced transition from the R- to the T-phase at 4.5% compressive strain is not

affected by the presence of a Bi vacancy, as illustrated in Fig. 2(c). This can be rationalized from the subtle



differences between the local structure around a vacancy compared to the perfect rhombohedral and
tetragonal structures.

The formation enthalpy of a Bi vacancy decreases monotonically with increasing compressive strain,
displaying a minimum value in the R-phase at ~3.5% compressive strain, before increasing upon further
compressive strain towards the R to T transition (Fig. 2(c)). This increase may stem from the non-linear
evolution of polar cation displacements and octahedral rotations under strain. As the strain increases
towards the phase boundary, polar cation displacements perpendicular to the strain plane become more
favored while out-of-plane octahedral rotations are suppressed. This structural strain mitigation
mechanism becomes increasingly less energetically favourable beyond 3.5% strain until entering the T-
phase, where a completely different rotation mode is adopted.

Upon entering the T-phase, Bi vacancies are stabilized by 0.12 eV compared to in the R-phase, and the
formation enthalpy continues to decrease monotonically with increasing compressive strain. The
formation enthalpy of Bi vacancies in the T-phase is thus larger than a simple extrapolation from the “R-
phase” would suggest. The maximum formation enthalpy in the T-phase at -4.5% strain is comparable to

the minimum value found in the R-phase at -3.5% strain.
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Fig. 2 Bismuth vacancy formation in (001)-strained BiFeOs. (a) Crystal structure of rhombohedral R3¢ BiFeO3 with rotation () and tilting (6)
angles defined. (b) Structural relaxation around a Bi vacancy in the T-phase. Coloured atoms shows the relaxed structure with a Bi vacancy,
grayscale atoms behind shows the pristine structure. Green arrows indicate Fe displacements. (c) Bi vacancy enthalpy of formation as a
function of compressive strain. (d) Octahedral rotation angle Q, (e) octahedral tilting angle 8 and (f) point charge model calculated
polarization components as a function of compressive strain for BiFeOs with and without a Bi vacancy.



3.3 Local structural response to Bi vacancies under strain

Rotation and tilting of oxygen octahedra affect the orbital overlap between Fe 3d and O 2p, and thus the
electronic properties. We define the rotation around the z axis (out-of-plane) separately from those
around the x and y axes, which are referred to as tilting angles. The rotation and tilting angles defined by
the angles Q and O, respectively, where Q is the angle between the edges of two corner sharing
octahedra, while 8 is the angle along the Fe-O-Fe bond, as illustrated in Fig. 2(a). The rotation and tilting
angles are defined by the relations (90° - Q)/2 and (180° - 8)/2 respectively. For stoichiometric BFO, in the
R-phase an increasing rotation angle and decreasing tilting angle under compressive strain mitigates the
Fe-O bond compression when the in-plane lattice parameter is reduced, as illustrated in Fig. 2(d-e). In the
T-phase, the rotation angle goes abruptly to zero, whilst the tilting angle decreases abruptly across the R
to T transition and decrease further with increasing compressive strain in the T-phase.

Compared to perfect structures, the presence of a Bi vacancy reduces the rotation angle in the R-
phase, while a rotation of ~2.5° is stabilized in the T-phase. However, 0 is identical in the R-phase for both
stoichiometric and 12.5% Bi-vacancy BFO and decreases with increasing compressive strain. The opposite
behaviour is observed upon entering the T-phase, where a decrease in tilting angle for a stoichiometric structure
is obtained, whilst the tilting angle increases at the transition for the system with defects. A decreasing tilting
angle upon increased strain in the T-phase can be understood from electrostatic repulsion between the
two in-plane oxygen atoms, which repel each other more strongly upon removal of a Bi cation. Although
the rotation and tilting patterns of the R- and T-phase is different, the local structural distortions around
a Bi vacancy do not qualitatively change their aaa” and aac® Glazer tilt patterns'!, respectively.
Moreover, the effect of a Bi vacancy on the polarization components is small compared to stoichiometric
BFO, as shown in Fig. 2(f). In general, the ferroelectric order of a high Ps and high Tc ferroelectric like BFO
is robust with respect to point defects, while e.g. a “weak” ferroelectric like hexagonal InMnOs is highly

sensitive to point defects.>®>*

3.4 Strain dependence of formation energy of Bi-O vacancy pairs

In sections 3.2 and 3.3 we studied Bi vacancies formed under oxygen rich conditions, where they are
charge compensated by holes coupled to the formal oxidation of Fe3* to Fe*. Under less oxygen rich

conditions, Bi vacancies can be charge compensated by oxygen vacancies, described by

BiFeO, — Bi, Fe™0, , , +xBi(g)+3x/40, (g) (4)

which in Kroger-Vink notation becomes:

2B, +30} — 2V, +3V; +Bi,0,(g) (5)



We note that loss of Bi and O can also take place through the evaporation of gaseous elemental bismuth
Bi (g) or gaseous bismuth suboxide BiO (g) together with O, (g),>> but this will not affect the subsequent
analysis. As reaction (5) results in five vacancies, we here choose a computationally friendly intermediate
situation where one V];{ is charge compensated by one hole and one V{".>° This corresponds to mild hole
doping of the Fe sub-lattice, with 1 out of every 8 Fe being formally oxidized to Fe**, and a resulting
stoichiometry of BiosssFe0,.9ss. The formation of a (Vg; — Vo) vacancy pair can then be described by the
following reaction:

BiFeO, — Bi, Fe!'Fe!*O, +xBi(g)}+x/20,(g) (6)
which in Kroger-Vink notation can be written as:

B}, + Fe} +0} — V, +Fe;_+ V. +BiO(g) (7)

We note that there are two non-equivalent symmetry positions of oxygen atoms relative to the (001)-
strain plane. Removing one of these two oxygen anions results either in an in-plane (IP) or an out-of-
plane (OP) oriented Bi-O vacancy pair, with the axis between the vacant Bi and O being either close to
parallel or perpendicular to the (001) strain plane, respectively, as shown in Fig. 3(b). These two different

types of Bi-O vacancy pairs are considered in the following.

Introducing a vacancy-pair, two vacant sites cause larger structural distortions than one single Bi
vacancy, rendering it difficult to classify relaxed defect structures as predominantly R- or T-phase. A small
shift of the transition point from 4.5% to 4.4% compressive strain can still be inferred from the obtained
discontinuity in vacancy pair formation enthalpy, as shown in Fig. 3(a). IP and OP Bi-O vacancy pairs
behave differently across the R to T transition, whilst OP vacancy pairs are stabilized by 0.58 eV in the T-
phase, IP vacancy pairs become strongly destabilized by 0.72 eV upon entering the T-phase. This abrupt
change in vacancy pair formation enthalpy reflects the different shapes of the respective unit cells of the
R- and T-phase. Vacancy pairs in the T-phase form more easily parallel to the elongated axis
perpendicular to the strain plane as the elongated chemical bonds cost less energy to break than the
relatively compressed IP bonds in. The calculated formation enthalpy for IP and OP vacancy pairs in
unstrained bulk phase is 4.07 eV and 4.00 eV, respectively, indicating a preference for OP Bi-O vacancy
pairs in the T-phase. Correspondingly we find that OP vacancy pairs are more stable in the R-phase,

except in a narrow strain region between ~3.5 and 4.4% compressive strain.
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Fig. 3 (a) Formation enthalpy of in-plane (black) and out-of-plane (red) Bi-O vacancy pairs as a function of strain; (b) Illustration
of the two different types of Bi-O vacancy pairs.

3.5 Local structural response to Bi-O vacancy pairs under strain

To better understand the structural response of BFO to Bi-O vacancy pair formation, combined with the
response to epitaxial strain, full geometry optimization calculations of unstrained bulk BFO 40 atom cells,
having either IP or OP vacancy pairs, were performed and compared to the results of stoichiometric BFO
and BFO with a single Bi vacancy, see Table 1.

Fully relaxed unstrained structures with IP and OP Bi-O vacancy pairs both display a lattice contraction
as compared to stoichiometric bulk. Also, the c/a ratio in cells with IP and OP vacancy pair is less than
unity, albeit from different factors. Having an IP vacancy pair, the out-of-plane lattice parameter
decreases substantially, while the in-plane lattice parameters remain almost unchanged. However, cells
with an OP vacancy pair, display a significant contraction of the in-plane lattice parameters. Also, IP
vacancy pairs are robust with respect to changes in the in-plane lattice parameters and can hence reduce
out-of-plane contraction. OP vacancy pairs are, however, more sensitive to variations in the in-plane
lattice parameter.

Both IP and OP Bi-O vacancy pairs impede polar cation displacements, see Fig. 4. Interestingly, the
most significant differences in cation displacements does not occur close to the R to T transition, but at
~3% compressive strain. The origin of the discontinuity in displacements, depicted in Fig. 4(c-d), can be
related to an increase in formation enthalpy of in-plane vacancy pairs at about -3%, as shown in Fig. 3(a).
At this strain value, the out-of-plane rotation of the oxygen octahedra changes from in-phase to out-of-
phase. The octahedral rotations remain out-of-phase also for compressive strain exceeding 4.3%, where

the formation enthalpy is discontinuous. This can be rationalized from a steric point of view: an IP



vacancy pair results in more in-plane space than an OP vacancy pair, hence allowing the FeOs octahedra

to fill the vacant space by a rotation instead of a polar displacement.
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Fig. 4 Relaxed structures including in-plane vacancy pairs showing the out-of-plane (along z) rotation of oxygen
octahedra under (a) 1% compressive strain displaying in-phase rotation of FeOg and (b) 4% compressive strain displaying
out-of-phase rotation of FeOg. The displacement of Bi and Fe atoms relative to the oxygen sublattice for (c) in-plane Bi-O
vacancy pairs (d) out-of-plane Bi-O vacancy pairs and (e) the perfect reference structure.

3.6 Polarization response to vacancies under strain

Next, we analyze the influence of different type of point defects on the ferroelectric polarization of
BFO, using the point charge model to investigate the semi-quantitative effect of strain and point defects,
while recognizing that the true polarization values will be systematically larger. Comparing the IP and OP
polarization with the total polarization along [111],, it is evident that a Bi vacancy alone has little impact
on the polarization, whilst an IP Bi-O vacancy pairs reduces the polarization more than an OP vacancy
pair, see Fig. 5. The in-plane polarization component for both types of vacancy pairs is reduced, while the
IP vacancy pair suppresses the out-of-plane polarization strongly compared to the OP vacancy pair, which
enhances the out-of-plane polarization. This suggests not only a strong driving force for ordering of the
vacancy pairs in an OP alignment, but also that an applied electric field between a top and bottom

electrode will favour OP ordering.



The increased out-of-plane polarization in the T-phase is suppressed by both IP and OP vacancy pairs,
while the R-phase is less sensitive to IP vacancy pairs. In the R-phase both types of vacancy pair reduce
the in-plane polarization component, while only subtly affecting the out-of-plane component, as
illustrated in Fig 5.

Due to the compression and enhancement of in-plane and out-of-plane polarization components, the
polarization vector will change from [111],. to nearly [001],.. This rotation occurs along the (110) plane in
stoichiometric BiFeOs. Angles between [001],c and the polarization vector in the “T-phase” at 4.5%
compressive strain are shown in Figure 6. The angle between the OP [001],. direction and the polarization
vector in the T-phase at 4.5% compressive strain depends strongly on the presence of point defects. In the T-
phase this angle is 8.2° with a bismuth vacancy and 2.7° and 14.1° for IP and OP Bi-O vacancy pairs, respectively.
IP vacancy pairs yield the smallest deviation in the polarization vector with respect to [001],, while OP

vacancy pairs give the largest angle between the [001], direction and the resulting polarization vector.
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3.7 Effect of vacancies on the electronic properties

Finally, we turn to the effect of point defects on the electronic densities of states (DOS) of unstrained
bulk BiFeOs, as presented in Fig. 7. Our calculated DOSs agree well with previous reports.1% 34383957 goth
single Bi vacancies and an OP Bi-O vacancy pairs are expected to give rise to p-type conductivity, as the
Fermi energy is then situated just below the top of the valence band. Bi vacancies and IP vacancy pairs,
however, results in deep gap states composed of Fe 3d and O 2p, but not OP vacancy pairs. In contrast to
the effect of Bi vacancies and OP vacancy pairs, the insulating nature of BFO is retained under the
presence of IP vacancy pairs, but with a significant reduction of the band gap from 2.32eV to 1.31eV.

Moving to examine the DOSes of strained structures we find that epitaxial strain only subtly affects
the electronic structure of stoichiometric cells, as illustrated in Figure 8(a-d).

However, with the presence of single Bi vacancies, compressive strain moves the valence band
maximum below the Fermi level and restores insulating behavior. The impurity state just above the Fermi
level is a mixed state of Fe 3d and O 2p, which splits into two bands across the R to T the phase transition.
IP and OP vacancy pairs under 4.3% compressive strain give rise to very similar electronic structures. The
main difference is that in the T-phase, at -4.4% strain, the mixed Fe-O state is much wider in energy for
OP vacancy pairs than for IP vacancy pairs, indicating more orbital overlap between the Fe 3d and O 2p
orbitals with OP- than IP- vacancy pairs.

Our results shed light on the complex interplay between Bi deficiency, strain, and electronic
conductivity. While p-type conductivity is observed in bulk ceramics for high po2,°® where Bi vacancies are
favoured relative to Bi-O vacancy pairs, strain may alter the relationship between Bi deficiency, strain,
and electronic conductivity in epitaxial thin films. Compared to bulk ceramics, the equilibration time for
diffusion processes, e.g. loss of volatile bismuth or reversible exchange of oxygen with atmosphere, is
much shorter for nanometer thick films than micrometer to millimeter thick ceramics.'®?® This implies
that single Bi vacancies can rapidly be charge compensated by holes or oxygen vacancies even at low
temperatures, implying that polarization and electrical conductivity can be quickly tuned by post-
synthesis annealing affecting the oxygen vacancy level.

We note that local strain fields surround ferroelectric and ferroelastic domain walls, which will affect
the local defect levels and promote local Bi deficiency.?” Atmosphere-controlled annealing can thus tune
the domain walls between conducting and insulating states. Understanding the interplay between strain,
point defects and functional properties is thus imperative to design the properties of both thin films and

ferroelectric domain walls.
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Fig. 7 Total electronic densities of states (DOS) of stoichiometric bulk BiFeOs, and unstrained BFO with a Bi vacancy, an IP
Bi-O vacancy pair and an OP Bi-O vacancy pair.
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Fig. 8. Total electronic densities of states (DOS) of BiFeOs with different strain levels for (a) stoichiometric material, (b) Bi
vacancies, (c) IP Bi-O vacancy pairs and (d) OP Bi-O vacancy pair.




4 Conclusions

In summary, we have investigated the energetics of Bi vacancies and Bi-O vacancy pairs in (001)-strained
BiFeOs thin films. The Bi vacancy enthalpy of formation decreases with increasing compressive strain up
to ~-3.5%, then increases with further compressive strain, before dropping abruptly at the transition from
rhombohedral R-phase to tetragonal T-phase. The stability of bismuth-oxygen vacancy pairs increases
monotonically with compressive strain up to ~-3%. In the R-phase in-plane (IP) oriented vacancy pairs are
more stable than out-of-plane (OP) oriented for less strain than -3%, while the situation reverses for the
strain range between ~-3% and -4.5% where the R- to T-phase transition takes place. Upon entering the
T-phase, OP oriented vacancy pairs are strongly preferred over IP oriented by more than 1 eV. The
calculated spontaneous polarization is insensitive to single Bi vacancies, while IP vacancy pairs reduce the
IP polarization components, yielding a net polarization direction close to [001]. IP vacancy pairs under
small strain levels cause local in-phase octahedral rotations in contrast with the anti-phase rotations of
the stoichiometric bulk material. Bi deficiency is predicted to give p-type conductivity, in agreement with
recent experimental work on thin films, domain walls and bulk ceramics, highlighting the importance of

cation non-stoichiometry in BiFeOs.

Table 1. Structural parameters for unstrained bulk BiFeOs, with Bi vacancies (Vg;) and Bi-O vacancy pairs (Vgi.0) oriented in-plane (IP) and

out-of-plane (OP).

Bulk Vi Veio (IP) Vsi.o (OP)

a (k) 7.884 6.734 7.884 7.847

b (A) 7.884 6.734 7.884 7.859
c(A) 7.884 7.820 7.736 7.77

c/a 1.00 1.16 0.98 0.99

o (9) 89.56 89.23 89.56 89.22

B (9 89.56 89.23 89.56 89.60

v (9) 89.56 89.23 89.56 89.43

Vv (A3) 489.97 478.07 480.80 479.09
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