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The stabilization of various BiFeO; polymorphs has
spurred immense research interest in the field of
ferroelectric thin film research over the last decade.
These polymorphs have vastly different properties
that are of great fundamental interest and offer pro-
mise for applications. The best studied example is the
strain-induced morphotropic phase transition from
the bulk-like rhombohedral polymorph toward a
highly tetragonal BiFeO; phase with P4mm symmetry
in epitaxial thin films [1]. This transition leads to
drastic changes in materials properties including
enhanced ferroelectric and piezoelectric properties, a
reduction of the optical band gap and a change of
magnetic ordering [2, 3].

A rich phase space is common to BiMO; per-
ovskites, including M = Fe, Al, Ga, Co and In. This
behavior is in part related to the well-known ten-
dency of transition metal oxides to accommodate
stress by oxygen octahedral rotations with subtle
energetic differences between different rotation pat-
terns. The other major contributions are stereochem-
ically active 6s2 lone pairs of Bi** ions responsible for
the polar distortion. A delicate energy landscape will
form for all these materials depending on the

orientation of the ferroelectric lattice distortion with
respect to their pseudocubic crystal axes. In a recent
study, Singh et al. [4] performed a search for local
minima in the energy landscape of BiFeO; using a
new generic algorithm based on density functional
theory (DFT). They found a staggering number of 15
stable phases within 125 meV per formula unit from
the rhombohedral bulk phase, all varying by their
characteristics of polar and antipolar distortions. The
gap between the tetragonal and rhombohedral poly-
morph of BiFeO; is only in the order of 100 meV per
formula unit, a value that can be bridged by strain
engineering.

BiInOj; (BIO) has recently been synthesized in bulk
form and has thus been proven to be at least
metastable against decomposition to other oxides [5].
The structure was determined to belong to the Pna2,
space group, a non-centrosymmetric subgroup of
Pnma. Thus, bulk BIO can be best described as a
ferroelectric with polar distorted GdFeO;-type
structure, a structure with symmetric oxygen octa-
hedral rotations about all pseudocubic axes that is
found quite often among perovskites. No details on
magnetic properties have been given, but it stands to
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reason that In ions remain in their nonmagnetic In**
states. The bulk phase of BIO is of particular interest,
since its symmetry and strong spin—orbit coupling in
principle allow for the formation of a persistent spin
helix [6].

Although the potential to stabilize new phases is
well known for Bi-perovskites, BIO thin films have
rarely been studied experimentally and theoretically.
We are not aware of any study reporting the suc-
cessful growth of epitaxial BIO films. In part, this
may be related to the large lattice mismatch to com-
mercially available single-crystal perovskite sub-
strates like SrTiO; or LaAlO;. Additionally, the large
polar and antipolar distortions of bulk BIO do not
provide a good oxygen connectivity at the interface to
standard cubic substrates and epitaxy readily intro-
duces anisotropic in-plane lattice stress. In this paper,
we use DFT to study the phase stability of various
BIO phases with respect to an orthorhombic in-plane
distortion. The purpose of this approach is to identify
phase space regions that favor the epitaxial growths
of BIO films and are accessible with known substrate
materials. Our results suggest that lanthanate single-
crystals or buffer layers would provide a perfect
template for the growth of bulk-like BIO. On the
other hand, a supertetragonal structure, similar to
that found in BiFeOj; films under large compressive
strain, is expected to be stable on commercially
available perovskite substrates with smaller lattice
parameters.

Crystal structures and stability

We consider a total of 6 different phases. Structure
I is the BIO bulk phase as shown in Fig. la. The
structure is characterized by large oxygen octahedral
rotation about all pseudocubic lattice directions. The
octahedral rotation pattern can be described by the
a“a"c¢" Glazer notation. The polar distortion is along
the long c-axis of the unit cell. The orthorhombic
lattice parameters experimentally determined by
Behlik et al. [5] are a=5955A, b=5602 A and
c=8386 A.

Structures II-VI are shown in Fig. 2. All structures
are described in the following;:

I: Pna2; symmetry, a_a ¢’ octahedral rotation
pattern, P along [001],.
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Figure 1 a Representation of the Pna2; bulk structure (structure
I). b An epitaxial strain is introduced by modifying the a and b in-
plane lattice parameters of the (001) oriented orthorhombic unit
cell and relaxing all other lattice degrees of freedom. Rotations
and distortions of the oxygen octahedra strongly depend on
anisotropic ~ strain, as illustrated for a <b (top) and
a > b (bottom).

e BiInOj; bulk structure

Il Pnma symmetry, a”a ¢’ octahedral rotation
pattern, nonpolar

¢ GdFeOj;-type structure

III: Pcca symmetry, chains of InO, polyhedra,
nonpolar

e pyroxene-like structure, ground state of bulk
BiGaO;

IV: Cc symmetry, a_a ¢’ octahedral rotation pat-
tern, P within (1-10),.

e most stable supertetragonal variant of P4mm
BiFeO; polymorph according to Ref. [4]

V: Cm symmetry, a’ba’ octahedral rotation pat-
tern, P within (100).

e second most stable supertetragonal variant of
P4mm BiFeO; polymorph according to Ref. [4]
observed, for example, in BiFe;_,Ga,O3 single
crystals [7]

VI: R3c symmetry, a"a a~ octahedral rotation
pattern, P along [111]pC

e rhombohedral ground state of BiFeOj3;
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Figure 2 The phases II-VI and their primitive unit cells as used for the calculations.

Our selection of phases is motivated by their
presence in BiMO; oxides under biaxial strain or
hydrostatic pressure. However, the existence of other
low-energy phases that may be stable in thin films
cannot be ruled out. In order to further justify our
choice, we conduct a universal phase search using the
structure prediction code USPEX [8-10]. Since a DFT-
based run would be computationally too demanding,
the USPEX predictions are instead performed with
the force field lattice program GULP [11, 12]. The
corresponding interatomic potentials are derived
from a core-shell model based on Rydberg potentials
that has been successfully applied to model BiFeO;
properties before [13]. The potential parameters are
then fitted to the 6 structures studied by DFT and
their energies (see the supplemental S1 for the full
parameter set). The average difference between the
free enthalpies of structures calculated with DFT and
our interatomic potentials are of the order of 0.4 eV
per formula unit. We thus believe that our inter-
atomic potentials are suitable to be used in a general
phase search.

Our USPEX run correctly predicts the bulk phase
of BilnOj; as the most stable phase and finds a total of
18 phases within 1 eV per formula unit (see 52). We
perform a consequential structural relaxation by DFT
for all these phases and find that our 6 initially con-
sidered experimentally observed phases remain as
the lowest in energy.

Dynamical stability

In the next step, all considered structures are studied
for their dynamical stability. Phonon dispersion
curves are determined by the use of GULP and the
interatomic potentials (53). We confirm the absence of
imaginary modes for the bulk phase I as well as

structure VI. The presence of an imaginary mode for
the nonpolar phase II agrees with a ferroelectric soft
mode that results in symmetry lowering toward the
polar bulk structure. Our phonon analysis also
reveals that the pyroxene-like phase III exhibits a
plethora of imaginary modes. Although energetically
favorable over a large range of in-plane strain, as will
be shown later, it is therefore unlikely that this phase
can be stabilized in thin films. Imaginary modes are
also present for the IV phase. The phase IV, however,
only shows a weakly imaginary mode near the R and
S point that might either disappear after a more
accurate DFT-based calculation or be suppressed
under epitaxial strain. We thus conclude that this
supertetragonal phase might potentially be stabilized
in thin films.

Epitaxial constraint

In our calculations, the epitaxial constraint is applied
onto the a-b plane of the orthorhombic lattice. This
scenario corresponds to the growth of BIO films on
(001) oriented orthorhombic substrates. Imposing
anisotropic strain by varying the a and b parameters
independently will drastically affect both oxygen
octahedral rotations and distortions, as illustrated in
Fig. 1b. This is in contrast to the more commonly
studied case of perovskite films grown on cubic
substrates. Here, the stress induced by symmetric
biaxial in-plane strain is often mainly accommodated
by octahedral rotations and the shapes of the oxygen
octahedra remain largely unchanged.

It should be noted that the space groups given in
the list refer to their bulk structures as experimentally
observed. Symmetry lowering due to the epitaxial
constraint will occur. For example, the space group of
phase VI is commonly found in rhombohedral
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perovskites with a”a"a” Glazer notation where
octahedral rotations occur in equal dimensions about
all axis of the pseudocubic unit cell. Heteroepitaxial
growth of these materials on cubic substrates will
generally induce symmetric biaxial in-plain strain
and result in symmetry lowering to monoclinic pha-
ses was, for example, shown for BiFeO; and SrRuOj;
[2, 14, 15]. In strained films, in-plane and out-of-plane
octahedral rotations are not of the same magnitude
anymore and the Glazer notation would be more
precisely be described by aa"c . In this study, we
consider the influence of anisotropic strain imposed
by the growth on orthorhombic substrates. In this
case, the symmetry of originally rhombohedral
materials is lowered even further and structures are
triclinic with a"b™ ¢ Glazer notation.

Anisotropic heteroepitaxial strain is expected to
modify bond angles, shift cation ions and induce tilts
and distortions of oxygen octahedra. Thereby, the use
of orthorhombic substrates may allow for stabiliza-
tion of novel phases and tailoring of film properties
beyond that of standard symmetric strain.

Computational details

The DFT calculations were done using the Quantum
Espresso code [16, 17]. All calculations were done
within the generalized gradient approximation with
the Perdew-Burke-Ernzerhof (PBE) functional. The
calculations are performed using scalar-relativistic
ultrasoft pseudopotentials. Convergence studies have
shown using a plane-wave energy cutoff of 800 eV
and a 6 x 6 x 6 k-point mesh to be sufficient.
Structural optimization is carried out by fixing the in-
plane parameters of the unit cell and allowing the
out-of-plane lattice parameter and all internal ionic
coordinates to fully relax within the specific sym-
metry of the considered structure. The structural
relaxation is continued until all cartesian forces on
the ions are less than 4 meV/A and the total energy
difference between structural relaxation iterations is
below 1 meV. The ferroelectric polarization is calcu-
lated using the berry phase approach as implemented
in Quantum Espresso.
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Results and discussion

We start with a full structural relaxation of the Pna2;
structure in order to confirm consistency with the
experimental bulk structure. We find orthorhombic
lattice parameters of a = 6.021 A, b =5.708 A and
c = 8454 A. All calculated lattice parameters are in
good agreement with the experimental bulk values
(< 1.8% off).

In the next step, the total energy of all considered
phases is calculated as a function of the in-plane
lattice parameters a and b. The results are plotted as
contour plots in Fig. 3. The differences to the bulk
Pna2; structure are depicted as insets. The nonpolar
variant and the Pnma structure II naturally show very
similar characteristics to its polar counterpart. It is
higher in energy than the bulk phase within the
considered parameter space. This observation con-
firms that the bulk BIO phase is generally more
stable and robust ferroelectricity can be expected.

Table 1 summarizes the relaxed lattice parameters
for all structures as well as their energy minima with
respect to the bulk phase. As mentioned above, the
phase II is only slightly higher in energy, but the
energy landscape is similar to that of the ferroelectric
bulk phase. The energy difference between the bulk
phase and structure III is small too and the energy
landscapes with respect to asymmetric in-plane strain
are quite different. The local minima for the pyrox-
ene-like BIO lie at much smaller lattice parameters.
The situation appears to be similar to BiFeO; thin
films, where a highly tetragonal polymorph can be
stabilized under large epitaxial compressive strain.
The pyroxene-like BIO phase would be accessible
with standard perovskite substrates. However, our
phonon analysis has shown the relaxed structure to
be dynamically instable. Experiments and more
accurate DFT-based phonon calculations under
compressive strain are necessary to clarify this issue.

The phases IV and V are a bit higher in energy.
These two phases have similar energy landscapes
and properties as they both belong to the subgroup of
supertetragonal polymorphs that have drawn much
attention in BiFeOj; films. For BIO, the energy dif-
ferences of supertetragonal phases to the stable bulk
structure are larger than in BiFeOs. Therefore, the
supertetragonal Cn phase only becomes energetically
favorable over the bulk structure at high strain values
of > 6%, as compared to about 4.5% for BiFeOs.
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Figure 3 Total energy of the 6 different structural phases as a
function of the a and b in-plane lattice parameters. The values are
given with respect to the lowest energy state of the bulk phase.

Table 1 Pseudocubic lattice
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E- Ebulmm
[meV/f.u.)

E- Ebulk
[meVif.u.)
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Insets show the energy differences to the bulk structure at identical
lattice parameters. The energy minima are marked by red crosses
for each phase.

parameters, energy difference e A e A 2 (9 AE (meV/fu.)  Eg(eV) Py (nClem®)  Dyna. stable?
Z?eg:oz‘iﬂkb::g“tzw EAE;H ; I 4148 4227 90 0 2.88 19.1 Yes
el valus 0% t‘}’le g I 4160 4101 90 48 237 0 No
forrocloctrie polarization m 3916 5258 90 106 1.43 0 No

e e IV 402 528 84.64 147 227 212 Maybe
veetor Fror V4016 5308 8827 153 2.15 36.2 No
phases VI 4228 4055 8997 416 291 68.5 Yes

Details on how the pseudocubic in-plane lattice parameters (4., ¢,c) and tilt angles (o) were calculated

can be found in reference [18]

Another difference to the BiFeO; system is that the
rhombohedral tilt system (a"a"a™) is energetically
quite unfavorable in BIO. The energy difference of
structure VI to the bulk structure is larger than
400 meV per formula unit.

In Fig. 4, we present the phase diagram of BIO
based on the DFT results. Dynamically unsta-
ble phases are discarded. In order to illustrate which
single crystals are particularly suitable for the thin
film growth of BIO, a number of various well-known

substrates are added to the parameter space. We find
that while the bulk phase is stable for the largest part
of the a—b parameter space, the monoclinic Cm is
energetically favored at small lattice parameters. It
should be noted that DFT calculations do not take
into account the formation of ferroelectric domains.
Phase-field modeling of the ferroelectric domain
structures would allow for the refinement of the
phase diagram as a function of the film thickness.
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1 BIO (bulk)

¢ Scandates
1-DyScO, 2-TbScO,
3-GdScO, 4-EuScO,
5-SmScO, 6-PmScO,
7-NdScO, 8-PrscO,

B Zirkonates
1-CaZrO, 2-SrZrO,
3-BazrO,

© Standard cubic
1-SLaGaO, 2-LSAT
3-SrTi0, 4-KTaO,
5- MgO

¥ Lanthanates
1-LasScO, 2-La(Lu,Sc)O,
3-LaLuO, 4-LaTmO,

@ Others
1-GdFeO, 2-NdGdO,

bIA]
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Figure 4 Calculated phase diagram. The shaded area indicates an
uncertainty range of 10 meV/fu. between the Pna2; and Cm
phase. Lattice parameters of a variety of possible substrate
materials are included by data points. The dashed yellow and red
lines show the parameter space for cubic substrate materials with
a/b = 1 and orthorhombic materials with a/b = 1.054, respectively.

If the highly polar Cm phase is to be stabilized,
standard commercial substrates with small in-plane
lattice, such as LaAlOj; are worth considering.
However, it is worth mentioning that in the phase
space where the Cm phase is favored, this phase is
already under a significant misfit strain with respect
to its own local minima at a,. = 4.016 A. Experi-
mental realization via thin film growth is likely going
to be difficult.

If the bulk phase is desired, substrate materials
with large lattice constants (apc, bpe > 4 A) are nee-
ded. Additionally, a large orthorhombic distortion
close to that of bulk BIO (a/b = 1.054) would reduce
the lattice mismatch further (see red dashed line in
Fig. 4) and help eliminating twin formation. Some
scandates (MScO;) and lanthanates (LaMQ;), with
M being a transition metal of the lanthanide series, do
fulfill these requirements. They commonly form
orthorhombic structures with Pnma symmetry and
a"a ¢’ octahedral rotation pattern. Thus, they pro-
vide a good ideal oxygen octahedra connectivity to
the bulk BIO phase. Scandates have become com-
mercially available over the past decade, with PrScO;
being the substrate with the largest lattice parame-
ters. Lanthanates have been notoriously hard to pre-
pare as single crystals due to their high melting
points, but successful growth of La(Sc,Lu)O; has been
reported recently [19]. An alternative route might be
the use of lanthanate films in form of buffer layers
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Figure 5 Calculated band gap E, and absolute value of the
ferroelectric polarization Py, as a function of the in-plane
parameters a = b.

and/or superlattices with BIO. This approach has
been shown to be successful for other oxide thin film
combinations [20, 21].

The vastly different properties of the phases I and
V may allow for a strain control of various func-
tionalities. For example, in Fig. 5 we plot the elec-
tronic band gap E; and the total ferroelectric
polarization Py, as a function of the symmetric in-
plane lattice parameter (2 = b), mimicking the growth
of BIO films on cubic substrates. We find a quite
strong dependence of the ferroelectric polarization on
strain. This result is in contrast to other Bismuth
perovskites, including BiFeOj;, that have been shown
to be rather insensitive to strain [22]. Our calculated
polarization values appear to be unusually small.
Kaczkowski [23] noted a huge discrepancy of bulk
BIO polarization values in literature ranging from 33
to 166 nC/cm?. The differences can be ascribed to the
use of experimental lattice parameters versus full
structural relaxation (as done here). This observation
further suggests that the value of the spontaneous
polarization of BIO is very sensitive to its crystal
structure parameters. Similarly, the band gap is sig-
nificantly reduced under compressive strain. This
behavior is known from BiFeO; films, where the
transition from the rhombohedral to the superte-
tragonal polymorph leads to a lowering of the band
gap [2].
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Conclusion

Our calculated phase diagram can be seen as a guide
to epitaxial growth of BIO thin films. We find that the
bulk phase of BIO is stable for large a and b in-plane
parameters. MgO single crystals do provide a rela-
tively large in-plane lattice, but the rocksalt structure
does not allow for good oxygen connectivity at the
interface. Orthorhombic substrates with large pseu-
docubic lattice parameters are more beneficial as they
provide a smaller lattice mismatch and favor good
oxygen octahedra connectivity. Thus, the epitaxial
growth of bulk-like BIO likely requires the use of
nonstandard substrates. We suggest the growth on
lanthanate single crystal or buffer layers. On the other
hand, epitaxial stabilization of other BIO phases, such
as the supertetragonal or pyroxene-like polymorphs,
seem experimentally challenging. Approaches
beyond simple thin film epitaxy are likely needed.
BIO warrants further theoretical and experimental
investigation due to strong spin-orbit coupling that
could lead to new functionalities.
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