
Density-functional theory calculation
of magnetic properties of BiFeO3 and BiCrO3

under epitaxial strain

Cite as: J. Appl. Phys. 130, 104102 (2021); doi: 10.1063/5.0054979

View Online Export Citation CrossMark
Submitted: 23 April 2021 · Accepted: 20 August 2021 ·
Published Online: 14 September 2021

Michael R. Walden,1,a) Cristian V. Ciobanu,2 and Geoff L. Brennecka1

AFFILIATIONS
1Department of Metallurgical and Materials Engineering, Colorado School of Mines, Golden, Colorado 80401, USA
2Department of Mechanical Engineering, Colorado School of Mines, Golden, Colorado 80401, USA

a)Author to whom correspondence should be addressed: waldenmichael@mines.edu

ABSTRACT

This work uses density-functional theory to model the magnetic properties of bismuth-based perovskite oxides under epitaxial strain.
We augment the known transition in BiFeO3 between rhombohedral-like and tetragonal-like phases occurring at 4.2% compressive epitaxial
strain with the variation in magnetic behavior near this boundary. This phase boundary coincides with a transition from G- to C-type mag-
netic order, as well as with a 90% decrease in the magnitude of the [001]-oriented coupling coefficients. The magnitude of iron magnetiza-
tion is shown to vary by no more than 3% over the entire range of compressive strain considered. In the BiCrO3 system, we report a
variation in chromium magnetization of over 20%, along with transitions from bulk G-type to regions of C-type order under tensile epitax-
ial strain and to F-type order under both tensile and compressive epitaxial strains. The region of F-type order stabilized under compression
beyond 7.9% epitaxial strain corresponds to a “super-tetragonal” phase structurally similar to the well-known phase of BiFeO3 exhibiting
spontaneous polarization on the order of 150 μC/cm2.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054979

I. INTRODUCTION

The bismuth-based perovskite oxides are a series of materials
frequently exhibiting ferroelectric and ferromagnetic orders.1–9 The
members of this series share the generic chemical formula BiXO3

or BXO, where X corresponds to one or more trivalent cations,
most commonly Cr, Mn, Fe, Ni, or Co. Aside from the BiFeO3

(BFO) system, phase stability and magnetic properties in these
systems remain underexplored, though the quantitative characteris-
tics of antiferromagnetic (AFM) response in the BFO system under
epitaxial strain also require further investigation.7–12 In addition to
providing a computational investigation of assessment of magnetic
response in the BFO system to epitaxial strain, this work identifies
the extent to which another noteworthy BXO system, BiCrO3

(BCO), also exhibits useful variation in structural and magnetic
order under epitaxial strain.

Epitaxial strain provides a mechanism in the multiferroic BXO
systems for the stabilization of structural order or magnetic order,
which may be unstable in a bulk context. A commonly reported

example of such an enhancement of ferroic response is the stabiliza-
tion under approximately 6% compressive epitaxial strain of a
“super-tetragonal” phase of BFO having very high spontaneous
polarization on the order of 150 μC/cm2.2 In addition, transitions in
the BFO system from G-type to C-type magnetic order have been
reported under compressive epitaxial strain.13,14 The rhombohedral-
like and super-tetragonal structural configurations of BFO are illus-
trated in Fig. 1, along with all four magnetic orders compatible with
magnetic coupling exclusively between first-neighboring B-site
cations. While the quantitative characteristics of the transition in
structural order in the BFO system have been systematically investi-
gated using ab initio techniques in the existing literature, a robust
computational investigation of magnetic behavior under epitaxial
strain has not been undertaken. Additionally, systematic investiga-
tions neither of structural nor of magnetic order under epitaxial
strain in the BCO system exist to our knowledge, aside from our own
investigation of structural order in the BCO system.12

There are many approaches to modeling phase stability
and magnetic order under epitaxial strain from first-principles.
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Modeling space group stability under epitaxial strain requires selec-
tive relaxation of lattice parameters, in which a given condition of
epitaxial strain must be “frozen” in the computational scheme
while allowing the remaining lattice parameters to relax to their
lowest-energy values. Examples of approximate relaxation schemes
include considering a supercell by symmetry disallowing space
groups other than Cc monoclinic or P4mm, relaxing either the
in-plane lattice constant or the c=a ratio, or freezing the pseudo-
cubic lattice angle 90!.15–18 Many structural investigations of BFO
epitaxial phase stability assume uniformly G-type antiferromagnetic
order, and as such do not consider variation in magnetic coupling
with strain.12,16,18

Modeling magnetic order subject to a classical Heisenberg-like
Hamiltonian may ignore variation in the magnetic moment, calcu-
lating the Ji,j coupling coefficients directly as differences in the
energy of different magnetic orders.13,14 In this article, we use
density-functional theory (DFT) calculations to determine both
the magnetic moments and magnetic coupling coefficients for a
Heisenberg-like model of the B-site lattice in perovskite films sub-
jected to epitaxial strain. Calculation of magnetic coupling coeffi-
cients in a Heisenberg-like model may consider only first
nearest-neighboring B-site pairs or second neighbors as well. The
predominant basis for magnetic ordering in the BXO systems is a
superexchange mechanism, in which B-site coupling is mediated by
the oxygen anion intermediate between two first-neighboring B-site
cations.19 Because second-neighboring B-site cations do not have an
intermediate oxygen anion, only the coupling of first-neighboring
B-sites is considered in our calculations. Those computational works
which consider second-neighbor coupling coefficients (by raw differ-
ences in energy with no consideration of variation in the moment)
find a uniform magnitude of this coefficient across the full range of

epitaxial strain. This behavior is functionally equivalent to a uniform
energy offset from sole consideration of first nearest-neighbor
coupling.13

Our previous work has shown that, of the BXO series with
B-site occupation by a trivalent cation from among the 3d metals,
the BFO and BCO systems are the lone systems exhibiting two or
more stable space groups and/or magnetic orders under epitaxial
strain.12 The relevant crystallographic classes include monoclinic,
triclinic, and tetragonal space groups for BFO, and monoclinic and
orthorhombic space groups for BCO. These structural configura-
tions may be categorized as rhombohedral-like (R-like) or
tetragonal-like (T-like), per the illustrations in Fig. 1, depending on
the structural similarity of the stable phase to an R3c or P4mm
structural archetype.10,11,15–18,20–27 Previous literature has shown
that first-neighbor magnetic coupling accounts for translational
symmetry present in the BXO systems under epitaxial strain, yield-
ing the four (A-, C-, F-, G-type) orders associated with the various
combinations of positive and negative signs on the in-plane and
out-of-plane coupling coefficients, also as illustrated in Fig. 1. The
combination of space group and magnetic order, such as R3c-G or
P4mm-C, fully defines a “chemical phase” to which epitaxial strain
will be applied in this work.13

The phases shown to be stable in the BFO and BCO systems
correspond to several unique B-site (XO6) coordination
environments.12,15–18,20–22,25 Because of the strong dependence of
magnetic order on this coordination environment, there is the
potential for multiple stable magnetic orders in the BFO and BCO
systems.17,19 The current work determines the extent of complexity
in the magnetic response exhibited by the BFO and BCO material
systems under variation of epitaxial strain, principally yielding
predictions of both space group and magnetic order, which are the
lowest energy for any reasonable range of compressive or tensile
epitaxial strain. As a second yield, the current work identifies
the variation in magnetic moments and first-neighbor magnetic
coupling coefficients with epitaxial strain.

II. METHODS

A. Structural relaxations

We have used the Vienna ab initio Simulation Package
(VASP)28–31 to conduct DFT calculations in the framework of the
spin-polarized generalized gradient approximation, implemented
with “PBEsol” exchange-correlation functionals.32–35 The method-
ology used in the current work is similar to that used in our previ-
ous work,12 with two main differences: (a) we now use the PBEsol
exchange-correlation functional, due to its greater consistency with
experimentally reported values of lattice constants in the BXO
systems than Perdew–Burke–Ernzerhof (PBE) and (b) we consider
the four types of magnetic order (A-, C-, F-, and G-type) consistent
with non-zero coupling only between first-neighboring B-site
cations (Fig. 1). The valence electron configurations for the plane-
wave augmented pseudopotentials36 that we employ are as follows:
6s25d106p3 for Bi, 3p64s23d6 for Fe, 364s13d5 for Cr, and 2s22p4 for
O. The supercells used in this work are only as large as is necessary
to capture the four types of first-neighboring magnetic order, con-
sistent with exact 1:1:3 stoichiometry of a BiXO3 perovskite. No
vacancies or other site defects are considered nor are dislocations.

FIG. 1. Structural archetypes and first-neighbor magnetic orders associated
with the BXO material systems. Oxygen coordination illustrated as octahedra
(coordination number, CN ¼ 6) and lower-coordination polyhedra (CN ¼ 5) in
the R-like and T-like archetypes, respectively.
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The role these defects would play in stabilization of epitaxial
phases, or in the coherence of a thin film to a substrate, is outside
the scope of this work.

We use the generalized gradient approximation with Hubbard
on-site energy terms (GGA+U),37,38 with the Hubbard corrections
of U ¼ 4:6 eV for Fe and 4:8 eV for Cr as calculated via linear
response theory.39 The use of GGA+U with the linear response
method permits a fully ab initio approach to improving the quanti-
tative validity of predictions in DFT of bandgap and other related
properties arising from localized behavior of electrons. The GGA
+U approach has been shown to greatly improve quantitative valid-
ity over unmodified GGA when modeling the magnetic properties
of oxide systems.40–42 Thresholds for energy convergence of
10#8 eV for electronic steps and 10#6 eV for ionic steps were used,
these small values being necessary for the BCO system where
energy differences between different magnetic orders of the same
space group may be as small as 10#4 eV per supercell (10#6 eV per
formula unit). The calculations use either a

ffiffiffi
2

p
$

ffiffiffi
2

p
$ 2 or 2$

2$ 2 supercell of primitive BXO perovskite unit cells (see Table I
in the supplementary material), 5$ 5$ 5 k-point mesh, and a
plane-wave energy cutoff of 540 eV.36,43

This work does not explicitly include a substrate and instead
models a crystal subject to periodic boundary conditions under
simulated epitaxial strain. A discrete condition of epitaxial strain is
modeled by designating two lattice vectors as in-plane (IP) vectors
such that the area bounded by these vectors matches the square of
the desired epitaxial lattice constant. Under this IP strain con-
straint, which simulates the equivalent condition of epitaxial strain,
energy is minimized with respect to the out-of-plane (OP) lattice
constant using an “external” energy minimization protocol. This
protocol consists of a series of calculations with uniform a and b
(IP) lattice vectors that discretely vary the component of c (OP)
vector, which is perpendicular to the plane of IP vectors, with each
calculation freezing all lattice constants while permitting relaxation

of fractional atomic coordinates. The discrete values chosen for var-
iation in the OP component of c cover a sufficiently wide range to
ensure the determination of the global energy minimum, due to
the common presence of competing local energy minima, particu-
larly around transitions between phases and within the strain
region associated with stability of a high c=a-ratio phase. The ulti-
mate determination of the global energy minimum uses a much
finer mesh of discrete OP components of c, providing energy preci-
sion at least as great as 10#7 eV per formula unit so that the preci-
sion of the VASP calculations is not lost in this “external”
minimization protocol. This procedure yields a robust determina-
tion of which phases are the lowest energy at any discrete value of
epitaxial strain simulated in this work. The IP lattice constants
associated with the transitions between neighboring lowest-energy
phase regions are identified using polynomial fits to interpolate
among the appropriate discrete energy points. These polynomial
fits are included in Figs. 2 and 4 as continuous curves joining the
discrete energy values.

B. Determination of magnetic coupling coefficients

Once the lowest-energy combination of space group and mag-
netic order has been determined, the fractional ionic coordinates
are frozen and the corresponding electronic configuration deter-
mined, in turn, for each of the four magnetic orders (A-, C-, F-,
G-type). These calculations also yield the magnetic moment of
each B-site cation. The energies and magnetic moments of each
magnetic order enable the calculation of coupling coefficients
based on the following equation for energy, which assumes a multi-
plicity of 16 and 8 for, respectively, IP and OP pairs of first-
neighboring B-site cations,

E ¼ E0 þ Jk
X

(i,j)[k
μiμ j þ J?

X

(i,j)[?
μiμ j: (1)

In this equation, the IP and OP sets defining the ranges of the
corresponding summations contain all pairs of first-neighboring IP
and OP bonds within a given supercell. These summations include
two IP terms and one OP term per formula unit. E0 denotes the
energy of a particular strain state of a given configuration of atoms,
independent of magnetic order. It is necessary that the calculations
of the energy of the various antiferromagnetic (AFM) order types use
the same atomic configuration to avoid contributions to E0 arising
from lattice strain, which would conflate direct first-neighbor mag-
netic coupling coefficients with certain magnetoelastic coefficients.
This detailed approach to calculating magnetic coupling coefficients
is significantly different from other works,44 which may simply
take differences between energies of relaxed phase-order calcula-
tions, making no account for variation in the magnetic moment
or for magnetoelastic effects.

In Eq. (1), each of the first-neighboring B-site moments is not
presumed to have magnetic moments of the same magnitude.
In order for a single IP or OP magnetic coupling coefficient to be
properly associated with the entire material, it is necessary for
the product of first-neighboring moments to be of uniform magni-
tude across all IP-neighboring B-site pairs and all OP-neighboring
B-site pairs. This is a less strict condition than uniformity of

FIG. 2. Energetic stability of BiFeO3 by space group and magnetic order, with
strain referenced to the in-plane lattice constant (a& ¼ 3:943 Å) associated with
the global minimum in the energy of the Cc-G phase.
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magnitude of all B-site cations. Though the global energy
minimum expectation for the BXO systems may be antiferromag-
netic order with equal moment magnitudes for all B-site cations,
under sufficient epitaxial strain deviating from this ground state
expectation, B-site momenta may differ in magnitude. So long as
the variation in these momenta does not cause any product of adja-
cent IP and OP-neighboring B-site pairs to be of unequal magni-
tude, utilization of single IP and single OP coefficients is valid.
This less strict condition, on equality of magnitudes of all neigh-
boring moment pairs, is upheld absolutely throughout the results
of this work, though no de facto constraint requires this outcome.
For supercells in which all B-site cations have the same magnitude
of the magnetic moment, Eq. (1) leads to the following equations
for each magnetic order:

EX,A ¼ E0 þ 16Jkμ
2
X,A # 8J?μ2X,A, (2)

EX,C ¼ E0 # 16Jkμ
2
X,C þ 8J?μ2X,C , (3)

EX,F ¼ E0 þ 16Jkμ
2
X,F þ 8J?μ2X,F , (4)

EX,G ¼ E0 # 16Jkμ
2
X,G # 8J?μ2X,G: (5)

Because Eqs. (2)–(5) constrain only three unknown variables
(E0, J?, Jk), they yield four value predictions for each variable,
thereby providing consistency checks for each predicted value.
In addition, the signs of predicted coupling coefficients can be
ensured to be compatible with the magnetic order, which is the
lowest energy such that G-type magnetic order stability necessarily
leads to IP/OP magnetic coefficients that are both positive, while
A-type order stability necessitates negative IP coefficients and posi-
tive OP coefficients.

III. RESULTS/DISCUSSION

A. Phase stability and magnetic properties of BiFeO3

The order of phases in the BiFeO3 system predicted to be
stable under increasing compressive epitaxial strain begins, as
shown in Fig. 2, with the Cc space group of G-type magnetic order
(described herein as the Cc-G phase). This space group is coinci-
dent with an R3c space group at 0% strain, which is consistent with
previous reports that such a rhombohedral phase is the bulk
(unstrained) stable phase. The lattice constant of !3:952 Å corre-
sponding to this energy minimum is also highly quantitatively
similar to previous reports of the global energy-minimum lattice
constant of BFO. This Cc-G phase remains more stable than all
other phases up to !9% tensile epitaxial strain, which is the range
of tensile strain considered in this work.

Under compressive epitaxial strain, several phases transitions
are predicted. The main point of agreement with the computational
literature is that a “super-tetragonal” P4mm-C phase is stabilized
under compressive strain beyond 7.9%. This phase exhibits an elon-
gated c=a ratio of at least 1.4, with potential for greatly enhanced
spontaneous polarization. The intermediate region of phase stabil-
ity, between 4.2% and 7.9% epitaxial strain, is found to exhibit both

Cc-C and P1-C regions of phase stability. The Cc aspect is in agree-
ment with the literature, but the determination of a true-triclinic
P1 phase is not. Though previous reports have described unstable
triclinic phases within this regime, the entire region of phase stabil-
ity has been described as Cc in nature.45 This work has definitively
determined that within the 4.2%–6.0% compressive strain region,
the Cc space group is unstable by at least 10#4 eV=f :u:, and the
lowest-energy P1 space group cannot be construed as a higher-
symmetry space group (monoclinic or otherwise) within any reason-
able thresholds. Some previous computational investigations, including
a previous phase of this work, have reported stability of a Cm space
group in some portion or all of the 4.2%–7.9% region of strain. In this
work, however, the Cm space group is found to be energetically unsta-
ble by at least 10#4 eV=f :u: for this region of strain.

It must be noted that this work and most of the extant com-
putational literature on epitaxial phase stability in BFO exclusively
consider single-phase stability. Some experimental investigations of
phase stability in the 4.2%–7.9% region of compressive strain in the
BFO system report some regime of stability of a mixture of two or
more phases. These mixtures may include two or more monoclinic
phases, or a monoclinic and tetragonal-like phase.16,21 All mixtures
are of two or more tetragonal-like phases. To our knowledge, none
of these multi-phase reports include specific reference to a P1 tri-
clinic phase. This discrepancy in experimental reports may be
attributable to XRD patterns of a P1 phase (or phase region) being
indistinguishable from higher symmetry tetragonal-like phases.

The most common high-compression substrate used in depos-
iting epitaxial BFO thin films is YAlO3, with a lattice constant of
roughly 3.7 Å; this substrate leads to either to the P1-C or Cc-C
phases, depending on the variation with thermal expansion of the
lattice constant of YAO and the location of the transition from
P1-C to Cc-C stability, which at 0 K is !3:705 Å. Although a
further increase in the c=a ratio can be attained by deposition
beyond 7.9% compressive epitaxial strain in the true-tetragonal
P4mm-C phase, no known experimental depositions of single-
phase films in this region have been reported.

The change in the iron magnetic moment with epitaxial strain
is shown in Fig. 3(a). The variation by .1% in the moment magni-
tude over the range of considered strain justifies the consideration
of non-uniform moments in Eqs. (2)–(5). Of note is the discrep-
ancy between the IP strain of 0%, indicating the IP lattice constant
associated with the global minimum in the energy of the Cc-G
phase, and the IP tensile strain of approximately 2%, indicating the
global maximum in the iron magnetic moment. The magnetic
moment of the B-site cation in a BXO system is predominately
determined by the comparative degree to which spin-up and spin-
down electronic states associate with the B-site cation. A necessary
consideration in this regard is the strength of superexchange
between 3d electronic states on the B-site cation and the 2p elec-
tronic states on intervening oxygen anions. While a separate analy-
sis would be necessary to ascertain the precise basis in bonding
theory for the variation in the magnetic moment under epitaxial
strain, reasonable interference may be made that necessary consid-
erations will include the twofold greater multiplicity of IP Fe–O
bonds compared to OP bonds, the dependence of absolute superex-
change on an exact 180! bond angle associated with each set of
first-neighboring Fe–Fe pairs with an intervening oxygen, and the
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diminished correlation between spin-up and spin-down states on
adjacent sites as interatomic spacing increases.19

The magnitude of the moments of all iron cations in the Cc-G
phase at all values of epitaxial strain in this work is uniform
throughout the entire 2$ 2$ 2 supercell. In the T-like P1-C, Cc-C,
and P4mm-C phases, iron magnetic moments have one of two
slightly different magnitudes distributed among Fe–Fe first-
neighbor pairs such that all products of moments have equal mag-
nitude for a given supercell. For these T-like phases, the reported

moment magnitude in Fig. 3(a) is given as the square root of the
magnitude of these products.

The reason for the sole presence of G-type and C-type mag-
netic orders in the BFO system across the entire strain range, with
no transitions to A- or F-type order, is explained by the variation
in IP magnetic coupling coefficient between adjacent iron cations
with epitaxial strain, as illustrated in Fig. 3(b). Because the IP coef-
ficient, Jk, varies fairly linearly with IP lattice constant, the trend
may be extrapolated to predict a sign reversal around 19% tensile
epitaxial strain, beyond which point A-type order may be stable,
barring any phase transitions or other discontinuous variations in
structure.

The strong discontinuous decrease in magnitude and sign
reversal of the OP coupling coefficient, shown in Fig. 3(c), is clearly
associated with structural discontinuities around the 4.2% strain
transition and the sudden drop in coordination (see Fig. 1 in the
supplementary material) from 6 to 5. This decrease in coordination
reflects an increase in one Fe–O interatomic spacing from 2–2.5 Å
to 3–3.5 Å. The Fe–O atomic pair associated with this increase in
spacing is uniform among all iron sites in a given BFO supercell.
As such, the polarity of each FeO5 polyhedra in T-like BFO is in
constructive alignment. The opposing case in which adjacent poly-
hedra have anti-aligned polarities is definitively found in this work
to be energetically unstable compared to the aligned case. The
decrease in coordination from 6 to 5 is one factor underlying the
dramatic increase in spontaneous OP polarization in the T-like
phases of BFO. The basis in the superexchange effect for magnetic
correlation in the BFO system explains why so long as both Fe–O
bonds along the [001] crystallographic axis remain within a reason-
able threshold for proper identification as chemical “bonds,” anti-
alignment of moments along this direction would be enforced.

Our prediction of !4:2% compressive strain, or an IP value of
3.79 Å, for the transition between G- and C-type order in BFO is
similar to the values quoted in various parts of the literature for
this transition, which range from 3.78 to 3.90 Å.13,14 These prior
works demonstrate that the sign on a coupling coefficient, includ-
ing the values of strain where this coupling coefficient is zero, can
be determined directly using the difference in energy of the various
magnetic orders. Our work considers as well the variation in the
magnetic moment with IP strain. This is necessary in order for
the predicted values of the coupling coefficients to carry quantita-
tive physical meaning as an assessment of the strength of magnetic
coupling along each pair of neighboring B-site cations with an
intervening oxygen anion. The results found herein are consistent
with a Heisenberg-like model for the coupling between moments
across first-neighboring Fe–Fe pairs only, with zero coupling coeffi-
cients between second or higher orders of Fe–Fe neighbors.

B. Phase stability and magnetic properties of BiCrO3

The BCO system is found to be stable in a Cc-G region of
stability very similar to that found in BFO, even coinciding with an
R3c phase at its local energy minimum. However, as shown in
Fig. 4, this phase is not the globally lowest energy phase for BCO.
Instead, one of a series of orthorhombic phases is the lowest
energy, such that the Cc-G phase is only stable under tensile strain.
The limited experimental investigations of BCO under epitaxial

FIG. 3. (a) Magnetic moment of Fe ions, (b) in-plane magnetic coupling coeffi-
cient Jk, and (c) out-of-plane coupling coefficient J? in stable phases of
BiFeO3, as a function of epitaxial lattice constant.
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strain typically use an SrTiO3 substrate (3.90–3.95 Å lattice cons-
tant) and find pseudomonoclinic phase stability. Our results
predict that the stable phase for an STO substrate is actually ortho-
rhombic and is under slight tensile strain.10

The orthorhombic phases are quite energetically similar over
the range of considered compressive strain, having energy differ-
ences between space groups as small as 10#5 eV/f.u. and differences
between magnetic orders of the same space group as small as
10#6 eV/f.u. This similarity is finally broken beyond 7.9% compres-
sive strain, at which point tetragonal-like phases become stable in
the BCO system. These T-like phases, like those in BFO, exhibit
lower B-site coordination than the corresponding R-like phases.
An analysis of the Cr–O interatomic spacings (see Fig. 2 in
supplementary material) indicates that half of the chromium cations
in T-like BCO are coordinated with four oxygen anions, while half
remain coordinated with six anions. This decrease in coordination is
symmetric about the Cr–O pairs aligned with the OP crystallo-
graphic axis, with the two Cr–O pairs on four-coordinated sites
increasing to an interatomic spacing of 3.0–3.5 Å, while the pairs on
six-coordinated sites remaining bonded with an interatomic spacing
of 2.0–2.5 Å. Whereas all of the BFO FeO5 polyhedra in the T-like
phases have significant polarities which constructively align, the BCO
CrO4 and CrO6 polyhedra both have negligible polarities. Based on
this, the ionic contribution to spontaneous polarization in “super-
tetragonal” BCO will be far smaller than the corresponding contribu-
tion in super-tetragonal phases of BFO, though there may yet exist
substantive electronic contributions.

The BCO system exhibits a dramatic discontinuity in the mag-
netic moment of certain chromium sites across the transition from
the R-like Pbnm-G to the super-tetragonal Pmcn-F phase, as shown
in Fig. 5(a). The chromium sites that remain octahedrally
(CN ¼ 6) coordinated have fairly continuous moments falling in
the 2.95–3.10 μB range, whereas certain of the fourfold coordinated
sites have dramatically larger moments, in the range of 3.25–3.75

μB. Somewhat oddly, this dramatic dependence of the magnetic
moment on coordination is largely removed in the Pnma-F phase,
in which the difference in moments between the sites of each coor-
dination environment reduces to roughly 0.05 μB. However,
whereas the Pbnm-F system exhibits uniform magnetic moments
(within 0.001 μB) on all chromium sites of a given coordination
environment, the Pnma-F moments f chromium sites of a given
coordination environment are not uniform. In this phase, the var-
iance of moments among chromium sites of the same coordination
is roughly +0:005μB.

FIG. 4. Energetic stability of BiCrO3 by space group and magnetic order, with
strain referenced to the in-plane lattice constant (a& ¼ 3:891 Å) associated with
the global minimum in the energy of the Pmcn-G phase.

FIG. 5. (a) Magnetic moment of Cr ions, (b) in-plane magnetic coupling coeffi-
cient Jk, and (c) out-of-plane coupling coefficient J? in stable phases of
BiCrO3, as a function of epitaxial lattice constant.
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Figures 5(b) and 5(c) are consistent as well with high variation
in coordination environment within the tetragonal-like phases.
The region of intermediate C-type stability from 3.2% to 7.2%
tensile epitaxial strain is possible because of the high continuity of
structural order under tension in BCO. The absence of similar con-
tinuity across the R-like to T-like transition supports the direct
transition from G- to F-type order, with no predicted intermediate
region of A- or C-type order under compression. While our data
are sufficient only to directly predict that the transition from
G-type to F-type order in the BCO system occurs at some value
between 7.5% and 8.7% compressive strain, the energetic continuity
on either side of the predicted transition from Pbnm-G to Pnma-F
at 7.9% strain and structural discontinuities associated with this
transition are strongly consistent with attribution of a simultaneous
reversal in sign of IP and OP coupling coefficients precisely at 7.9%
strain with no intermediate region of A- or C-type stability.

The non-equivalence of coordination environment and mag-
netic moment of chromium sites suggests the possibility of the
breakdown in the assumption of first nearest-neighbor only coupling
coefficients. The distribution of fourfold and sixfold coordinated
chromium sites suggests that in the Pnma-F phase, IP coupling is no
longer first-neighbor only, while OP coupling remains first-neighbor
only. In the Pbnm-F phase, all coupling is no longer first-neighbor
only. However, coupling coefficients are still calculated and reported
with consideration only of first-neighbor coupling. For the Pnma-F
and Pbnm-F phases, the magnitude of the coupling coefficients
should not be considered as having a quantitative value. However,
the prediction of a transition from G- to F-type (full AFM to full
FM) order at 7.9% compressive strain is quantitatively valid because
this transition is based directly on relative energies.

The prediction of a region of C-type stability under tension is
predicated on a separation of the epitaxial strains at which the IP
and OP coupling coefficients reverse sign. The corresponding tran-
sitions under compression occur at the same 7.9% value of strain,
such that there is no intermediate region of A- or C-type order
between the region of Pbnm-G and Pnma-F phase stability. Under
tension, the BCO structural order remains highly continuous with
no dramatic changes in the chromium site coordination environ-
ment. Analysis of the Cr–O bond lengths in BCO under tensile
strain (see Fig. 2 in the supplementary material) reveals that ele-
ments of orthorhombic symmetry remain in Cc monoclinic BCO,
with Cr–O bond lengths falling into three pairs or equal-length
bonds aligned along each of the three nearly orthogonal crystallo-
graphic axes.

IV. CONCLUSIONS

Our investigation has established the range of chemical
phases, which may be stable in the BiFeO3 and BiCrO3 systems
under a large range of epitaxial strain, considering first-neighbor
magnetic coupling and order. These computational predictions for
the BFO system are entirely consistent with prior experimental
results indicating an “R-like” to “T-like” transition in phase stability
at 4.2% compressive epitaxial strain, including the result that this
space group transition coincides exactly with a transition from
G-type to C-type magnetic order. These assessments of space
group and magnetic order are extended to the BCO system as well,

demonstrating a transition to a “super-tetragonal” phase and dis-
continuous variation in the magnetic moment and coupling at
7.9% compressive strain. In addition, the BCO system may be stabi-
lized in C-, F-, or G-type orders under accessible states of epitaxial
strain. These results provide quantitative predictions of the atomic
coordination environment and the magnetic behavior to be expected
of two predominant bismuth-based perovskites over a range of epi-
taxial strain covering all currently known experimentally investigated
cubic substrates for depositing perovskite thin films.

SUPPLEMENTARY MATERIAL

See the supplementary material for a comparison of the
general results of phase stability in the BFO system determined in
this work to an array of relevant predictions in the extant literature,
illustrations of the dependence on IP strain of interatomic spacing
between the B-site cation and oxygen anions in each BXO system,
and finally a tabulation of the supercell lattice constants associated
with the minimum in the energy of each phase, which was found
in this work to be the lowest energy for some range of IP strain in
each BXO system.
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