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Using first-principles calculations, we identify a magnetostructural effect in the BiFeO3-BiMnO3

nanocheckerboard that is not to be found in either the bulk parent compound or in BiFeO3-BiMnO3

superlattices with (001)-oriented Fe and Mn layers. The key role of the cation arrangement is explained by

a simple model of the exchange coupling between cation spins, leading to magnetic frustration in the

checkerboard. We also demonstrate that the atomic-scale checkerboard has a multiferroic ground state

with the desired properties of each constituent material: polar and ferrimagnetic due to BiFeO3 and

BiMnO3, respectively.
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There is great interest in finding new multiferroic mate-
rials with large magnetoelectric coupling. Advances in the
synthesis of artificially structured materials have stimu-
lated efforts to design new multiferroic heterostructures,
with first-principles methods being an essential tool for the
study of promising systems. In this Letter, we report the
first-principles identification and characterization of an
unusual heterostructure, a multiferroic atomic-scale 2D
nanocheckerboard [1–4] of BiFeO3-BiMnO3, with proper-
ties that critically depend on the geometry and are not
present in either bulk or (001)-oriented layered structures
of the constituent materials. In particular, the 2D checker-
board geometry leads to magnetic frustration and to qua-
sidegenerate magnetic states that could be tuned by an
external perturbation that changes the crystal structure,
such as epitaxial strain or electric field. This results in a
novel magnetostructural effect, adding to previous ex-
amples of magnetostructural coupling such as bulk [5]
and layered [6] manganites, epitaxial EuTiO3 [7], and
EuSe=PbSe1�xTex multilayers [8].

Our first-principles calculations are performed using
density functional theory within the local spin-density
approximation ðLSDAÞ þ U method as implemented in
the Vienna ab initio simulation package VASP-4.6.34 [9].
We test the robustness of our results with two different
implementations of the rotationally invariant LSDAþ U
version, the first as introduced by Liechtenstein [10] with
UFe ¼ UMn ¼ 5 eV, JFe ¼ JMn ¼ 1 eV, and the second
due to Dudarev [11], with Ueff

Mn ¼ 5:2 eV, Ueff
Fe ¼ 4 eV,

where Ueff ¼ U� J. It has been shown that these U and
J values match experimental data in bulk BiFeO3 [12]; the
value Ueff ¼ 5:2 eV has been used for previous bulk
BiMnO3 ground state calculations [13]. We use
projector-augmented wave potentials (PAW) [14,15] and
treat explicitly 15 valence electrons for Bi (5d106s26p3),
14 for Fe (3p63d64s2), 13 for Mn (3p63d54s2), and 6 for O
(2s22p4). The cutoff energies for the plane wave basis set
are 550 and 800 eV in the ionic relaxations and for sub-

sequent self-consistent energy calculations, respectively.
Gaussian broadening of the partial occupancies for each
wave function is 0.05 eV. A Monkhorst-Pack k-point grid

[16] is generated with density 4� 4� 4 for the ð ffiffiffi

2
p �

ffiffiffi

2
p � 1Þa0 supercell and 4� 4� 2 for the ð ffiffiffi

2
p � ffiffiffi

2
p �

2Þa0 supercell. Ions are relaxed towards equilibrium posi-
tions until the Hellmann-Feynman forces are less than

10�3 eV= �A. The spontaneous polarization is calculated
by the Berry phase method [17] with k-point mesh twice
as dense as in the energy calculations.
We consider four formula units (perovskite cells), two

each with Fe and Mn atoms on the B site, which we repeat
periodically in space. For the planar checkerboard, we
alternate Fe and Mn atoms to form pillars of the same
composition as in Figure 1(ii); in the limit of the single
unit-cell square considered here, the checkerboard struc-
ture is the same as that of a (110)-oriented superlattice. For

FIG. 1 (color online). (i) BiFeO3-BiMnO3 (001)-oriented lay-
ered superlattice with alternation of Fe=Mn planes. (ii) (left)
BiFeO3-BiMnO3 checkerboard. Checkerboard ordering of
Fe=Mn atoms in the (xy) plane, pillars of the same composition
form along the z direction. (right) Ideal perovskite unit cell.
Perovskite cells with Fe=Mn atoms on the B site repeat accord-
ing to the checkerboard pattern (ii), or layered geometry (i).
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the (001)-oriented superlattice, we alternate single unit-
cell layers along z, as in Fig. 1(i). In both cases, the

supercell is
ffiffiffi

2
p � ffiffiffi

2
p � 2.

We study various collinear spin orderings of the mag-
netic Fe and Mn atoms. FeFM and FeAFM refer to ferro-
magnetic and antiferromagnetic ordering, respectively, for
the Fe moments in the relevant structural component [pillar
for the checkerboard, layer for the (001)-superlattice];
similarly MnFM and MnAFM describe the spin ordering
of the Mn moments. In the checkerboard (see Fig. 2), this
notation fully specifies the states considered. For the
(001)-oriented superlattice, the remaining ambiguity is
resolved as follows: FeAFMMnAFM magnetic order has
AFM ordered Fe and Mn planes with FM order along the
mixed Fe-Mn chains in the z direction, while G-AFM
designates the case with AFM order along the mixed
chains; similarly, FeFMMnFM has FM ordered Fe and
Mn planes with AFM order, while FM designates the
case with FM order, along the mixed chains.

First, to examine the effect of B-site cation geometry on
the magnetic ordering, we show in Table I magnetic en-
ergies computed for the ideal perovskite structure. In the
(001)-oriented superlattice and both bulk parent systems,
the difference in energy between magnetic ground state

(FeAFMMnFM in the superlattice,G-AFM in bulkBiFeO3

and FM in bulk BiMnO3) and the first alternative state is
0:10–0:14 eV=f:u:; this difference corresponds to a rela-
tively large energy and we do not expect a transition to a
different magnetic state. The highest energy magnetic

states are more than 0:26 eV=f:u: apart. By contrast, in
the checkerboard all magnetic states are quasidegenerate
and are confined within the energetical window of
0:15 eV=f:u:; all are lower than the lowest states in the
layered superlattice and the bulk. Indeed, the closest mag-
netic state to the FeAFMMnFM ground state is now only
0:022 eV=f:u: higher, making it much more plausible for a
magnetic transition to occur.
The importance of the geometry of the cation arrange-

ment in the magnetic ordering energies can be readily
understood by considering a simple model of the exchange
couplings between the cation spins. Since bulk BiFeO3 and

BiMnO3 are known to be G-AFM and FM, respectively,
the Fe-Fe and Mn-Mn interactions are taken as AFM and
FM, respectively. In the (001)-oriented superlattice, each
Fe(Mn) has four Fe(Mn) and only two Mn(Fe) nearest
neighbors, so that the AFM ordering within the Fe layer
and FM ordering within the Mn layers leaves only one
‘‘unhappy’’ Fe-Mn bond per cation. The FeAFMMnFM
layered ground state is thus strongly favorable relative to
any of the other magnetic orderings considered. In the
checkerboard, the Fe pillars and Mn pillars are adjacent,
so that even the most favorable configuration (AFM order-
ing in the Fe column and FM ordering in the Mn columns)
leaves two ‘‘unhappy’’ Fe-Mn bonds per cation, and other
magnetic orderings have similar proportions of ‘‘unhappy’’
Fe-Fe, Mn-Mn, and Fe-Mn bonds, making the energy cost
relative to FeAFMMnFM relatively small. We will discuss
this magnetic model more quantitatively elsewhere [18],
where we will also relate it to the underlying electronic
states.

FIG. 2 (color online). From top left to bottom right:
(i) G-AFM: rocksalt type antiferromagnetic (AFM) order;
(ii) C-FIM: AFM order in horizontal planes, ferromagnetic
(FM) order along Fe=Mn pillars; (iii) FM order;
(iv) FeAFMMnFM: AFM order along Fe pillars, FM order along
Mn pillars; (v) FeFMMnAFM: FM order along Fe pillars, AFM
order along Mn pillars; (vi) FeAFMMnAFM: AFM order along
Fe=Mn pillars, but FM order in horizontal planes.

TABLE I. Calculated total magnetic energies and energy differences in an ideal perovskite setting with lattice constant a0 ¼
3:893 �A for various magnetic states in the checkerboard, layered superlattice, and bulk BiFeO3 and BiMnO3. Values of UFe ¼ UMn ¼
5 eV and JFe ¼ JMn ¼ 1 eV are used in the first, and Ueff

Fe ¼ 4 eV, Ueff
Mn ¼ 5:2 eV with Ueff ¼ U� J in the second column.

Checkerboard

magnetic state

E½eV=f:u:� Layered superlattice

magnetic state

E½eV=f:u:� BiFeO3

magnetic state

E½eV=f:u:� BiMnO3

magnetic state

E½eV=f:u:�

FeAFMMnFM �35:04, �34:68 FeAFMMnFM �35:11, �34:76 G-AFM �34:23, �34:21 FM �36:06, �35:40

�E½eV=f:u:� �E½eV=f:u:� �E½eV=f:u:� �E½eV=f:u:�
FeAFMMnFM 0.000, 0.000 FeAFMMnFM 0.000, 0.000 � � � � � � � � � � � �
FM 0.022, 0.028 FM 0.111, 0.097 FM 0.360, 0.348 FM 0.000, 0.000

C-FIM 0.076, 0.113 FeFMMnFM 0.136, 0.143 C-AFM 0.115, 0.111 C-AFM 0.293, 0.365

FeAFMMnAFM 0.081, 0.084 FeAFMMnAFM 0.135, 0.137 A-AFM 0.223, 0.215 A-AFM 0.116, 0.139

G-AFM 0.114, 0.152 G-AFM 0.181, 0.219 G-AFM 0.000, 0.000 G-AFM 0.494, 0.621

FeFMMnAFM 0.119, 0.129 FeFMMnAFM 0.260, 0.257 � � � � � � � � � � � �
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Next we investigate the energetics of the structural dis-
tortion and its effect on the magnetic order. We use the
LiechtensteinU and J parameters, as the DudarevUeff give
similar results (see Table I). We consider structures gen-
erated by three typically unstable modes of the cubic
perovskite [19]: the zone center polar ��

4 , the M
þ
3 oxygen

octahedron rotations (all rotations about a given axis in
phase), and Rþ

4 rotations (sense of rotations alternates
along the rotation axis). We freeze in selected combina-
tions of modes and optimize atomic displacements and
lattice parameters in the resulting space groups. Before
discussing the BiFeO3-BiMnO3 checkerboard, we look at
the structural energetics of the bulk constituent materials,
BiFeO3 and BiMnO3. We plot energies for various mag-
netic orderings in seven types of structural distortions of
bulk BiFeO3 in Fig. 3. Our calculation verifies the R3c
ground state: counterrotations of the oxygen octahedra
(Rþ

4 ) and polar ionic distortions (��
4 ) along the [111]

axis are most energetically favorable [12,20]. The ground
state structure has G-type AFM order and spontaneous
polarization 90 �C=cm2 along [111]. For all structural
distortions considered, the lowest energy magnetic order-
ing is G-AFM.

We study the structural energetics of bulk BiMnO3 in a
similar way; the plotted energies are presented in Fig. 4.
We find the lowest energy structure half-metallic and fer-
romagnetic, with the same R3c symmetry as the ground
state of BiFeO3. This structure is not the monoclinic
ground state C2=c of bulk BiMnO3 which has a larger
unit cell than that considered here [21]. However, our cal-
culation shows that it lies close to the ground state (only
43 meV=f:u: above the GS). For all structural distortions
considered, the lowest energy magnetic ordering is FM.

In the (001)-oriented BiFeO3-BiMnO3 superlattice, we
calculate magnetic energies for the rocksalt type G-AFM

and FeAFMMnFM layered magnetic states in two struc-
tural distortions. For Rþ

4 ðyÞ and ��
4 ðyÞ, we find �E ¼

�0:504 eV=f:u: for G-AFM and �E ¼ �0:553 eV=f:u:
for FeAFMMnFM with respect to the FeAFMMnFM mag-
netic state in the ideal perovskite cell (see Table I). For
Rþ
4 ð½111�Þ and ��

4 ð½111�Þ, we find �E ¼ �0:752 eV=f:u:
for G-AFM and �E ¼ �0:761 eV=f:u: for
FeAFMMnFM. For both structural distortions considered,
the lowest energy magnetic ordering is FeAFMMnFM.
Let us now look at the results for the structural ener-

getics of the BiFeO3-BiMnO3 checkerboard. In Fig. 5, we
present the energies for four different types of structural
distortions; these show the lowest energies among a larger
set of structures that we explored [18]. Not surprisingly, the
Rþ
4 and ��

4 ð½111�Þ (R3c) type of distortion is energetically

the most favorable; it gives the BiFeO3 ground state and
the BiMnO3 lowest energy structure. The R3c symmetry is
now broken due to pillar cation ordering and the space
group of the ground state becomes P1; we use the notation
c-R3c, where c designates ‘‘checkerboard’’, as a reminder
of the origin of the distortions. As shown in the inset of
Fig. 5, the two lowest magnetic states G-AFM and
FeAFMMnFM, are only 2 meV=f:u: apart. The ground
state of the checkerboard has the FeAFMMnFM magnetic
order, where Fe spins are ordered antiferromagnetically
along the Fe pillars, Mn spins are ordered ferromagneti-
cally along the Mn pillars, reflecting ‘‘AFM’’ and ‘‘FM’’
nature of parent BiFeO3 and BiMnO3, respectively. A total
magnetic moment 3:7�B per Fe-Mn pair results from Mn
chains. The FeAFMMnFM ground state is insulating with
energy gap 0.88 eV, and we calculate a value of the
polarization 62 �C=cm2 pointing in the [0.85,0.85,1] di-
rection. The ground state of the checkerboard is multi-
ferroic, being ferroelectric and ferrimagnetic.
Finally, we discuss the sensitivity of the ordering of the

magnetic levels to structural distortions. In the (001) su-
perlattice, as in the parent compounds, the lowest energy
magnetic ordering is unchanged by all structural distor-
tions considered. In contrast, if we change the structural
distortion in the checkerboard from the c-R3c to the
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FIG. 3. Structural energetics of bulk BiFeO3. Energy differ-
ence per perovskite cell (f.u.) for different magnetic orderings
(see Fig. 2) and structural distortions: (1) Pm�3m: no distortion—
ideal perovskite; (2) ��

4 ðzÞ: polar distortion along z axis;

(3) Mþ
3 ðzÞ: þ oxygen octahedra tilts about z axis; (4) Rþ

4 ðyÞ:
� oxygen octahedra tilts about y axis; (5) Rþ

4 ðyÞ and

��
4 ðyÞðR�ðyÞÞ: linear combination of (4) and (2) along y axis,

relaxes back to polar ��
4 ðyÞ with zero tilting angle; (6) Rþ

4 ð½111�Þ
ðRþ

4 ðdÞÞ: � oxygen octahedra tilts about [111] axis;

(7) Rþ
4 ð½111�Þ and ��

4 ð½111�Þ (R�ðdÞ): linear combination of

(6) and (2) along [111] (d), where d refers to the cube diagonal
direction.
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FIG. 4. Structural energetics of bulk BiMnO3. Energy differ-
ence per perovskite cell (f.u.) for various structural distortions
(see Fig. 3) and magnetic orderings (see Fig. 2); P4=mmm
corresponds to a tetragonally distorted perovskite cell with
ideally positioned atoms and M�ðzÞ is a linear combination of
rotational Mþ

3 ðzÞ and polar ��
4 ðzÞ modes.
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c-I4cm ground state with Rþ
4 ðyÞ and ��

4 ðyÞ distortions
(cf. Fig. 5) the ground-state magnetic order switches
from FeAFMMnFM to G-AFM, and the latter state is
relatively low in energy. Switching between these two
structures through application of an epitaxial strain or an
electric field is thus possible, and interesting piezomag-
netic and/or magnetoelectric behavior would be expected
to accompany this structurally driven magnetic transition.

Experimental realization of the checkerboard would be
challenging but not impossible. The formation energies of
both the (001) superlattice (also reported in Ref. [22]) and
the checkerboard with respect to the bulk parent com-
pounds are positive (4 meV=f:u: and 30 meV=f:u:, respec-
tively, in the R3c type of structural distortion; for the ideal
perovskite structure see Table I). Indeed, as-grown
Bi2FeMnO6 epitaxial films show no indications of cation
ordering [22]. However, this does not preclude the syn-
thesis of either of these structures under specially designed
growth conditions. Both BiFeO3 and BiMnO3 films have
been grown successfully with preferential orientations us-
ing substrate vicinality [23–25], and synthesis of (001)
bilayers of BiMnO3 on BiFeO3 has recently been reported
[26]. These techniques could be extended to produce a
(110) superlattice or checkerboard. Combined state-of-
the-art techniques such as patterned substration, masking,
layer-by-layer growth, and careful tuning of growth pa-
rameters could potentially influence the deposition process
enough to produce a BiFeO3-BiMnO3 structure with
squares of sides down to one unit cell.

In summary, we have identified a magnetostructural
effect in the atomic-scale checkerboard BiFeO3-BiMnO3,
which is not present in either bulk or in the (001) super-
lattice of these two materials. We note that this behavior is
due to the magnetic frustration in this system inherent to
the checkerboard geometry; as a result the magnetic states
are quasidegenerate and could be tuned by small perturba-

tions including strain. Furthermore, unlike its parent com-
pounds, the checkerboard has a multiferroic ground state
with a nonzero magnetization and polarization. We remark
that our first-principles calculations do not include spin-
orbit coupling which is known leads to weak ferromagne-
tism in bulk BiFeO3 [27]. The possibility of weak ferro-
magnetism in the antiferromagnetic phases will be pursued
in future work. We also plan to investigate similar checker-
boards on longer length scales, which may be easier to
realize experimentally than the limiting case considered
here.
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FIG. 5. Structural energetics of BiFeO3-BiMnO3 checker-
board. Energy difference per perovskite cell (f.u.) for different
magnetic orderings (see Fig. 2) and structural distortions:
(1) P4=mmm, (2) ��

4 ðzÞ, (3) Rþ
4 ðyÞ and ��

4 ðyÞ, (4) Rþ
4 ð½111�Þ

and ��
4 ð½111�Þ ðRþ

4 ;�
�
4 ðdÞÞ. Inset: zoomed view of the magnetic

energies of c-R3c (4) distortion.
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