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Understanding the coupling between magnetism and ferro-

electricity is of high fundamental and technological impor-

tance.[1–5] For example, a sufficiently strong coupling between

magnetic and dielectric properties may enable switching of the

magnetization by means of an electric field, thereby drastically

reducing the thermal power needed for a magnetic memory.

If electric writing and magnetic reading were to be used, one

of the layers in spin valves composed of ferromagnetic and

magnetoelectric layers would no longer have to be pinned.[6]

Giant magnetoelectric materials facilitate highly efficient

elastic interactions and a strong magnetic response to

an electric field (or vice versa) via magnetostriction and

piezoelectric effects.[7,8] Several materials possess both

ferroelectricity and a co-operative magnetism; however, the

coupling between these properties is not necessarily large. The

structural and electronic circumstances that would favor a

large coupling remain unexplored, partly due to the lack of

materials with a large coupling. Here we report that such a

large coupling occurs in BiCoO3, for which an external electric

field can induce a strong magnetic response by changing the

spin-state of cobalt from a magnetic high spin (HS) state to a

nonmagnetic low spin (LS) state.

The simultaneous presence of strong electron–electron

interaction within the transition metal d manifold and a sizable

hopping interaction strength between the transition metal d

and oxygen p states are primarily responsible for a wide range

of properties exhibited by perovskite-like oxides. Several

ferroelectric perovskites undergo a phase transition from a

high-temperature, high-symmetry phase that behaves as an

ordinary dielectric to a spontaneously polarized phase at low

temperature. Considerable research activities are focused on

understanding the nature of and the driving force for such

ferroelectric transitions. The electric and magnetic properties

of cobaltites depend on the spin state of the Co ions, that
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is, whether they are in LS, intermediate spin (IS), or HS

states (simplified pure ionic limit). For example, LaCoO3 is a

diamagnetic insulator at low temperature and transforms to the

paramagnetic state at 90 K due to an LS–IS transition.[9,10]

Metamagnetism from spin-state transitions may give rise to

exciting phenomena such as giant magnetoresistance,[11] giant

magnetocaloric effect,[12] shape memory effect,[13] etc. We

show presently that metamagnetism can also lead to giant

magnetoelectric coupling. Generally, spin-state transitions are

induced by hole/electron doping, temperature, magnetic field,

pressure, and/or lattice strain. For the first time we here show

that spin-state transitions can also be induced by an electric

field in the case of magnetoelectric materials that display

magnetic instabilities.

Materials with pure ionic bonding typically possess centro-

symmetric structures owing to the minimizing of short-range

Coulomb repulsions and they are hence nonferroelectric.

The noncentrosymmetry required by a ferroelectric material

is therefore determined by a balance between the above

mentioned Coulomb forces and additional electronic aspects

such as covalency, presence of non-bonded electrons (lone

pairs) etc. A common mechanism for ferroelectricity is

displacement of an empty d-shell transition metal ion owing

to strong covalent bonding with neighboring ligands.[14] On the

other hand, one needs atoms with unpaired (d-shell) electrons

in order to achieve cooperative magnetism. Thus at first sight

magnetism and ferroelectricity may seem to be mutually

exclusive.[5,15] However, several other mechanisms may also

provide magnetoelectric behavior, for example, lone pairs in

the nonmagnetic cations such as Bi in BiMnO3,[16] magnetic

frustration in TbMnO3,[1] electrostatic and size effects in

YMnO3 where long range dipole-dipole interactions and

oxygen rotation drive ferroelectricity,[17] and charge- and

orbital-ordered systems where the coupling between magnetic

and charge ordering creates magnetoelectricity.[18]

We have found by using state-of-the-art density functional

theory (DFT)-calculations (see Computational) that the

perovskite-like oxide BiCoO3 with C-type antiferromagnetic

(C-AF) ordering (see Fig. 1) exhibits giant magneto-electric

coupling as well as giant ferroelectric polarization. Of

particular importance is a metamagnetic transition induced

by a small compression or by an electric field. This extra-

ordinary coupling with giant polarization is demonstrated by:

(1) a larger value for the calculated spontaneous ferroelectric

polarization for BiCoO3 than for, e.g., the isostructural

magnetoelectrics PbVO3 and BiFeO3; (2) a pressure-induced

metamagnetic transition, where BiCoO3 transforms from the
mbH & Co. KGaA,Weinheim 1353
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Figure 1. Magnetic structure of BiCoO3 doubled along c-axis, where the
arrows at the Co atoms indicate the C-type spin ordering. The square-
pyramidal environment of Co atoms is indicated by polyhedra. The
magnetic structure is found to be a tetragonal structure (space group
P4mm) with lattice parameters a¼ 7.4608 (7.4398), and c¼ 4.7897
(4.7196) Å and the positions of the atoms are Bi 4d (0.75 0.25 0.0),
Co1 2c [0 0.5 0.4282(0.4336)], Co2 1b [0.5 0.5 0.4282(0.4336)], Co3 1a [0 0
0.4282 (0.4336)], O1 2c [0.5 0.7985 (0.7976)], O2 1b [0.5 0.5 0.7985
(0.7976)], O3 1a [0 0 0.7985(0.7976)], O4 4e [0.75 0.0 0.2806(0.2689)],
and O5 4f [0.75 0.5 0.2806 (0.2689)], respectively, where the values in the
bracket are derived from the experimental neutron diffraction measure-
ments at 5 K. Figure 2. Variation of total energy with magnetic moment for BiCoO3

obtained from the fixed-spin calculation for different volumes. The total
energy for the nonspin-polarized case is set to zero. Note that for the
equilibrium volume and 2.5% volume compression the high-spin state with
moment around �3.6 mB is found to be lower in energy, and for further
volume compression, the low-spin state becomes stable.
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HS state to an nonmagnetic LS state with �5% volume

compression (see Fig. 2). The calculated equilibrium volume

for the paraelectric phase is found to be that of LS phase.

Likewise, the calculated density of states shows that the Co in

paraelectric phase resembles a nonmagnetic LS state and that

in ferroelectric phase shows a magnetic HS state (see Fig. 4).

The observed giant magnetoelectric effect and magnetic

instability are unique in this material and as a result it has

the largest ferroelectric polarization among magnetoelectric

materials identified so far.

Very limited experimental knowledge exists for the

magnetoelectric behavior of BiCoO3 owing to difficulties in

preparing high quality samples. The Néel temperature for

ferroelectric BiCoO3 is 470 K according to magnetic suscept-

ibility measurements.[19] Our calculations show that the

magnetic ground state for the ferroelectric phase of BiCoO3

will be C-AF. The calculated total energy for the ferroelectric

phase in the ferromagnetic, A-type and G-type antiferromag-

netic states are found to be respectively 268, 120, and 28 meV/

Formula unit (f. u.) higher than for the C-AF phase. The

present observation of C-AF magnetic ordering for ferro-

electric BiCoO3 is in agreement with low temperature neutron

diffraction data.[19] The calculated total spin-only moment

for the C-AF phase is 2.90 mB/f.u. while the orbital moment at

the Co site obtained from orbital polarization calculation is

0.20 mB/Co. The calculated total moment of 3.10 mB/f.u. is
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
comparable with 3.24 mB measured from neutron diffraction

measurements at 5 K. Interestingly 2.74 mB of the spin moment

resides at the Co site, the rest at the oxygen sites owing to

covalent magnetism. For the paraelectric phase our total

energy calculations predicted that the nonmagnetic solution is

the ground state (see Figs. 3 and 4).

In order to study the ferroelectric behavior we calculated

the Born effective charges (BEC) using the Berry phase

approach[20,21] generalized to spin-polarized systems. BEC

(Z*) is defined as a linear term in the polarization change due

to a unit displacement of an ion, keeping all other ions fixed

under the condition of zero macroscopic field. A large Z*

indicates that the force acting on a given ion due to the electric

field generated by the atomic displacements is large even if

the field is small, thus favoring a polarized ground state.

The calculated average diagonal components of Z* values are

Z*Bi¼ 4.3, Z*Co¼ 1.8, Z*O(apex) ¼ –2.20, and Z*O(base)¼
�1.94. Note that there are two kinds of oxygen atoms in the

crystal structure of BiCoO3, one at the apical (Co–Oapex

distance 1.774 Å) and four at the base (Co–Obase distance 1.995

Å) of the CoO5-square pyramid (see Fig. 1).
& Co. KGaA,Weinheim Adv. Mater. 2008, 20, 1353–1356
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Figure 4. Calculated orbital-projected density of states for BiCoO3 in the a)
ferroelectric and b) paraelectric phases.

Figure 3. Calculated total energy versus volume curves for C-AF ferro-
electric and paraelectric phases of BiCoO3. The discontinuity in the total
energy curve for the ferroelectric phase is associated with the metamag-
netic transition from the HS state at the equilibrium volume to the LS state.
It should be noted that the equilibrium volume for the paraelectric phase is
closer to the volume corresponding to the local minimum in the ferro-
electric phase. The large change in equilibrium structural parameters
associated with the magnetic instability results in giant magnetoelectric
effect. The inset shows variation of magnetic moment at the Co site with
volume in the C-AF BiCoO3.
The tetragonality of BiCoO3 is much larger (c/a¼ 1.28) than

that of the well-known ferroelectric PbTiO3 (c/a¼ 1.06; polari-

zation¼ 81 mC cm�2).[14] Hence, one expects a giant polariza-

tion in BiCoO3. The total polarization for BiCoO3 from the

present Berry phase calculation is 170 mC cm�2, in good

agreement with 179 mC cm�2 reported earlier.[22] The similarly

calculated total polarization for the isostructural compounds

BiFeO3 and PbVO3 are 158 and 138 mC cm�2, respectively.

These predicted giant polarization values are in good agree-

ment with the value of 150 mC cm�2 observed experimentally

for thin films of BiFeO3
[23] and 152 mC cm�2 for PbVO3

obtained from earlier Berry phase calculation.[22] The calcu-

lated polarization for BiCoO3 is the largest among the magne-

toelectric materials identified so far. The partial polarization

analyses show that the net polarization is mainly originating

from displacements of the oxygen atoms with respect to the

centrosymmetric structure and they are particularly large along

the c-axis of the crystal structure. Although the displacement

with reference to the centrosymmetric structure is smaller

for Oapex than that for Obase, their polarization contributions

are comparable. This occurs owing to the larger value of the
Adv. Mater. 2008, 20, 1353–1356 � 2008 WILEY-VCH Verla
zz component of BEC at the apical site (Z*O(apex) ¼�2.65,

Z*O(base)¼�1.83) caused by shorter bond length from

covalency effects. The volume change corresponding to the

paraelectric-ferroelectric transition is very large (17%; see

Fig. 3) unlike in other ferroelectric materials with lone-pair

electrons. This is due to a huge magneto-volume effect, arising

from the spin-state transition. The increased polarization in

BiCoO3 compared with BiFeO3 and PbVO3 is mainly due to

the larger displacements of the oxygen atoms from the centro-

symmetric structure and this is associated with changes in the

Co–O bond length between the ferroelectric and paraelectric

phases owing to metamagnetism.

The presence of lone-pair electrons at the Bi site (seen from

electron-localization-function plot) and orbital projected DOS

(see Fig. 4) indicate that the formal valence for Co ions can be

assigned as 3þ and we made the following analysis accordingly.

In an ideal square-pyramidal crystal field the d levels will split

into nondegenerate b2g (dxy), doubly degenerate eg (dxz, dyz),

nondegenerate a1g (dz2), and b1g (dx2�y2) levels. In pure ionic

picture Co3þ with six d electrons will fill these energy levels

either with a LS state (b2g
2 eg

4 a1g
0 b1g

0 ) or with a HS state

(b2g
2 eg

2 a1g
1 b1g

1 ) having spin moments 0 and 4 mB, respectively.

Accordingly our orbital projected DOS in Figure 4 for the

paraelectric and ferroelectric phases show LS and HS state for

Co, respectively. Usually the calculated magnetic moments

are smaller than that for the pure ionic case owing to covalence

effects. Hence, the calculated moment of 3.10 mB in the ferro-

electric phase may be interpreted as that for Co in HS state.

The variation in total energy as a function of magnetic moment

is shown for different unit cell volumes of BiCoO3 in Figure 2

as obtained from fixed spin calculations. The curves show that
g GmbH & Co. KGaA,Weinheim www.advmat.de 1355
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the energy difference between the LS and HS state is �0.1 eV/

f.u. and for a 2.5% volume compression the LS and HS states

become almost energetically degenerate. Around 5% volume

compression the LS state is found to be lower in energy than

the HS state. This indicates the presence of metamagnetism in

the system. In support to our detection of metamagnetism in

BiCoO3, an experimental study shows that the heating and

cooling magnetization curves do not coincide if the sample has

been heated above 600 K.[19]

We have shown that strong magneto-electric coupling can be

achieved in materials having a magnetic instability. This finding

opens up new possibility to find potential materials where one

can vary the magnetic properties drastically (in extreme cases

from a magnetic state to a nonmagnetic state, and vice versa as

shown here) by means of an electric field. Such strong coupling

of magnetic and electric order parameters has possibilities

for applications in spintronic devices. One may envisage data-

storage media being alternatives to magneto-optical disks

where the slow magnetic writing process is replaced by a fast

magnetization reversal through the use of electric fields. Thus

we have described a new route to giant magnetoelectricity,

which is strongly interwoven with an associated magnetic

instability. This exciting concept will stimulate further research

towards designing novel multiferroics for practical applica-

tions.

Computational

The present investigation is based on ab initio electronic structure
calculations derived from spin-polarized density functional theory
(DFT). First principles DFT calculations were performed using the
Vienna ab initio simulation package (VASP) [24] within the projector
augmented wave method. In order to identify the magnetic ground
state we have considered the nonmagnetic, ferromagnetic, A-type
antiferromagnetic (A-AF; where the intraplane exchange interaction is
ferromagnetic and interplane interaction is antiferromagnetic), C-type
antiferromagnetic (C-AF; where the intraplane exchange interaction is
antiferromagnetic and interplane interaction is ferromagnetic), and
G-type antiferromagnetic (G-AF; where both intraplane and inter-
plane exchange interactions are antiferromagnetic). [25] We have used
very large basis set with 875 eV for the plane-wave cut-off in order to
reproduce the structural parameters and polarization values correctly.
[26] Conventional spin-polarized calculations based on DFT allows the
moment to float and the ground state is obtained by minimizing the
energy functional with respect to the charge and magnetization
densities under the constraint of a fixed number of electrons. In order
to study metamagnetism it is advantageous to calculate the total energy
as a function of magnetic moment using the so-called fixed-
spin-moment method, [27] where one uses the magnetic moment M
as an external parameter and calculates the total energy as a function of
M. The BEC are calculated using the so called ‘‘Berry phase finite
difference approach’’ in which the electronic contribution to
the change of polarization is estimated using modern theory of
polarization. [20,21] The orbital moment was calculated using the
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
orbital polarization correction method implemented in the Wien2k
package.[28]
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