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Transition metal oxides with a perovskite-type structure 
constitute a large group of compounds with interesting 
properties. Among them are materials such as the prototypical 

ferroelectric system BaTiO3, colossal magnetoresistance 
manganites and the high-Tc superconductors. Hundreds of these 
compounds are magnetic1, and hundreds of others are ferroelectric2, 
but these properties very seldom coexist. Compounds with an 
interdependence of magnetism and ferroelectricity could be very 
useful: they would open up a plethora of new applications, such 
as switching of magnetic memory elements by electric fi elds. 
Here, we report on a possible way to avoid this incompatibility, 
and show that in charge-ordered and orbitally ordered perovskites 
it is possible to make use of the coupling between magnetic and 
charge ordering to obtain ferroelectric magnets. In particular, in 
manganites that are less than half doped there is a type of charge 
ordering that is intermediate between site-centred and bond-
centred. Such a state breaks inversion symmetry and is predicted 
to be magnetic and ferroelectric.

Perovskites consist of corner-sharing O6 octahedra with a 
transition metal ion in the centre. Almost all the ferroelectric 
perovskites contain non-magnetic transition metal ions with an 
empty d-shell (d0 confi guration), for example Ti4+, Nb5+ and W6+. 
Apparently the presence of the d0 plays an important role in formation 
of a ferroelectric state3,4. In all of these systems ferroelectricity 
originates from a shift of the transition metal ion from the centre 
of the O6 octahedron. In this way a stronger covalent bond with one 
(or three) instead of six weaker bonds with neighbouring oxygen 
atoms is formed5.

The problem of why magnetism and ferroelectricity seem 
to be mutually exclusive has received some attention3,4. The most 
plausible explanation has to do with the Hund’s rule coupling 
that tends to keep the spins of the open transition metal 3d shell 
in parallel orientation. This mechanism breaks the strong covalent 
bonds that are necessary for ferroelectricity. Thus this makes the 
usual stabilizing mechanism for ferroelectricity, related to the shift 
of transition metal ions, ineffective3.

There are apparently three exceptions to the empirical assertion of 
the incompatibility of magnetism and ferroelectricity in perovskites: 

BiFeO3, BiMnO3 and RMnO3 (R = Y or another small rare-earth 
ion). But actually even these compounds are not exceptions to the 
general rule, as the mechanism of ferroelectricity here is different 
from the conventional one. In BiFeO3 and in BiMnO3 ferroelectricity 
is due to the lone pairs of non-magnetic6 Bi, and in YMnO3 it is 
due to tilting of almost rigid MnO5 trigonal bipyramids7. This last 
example shows that the shift of the transition metal ion from the 
centre of the O6 octahedron is not the only feasible mechanism of 
ferroelectricity. Recently ferroelectricity was observed in TbMnO3, 
and was attributed to magnetic frustration in this system8; a similar 
mechanism seems to operate9 in TbMn2O5. Here we present a 
mechanism for the creation of ferroelectricity that is based on 
the interplay of magnetic, charge and orbital ordering in doped 
transition metal oxides, and in particular in manganites.

We consider doped manganites of the type R1–xCaxMnO3, with 
R = La, Pr. Different types of magnetic, charge and orbital orderings 
are observed in this class of compounds. It becomes more and 
more clear (see for example, ref. 10) that the charge and orbital 

a b c

Figure 1 Three types of charge ordering. a, Site-centred charge order; b, bond-
centred charge order (the Zener polaron state); and c, a ferroelectric intermediate 
state. The charge-ordered structure in c lacks inversion symmetry. Thin green 
arrows indicate the dipole moments of horizontal and vertical dimers, and the 
diagonal arrow is the total ferroelectric moment.
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superstructures existing in them are different from the usually 
assumed ordering of well-localized ionic states of Mn, and rather 
have the nature of charge/orbital density waves. This modifi es the 
description of these orderings, and, as we show below, leads to new 
phenomena—one possibility being ferroelectricity.

We focus our attention to doping concentrations close to x ≈ 0.5 
(where there is one extra electron per two Mn ions). In the La–Ca 
system charge ordering exists for x ≥ 0.5, and in the Pr–Ca system 
charge ordering extends down to x ≈ 0.3. It is widely believed that 
the charge-ordering pattern in these compounds is of a simple 
checkerboard type11–15; see Fig. 1a. The checkerboard pattern is 
characterized by the alternation of Mn3+ and Mn4+ sites (although 
in practice the degree of charge disproportionation is usually less, 
never reaching the pure 3+/4+ valence states). We refer to such a 
pattern as Mn-centred (in general metal-, or site-centred) charge 
ordering (SCO).

However, in principle another charge-ordering pattern may 
exist, where the charge is localized not on sites but on bonds. In this 
situation the metal sites remain equivalent. Such a bond-centred 
charge ordering (BCO) is very well known in low-dimensional 
(mostly organic) compounds, where it is known as the Peierls 
distorted state. But only recently the fi rst experimental observation 
of a BCO in three-dimensional transition metal oxides has been 
reported16: the system Pr1–xCaxMnO3 with x ≈ 0.4 was shown to 
have a bond-centred charge-ordering pattern, of a type shown in 
Fig. 1b. Recently the BCO state has also been found theoretically 
in Hartree–Fock calculations of the electronic structure and in a 
phenomenological symmetry classifi cation scheme17–19. The presence 
of a BCO demands a marked change in our understanding of charge 
ordering, and not only for manganites. It may imply that in all cases 
of charge order in oxides one should have in mind, besides the 
usual site-centred charge order, alternative states with bond-centred 
superstructures.

How can a BCO state appear at around x ≈ 0.4 and a SCO 
around x ≈ 0.5? We address this question by using the model and 
approach suggested previously20, which proceeds from a more 
itinerant description of eg electrons and which is a generalization 
of the magnetic double-exchange model21 to the case of degenerate 
orbitals (‘degenerate double exchange’, DDEX). In this model, 
magnetic, orbital and charge-ordering structures are closely related 
to each other. The model does not take into account some factors, 
for example the role of disorder, which may be important for certain 
properties of real manganites. It does, however, contain the physics 
of the main effects that we discuss here. DDEX has proved to be very 
successful in explaining the magnetic, orbital and charge-ordering 
properties of over-doped20 and half-doped22 manganites. We used 

this method to check the stability of SCO relative to BCO, and 
indeed observed a fi nite range of existence for both.

The unexpected outcome of our study is that, besides these two 
pure states, we obtain an intermediate phase that combines both these 
features. The charge-ordering pattern of such an intermediate state 
is indicated in Fig. 1c. From the fi gure it is immediately clear that the 
charge-ordering pattern of this state lacks inversion symmetry and 
is ferroelectric. According to DDEX, this ferroelectricity should be 
intimately connected to the magnetic order.

In DDEX the localized spins (in manganites the spins of t2g 
electrons) interact through the strong ferromagnetic Hund’s rule 
coupling with the itinerant electrons moving in the valence bands 
formed by the degenerate eg levels. Localized spins on neighbouring 
sites interact through an antiferromagnetic exchange. For strong 
Hund’s rule coupling only those states with the spin of the eg 
electron parallel to the localized spins are allowed, and we get the 
standard double-exchange model, generalized to the situation with 
degenerate conduction electrons. The DDEX Hamiltonian is20

HDDEX = ∑ ∑<ij> <ij>tij ijГ αβ ciα cjβ
+ +J Si Sj

. ,

where the sum is over nearest neighbours and the fi rst term describes 
the motion of the conduction electrons in the degenerate eg bands 
α and β. The eg hopping integral is tij and Γij

αβ is the eg symmetry 
factor that depends on orbital index (α,β) and the direction of the 
lattice vector connecting neighbouring sites i and j in the lattice. The 
orbitals of eg symmetry are x2 – y2 and 3z2 – r2 (abbreviated as z2). 
The symmetry factors are then

Г z 2 , z 2 

ij | |z
= 1,    Гz 2 , z 2 

ij | |x
= 1

4
 

and 

Гx2 y2 , 

ij | |x
= 3

4
– –x2 y2  .

Besides this, there is the usual dependence of hopping on the angle 
θij between neighbouring spins: tij = tcos θij/2. The strength of the 
antiferromagnetic exchange is determined by J and the superexchange 
energy per bond is JS·S = JS2cos θij.

We calculate the ground-state energy for different magnetic 
states. For each particular magnetic structure we determine the 
orbital and charge-ordering pattern. Besides considering the 
simple ferromagnetic (F) or antiferromagnetic (G) orderings, we 
also treat the somewhat more complicated A-, C- and CE-type 
antiferromagnetic states. These phases correspond to ferromagnetic 
planes coupled antiferromagnetically, ferromagnetic chains coupled 
antiferromagnetically and ferromagnetic zigzag chains coupled 
antiferromagnetically, respectively. The latter CE phase is shown in 
Fig. 2a.

In addition to these common magnetic orderings we also 
examine two new magnetic phases. The basic building blocks 

a b c

Figure 2 Concomitant magnetic order of the three charge-ordered phases 
in Fig. 1. a, The magnetic CE-phase (Φ = 0); b, the orthogonal magnetic phase 
(Φ = π/2); and c, the magnetic structure of a ferroelectric intermediate state I(Φ) 
(where 0 < Φ < π/2).

a b c

Figure 3 Schematic representation of the orbital order in the three charge-
ordered phases. a, Site-centred ordering; b, bond-centred ordering; and c, the 
ferroelectric intermediate state.
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of these magnetic structures, which we refer to as the ⊥ and 120o 

phase, are dimers. We consider coverage of the lattice by dimers as 
shown in Fig. 2b. Because of the double exchange process, spins 
within a dimer are aligned ferromagnetically; they are called Zener 
polarons. One can show that the total spins of two neighbouring 
dimers that are parallel to the same crystallographic direction 
are aligned antiferromagnetically. Neighbouring horizontal and 
vertical dimers have in general non-collinear spins. One such state 
is the perpendicular (⊥) spin structure of Fig. 2b; this is the optimal 
magnetic ordering for the Zener polaron state of ref. 16. In the 120° 
phase, the spins of dimers form three sublattices with angles of 
120° between them (the best classical ordering in a triangular lattice 
of dimers). 

It is possible to go from the CE ordering of Fig. 2a to the ⊥ phase 
of Fig. 2b by a continuous rotation of dimer spins (see Fig. 2c). 
All the magnetic states that are intermediate between CE and ⊥ are 
allowed by symmetry. Every such intermediate state, which we denote 
as I(Φ), is characterized by an angle Φ, where the extreme Φ = 0 
corresponds to the CE phase and the extreme Φ = π/2 corresponds 
to the ⊥ phase.

The calculated phase diagram as a function of doping x and 
dimensionless coupling J/t is shown in Fig. 4. We focus on the region 
of stability of the intermediate phase I(Φ), denoted FE in Fig. 4a. 
For physical values of J/t, the intermediate phase is stable from 
about x = 0.4 to x = 0.5. At around x = 0.4 we fi nd that Φ = π/2, 
corresponding to the ⊥ phase. With increasing x, Φ gradually 
decreases until x = 0.5, where we reach Φ = 0 (corresponding to 
the CE phase); see Fig. 4. Only at the phase boundaries are the pure 
CE and ⊥ phases stable. Indeed, experimentally, the Zener polaron 
phase is reported for doping concentrations of16 x ≈ 0.4 and the CE 
phase11–15 for x = 0.5.

To understand why the intermediate phase I(Φ) is stable, we 
need to know why the two extremes Φ = 0 (CE phase) and Φ = π/2 
(⊥ phase) are stable ground states. It is well known that the stability 
of the CE phase is due to the ordering of the orbital degrees of 
freedom11–15. Here we argue that the same holds for the ⊥ phase and 
thus for the entire intermediate phase I(Φ); for more details see the 
Methods section.

The ordering considered above corresponds to an experimental 
situation in which the main charge and orbital superstructure 
is commensurate with the lattice. An example would be Pr–Ca 
manganites with values of x from about 0.3 to 0.5. For x > 0.5 the 
superstructure in manganites is usually incommensurate. The reason 
for such different behaviour is not clear at present. Here we restrict 
ourselves to doping concentrations x < 0.5 with the commensurate 
superstructure.

Our intermediate phase I(Φ) is charge- and orbital-ordered for 
all values of Φ. The calculated ordering patterns as a function of 
doping concentration are schematically indicated in Figs 1 and 3. 
Charge ordering is driven by the inter-site Coulomb interaction and 
also by Coulomb interaction U between electrons on the same site17. 
We calculate the latter effect within a straightforward Hartree–Fock 
approach. We do indeed fi nd a charge-ordering pattern that is in- 
between SCO and BCO (Fig. 1c). The calculated valence difference 
between the two Mn ions in a dimer Δq is no larger than 0.1e (see 
Fig. 4). Within a dimer the inversion symmetry is broken and each 
dimer attains a dipole moment. All these moments together add 
up to a net polarization of each plane. As the neighbouring planes 
order in phase11–16, this leads to a ferroelectric state of the whole 
crystal. This important result does not depend on the details of 
the model that we used for our calculations. It is the underlying 
symmetry that leads to a ferroelectric charge-ordered state that lies 
between the extremes of the SCO and the BCO state. The observed 
symmetry of the novel phase in Pr0.6Ca0.4MnO3 is16 P11m: that is, it 
is indeed non-centrocymmetric. We conclude that these manganites 

can be viewed as examples par excellence of magnetic systems that 
can become ferroelectric through the interplay of orbital ordering, 
charge ordering and magnetism.

One can estimate the values of the spontaneous polarization 
using the charge redistribution calculated above and taking the 
experimentally measured difference of the Mn–Mn distances within 
and between dimers16. From these values we get a net polarization 
per unit volume which is of the order of 1 mC m–2, comparable 
in magnitude8 to TbMnO3, but much smaller than in classical 
ferroelectrics such as BaTiO3. The switching of polarization (which 
is a requirement for real ferroelectrics) is achieved easily in our 
model, more easily than, for example, in BaTiO3, as it requires 
predominantly a shift of electron charges from one end of a dimer 
to the other (with eventual shifts of intermediate oxygens), instead 
of the shift of heavy Ti ions in BaTiO3.

Some measurements of the dielectric constant ε do show a peak 
in ε(T) at the charge-ordering temperature in manganites23 (see also 
ref. 24) which may be indicative of the ferroelectric phase that we 
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Figure 4 Different phases and charge disproportionation in manganites for 
doping concentrations x around 0.5. a, Phase diagram (see text for the various 
structures). The 120° phase corresponds to a Jaffet–Kittel-type magnetic ordering. 
The intermediate ferroelectric  phase I (Φ) is coloured yellow. b, The value of 
the angle Φ in the intermediate phase and its charge disproportionation Δq (for 
Coulomb interaction U equal to the hopping matrix element t ). 
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predict here. But one has to be careful because such measurements 
may be obscured by a fi nite conductivity: unfortunately the existing 
samples are not very good insulators.

It turns out, then, that the conventional picture of charge ordering 
as an ordered arrangement of Mn3+ and Mn4+ ions is oversimplifi ed 
and, strictly speaking, incorrect: the actual ordering is closer to 
charge and orbital density waves. Our approach, proceeding from 
the double-exchange framework and taking into account orbital 
degeneracy, reproduces both the site-centred orbital ordering (for 
example, of conventional checkerboard type) and the bond-centred 
ordering (‘Zener polarons’). Such charge-ordering patterns are not 
restricted to manganites alone, and probably occur also in other 
oxides. The most interesting result is that these two types of ordering 
may coexist, and the resulting state turns out to be ferroelectric. 
This novel mechanism of ferroelectricity opens yet another route to 
overcome the apparent incompatibility of ferroelectric and magnetic 
ordering in perovskites.

METHODS
The explanation for the stability of the intermediate phase I(Φ) can be obtained from our method 

used to calculate the phase diagram. Denote the general orbital state of a Mn ion as |γ〉 = cos(γ/2) |z2〉 
+ sin(γ/2) |x2 – y2〉 and fi rst consider the orbital confi guration of an isolated dimer made out of two 

Mn ions with one eg-electron. In separate dimers that point along the crystallographic x-direction 

(‘x-dimer’) we have, for both sites in the dimer, γ = 2π/3. This corresponds to occupied |x2〉 = |3x2 – r2〉 
orbitals on both sites (see Fig. 3b). For an isolated dimer along the y-direction (‘y-dimer’) we have 

instead γ = –2π/3, corresponding to occupied |y2〉 = |3y2 – r2〉 orbitals.

From our calculations of the extended system we know the wavefunctions and thus the orbital 

occupation on every site. For the ⊥ phase, where there is hopping between neighbouring dimers, we 

fi nd for the x-dimer that γ ≈ 130°, which is mainly a |x2〉 state, almost the same as for a non-interaction 

dimer, with a small admixture of the |x2 – y2〉. Accordingly, for the y-dimer we fi nd γ ≈ –130°, which 

corresponds to a predominantly |y2〉 state with some |x2 – y2〉 character admixed. This admixture, 

although not large, is important because it is actually driving the stability of the ⊥ phase. The 

superexchange tends to align the spins of neighbouring x- and y-dimers antiparallel. But in the ⊥ phase 

these spins are only orthogonal, so that hopping between the dimers is possible, although reduced by a 

factor 1/√2 from its maximum value. From this hopping between neighbouring dimers, which leads to 

the admixture of |x2 – y2〉 states into the ground-state wavefunction, the system gains kinetic energy. 

The hopping amplitude between |x2 〉 orbitals of two neighbouring x-dimers (or between |y2〉 orbitals 

of two neighbouring y-dimers) is much smaller, so that the spins of neighbouring dimers of the same 

kind tend to align themselves fully antiparallel. We conclude that the stability of the ⊥ state, and 

thus of intermediate phase I(Φ), is caused by its orbital order which allows for an optimal compromise 

between electron delocalization (causing ferromagnetic double exchange) and antiferromagnetic 

superexchange interactions.
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