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Multiferroics: a magnetic twist for

ferroelectricity

Magnetism and ferroelectricity are essential to many forms of current technology, and the quest for

multiferroic materials, where these two phenomena are intimately coupled, is of great technological

and fundamental importance. Ferroelectricity and magnetism tend to be mutually exclusive and interact

weakly with each other when they coexist. The exciting new development is the discovery that even a

weak magnetoelectric interaction can lead to spectacular cross-coupling effects when it induces electric

polarization in a magnetically ordered state. Such magnetic ferroelectricity, showing an unprecedented

sensitivity to ap plied magnetic fields, occurs in ‘frustrated magnets’ with competing interactions between

spins and complex magnetic orders. We summarize key experimental findings and the current theoretical

understanding of these phenomena, which have great potential for tuneable multifunctional devices.
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In 1865, James Clerk Maxwell proposed four equations governing the
dynamics of electric fields, magnetic fields and electric charges, which
are now known as Maxwell’s equations'. They show that magnetic
interactions and motion of electric charges, which were initially
thought to be two independent phenomena, are intrinsically coupled
to each other. In the covariant relativistic form, they reduce to just two
equations for the electromagnetic field tensor, succinctly reflecting the
unified nature of magnetism and electricity?. A number of interesting
parallels exist between electric and magnetic phenomena, such as the
quantum scattering of charge off magnetic flux (Aharonov-Bohm
effect®) and the scattering of magnetic dipoles off a charged wire
(Aharonov-Casher effect!). The formal equivalence of the equations
of electrostatics and magnetostatics in polarizable media explains
numerous similarities in the thermodynamics of ferroelectrics and
ferromagnets, for example their behaviour in external fields, anomalies
at a critical temperature, and domain structures. These similarities
are particularly striking in view of the seemingly different origins
of ferroelectricity and magnetism in solids: whereas magnetism is
related to ordering of spins of electrons in incomplete ionic shells,
ferroelectricity results from relative shifts of negative and positive
ions that induce surface charges.

Magnetism and ferroelectricity coexist in materials called
multiferroics. The search for these materials is driven by the prospect
of controlling charges by applied magnetic fields and spins by applied
voltages, and using this to construct new forms of multifunctional
devices. Much of the early work on multiferroics was directed towards
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bringing ferroelectricity and magnetism together in one material®.
This proved to be a difficult problem, as these two contrasting order
parameters turned out to be mutually exclusive® ™. Furthermore, it
was found that the simultaneous presence of electric and magnetic
dipoles does not guarantee strong coupling between the two, as
microscopic mechanisms of ferroelectricity and magnetism are quite
different and do not strongly interfere with each other'-'2

The long-sought control of electric properties by magnetic
fields was recently achieved in a rather unexpected class of
materials known as ‘frustrated magnets) for example the perovskites
RMnO;, RMn,O; (R: rare earths), Ni,V,0,, delafossite CuFeO,,
spinel CoCr,0,, MnWO,, and hexagonal ferrite (Ba,Sr),Zn,Fe,,0,,
(refs 13-20). Curiously, it is not the strength of the magnetoelectric
coupling or high magnitude of electric polarization that makes these
materials unique; in fact, the coupling is weak, as usual, and electric
polarization is two to three orders of magnitude smaller than
in typical ferroelectrics. The reason for the high sensitivity of the
dielectric properties to an applied magnetic field lies in the magnetic
origin of their ferroelectricity, which is induced by complex spin
structures, characteristic of frustrated magnets'>*'-?’. Recent reviews
of this rapidly developing field can be found in refs 28-30. Here, we
mainly focus on the relationship between magnetic frustration and
ferroelectricity, discuss different types of multiferroic materials and
mechanisms inducing electric polarization in magnetic states, and
outline the directions of the future research in this field.

PROPER AND IMPROPER FERROELECTRICS

Why is it difficult to find materials that are both ferroelectric and
magnetic®'®*'? Most ferroelectrics are transition metal oxides, in
which transition ions have empty d shells. These positively charged
ions like to form ‘molecules’ with one (or several) of the neighbouring
negative oxygen ions. This collective shift of cations and anions inside
a periodic crystal induces bulk electric polarization. The mechanism
of the covalent bonding (electronic pairing) in such molecules is
the virtual hopping of electrons from the filled oxygen shell to the
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Table 1 Classification of ferroelectrics

Mechanism of inversion symmetry breaking Materials
Proper Covalent bonding between 3d° transition metal BaTiO,
(Ti) and oxygen
Polarization of 6s? lone pair of Bi or Pb BiMnO,, BiFe0,,
Pb(Fe,;W;/5)0;
Improper  Structural transition K,Se0,, Cs,Cdl,

‘Geometric ferroelectrics’ hexagonal RMnO,
Charge ordering LuFe,0,

‘Electronic ferroelectrics’

Magnetic ordering Orthorhombic RMnO;,
‘Magnetic ferroelectrics’ RMn,0;, CoCr,0,

empty d shell of a transition metal ion. Magnetism, on the contrary,
requires transition metal ions with partially filled d shells, as the
spins of electrons occupying completely filled shells add to zero and
do not participate in magnetic ordering. The exchange interaction
between uncompensated spins of different ions, giving rise to long-
range magnetic ordering, also results from the virtual hopping of
electrons between the ions. In this respect the two mechanisms are
not so dissimilar, but the difference in filling of the d shells required
for ferroelectricity and magnetism makes these two ordered states
mutually exclusive.

Still, some compounds, such as BiMnO; or BiFeO, with magnetic
Mn** and Fe®* ions, are ferroelectric. Here, however, it is the Bi ion
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with two electrons on the 6s orbital (lone pair) that moves away
from the centrosymmetric position in its oxygen surrounding®.
Because the ferroelectric and magnetic orders in these materials are
associated with different ions, the coupling between them is weak. For
example, BiMnO, shows a ferroelectric transition at Ty, = 800 K and a
ferromagnetic transition at Ty, =~ 110 K, below which the two orders
coexist'2. BiMnO; is a unique material, in which both magnetization
and electric polarization are reasonably large'>****. This, however, does
not make it a useful multiferroic. Its dielectric constant & shows only
a minute anomaly at Ty, and is fairly insensitive to magnetic fields:
even very close to Ty, the change in & produced by a 9-T field does not
exceed 0.6%.

In the ‘proper’ ferroelectrics discussed so far, structural instability
towards the polar state, associated with the electronic pairing, is the
main driving force of the transition. If, on the other hand, polarization
is only a part of a more complex lattice distortion or if it appears as
an accidental by-product of some other ordering, the ferroelectricity
is called ‘improper® (see Table 1). For example, the hexagonal
manganites RMnO, (R = Ho-Lu, Y) show a lattice transition which
enlarges their unit cell. An electric dipole moment, appearing below
this transition, is induced by a nonlinear coupling to nonpolar
lattice distortions, such as the buckling of R-O planes and tilts of
manganese—oxygen bipyramids (geometric ferroelectricity)'"*"*.

Another group of improper ferroelectrics, discussed recently,
are charge-ordered insulators. In many narrowband metals with
strong electronic correlations, charge carriers become localized at
low temperatures and form periodic superstructures. The celebrated
example is the magnetite Fe,O,, which undergoes a metal-insulator

Figure 1 Ferroelectricity in charge-ordered systems. Red/blue spheres correspond to cations with more/less positive charge. a, Ferroelectricity induced by simultaneous
presence of site-centred and bond-centred charge orders in a chain (site-centred charges and dimers formed on every second bond are marked with green dashed

lines). b, Polarization induced by coexisting site-centred charge and 7Tl spin orders in a chain with the nearest-neighbour ferromagnetic and next-nearest-neighbour
antiferromagnetic couplings. lons are shifted away from centrosymmetric positions by exchange striction. e, Charge ordering in bilayered Lu(Fe?5+),0, with a triangular lattice
of Fe ions in each layer. The charge transfer from the top to bottom layer gives rise to net electric polarization. d, Possible polarization induced by charge ordering and the

711 L -type spin ordering in the a—b plane of perovskite YNiO,.
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transition at ~125 K (the Verwey transition) with a rather complex
pattern of ordered charges of iron ions”. When charges order in
a non-symmetric fashion, they induce electric polarization. It has
been suggested that the coexistence of bond-centred and site-centred
charge orders in Pr,_.Ca,MnO, leads to a non-centrosymmetric
charge distribution and a net electric polarization® (see Fig. 1a).
A polar lattice distortion induced by charge ordering has been
reported in the bilayer manganite Pr(Sr,,Ca,,),Mn,0O,, which also
shows an interesting reorientation transition of orbital stripes®.
Charge ordering in LuFe,O,, crystallizing in a bilayer structure,
also appears to induce electric polarization. The average valence
of Fe ions in LuFe,0, is 2.5+, and in each layer these ions form a
triangular lattice. As suggested in ref. 40, the charge ordering below
~350 K creates alternating layers with Fe?*:Fe** ratios of 2:1 and 1:2,
inducing net polarization (see Fig. 1c).
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FERROELECTRICITY IN FRUSTRATED MAGNETS

Naturally, improper ferroelectricity puts lower constraints on the
coexistence with magnetism. In fact, materials with electric dipoles
induced by magnetic ordering are the best candidates for useful
multiferroics, because such dipoles are highly tuneable by applied
magnetic fields. The current revolution in the field of multiferroics
began with the discovery of the high magnetic tuneability of
electric polarization and dielectric constant in the orthorhombic
rare-earth manganites Tb(Dy)MnO; and Tb(Dy)Mn,O; (refs
13,14,41,42). The onset of ferroelectricity in TbMnO, clearly
correlates with the appearance of spiral magnetic ordering at
~28 K (ref. 43). In applied magnetic fields, Tb(Dy)MnO, shows a
spin-flop transition, at which the polarization vector rotates by 90°
(see Fig. 2a) and the dielectric constant ¢ (in DyMnO,) increases
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Figure 2 High magnetic tunability of magnetic ferroelectrics. a, Electric polarization in perovskite ToMnO, versus magnetic field along the b axis™. The magnetic field of ~5 T
flips the direction of electric polarization from the ¢ axis to the a axis. Numbers show the sequence of magnetic field variation. b, Dielectric constant ¢ along the a axis versus
magnetic field along the b axis at various temperatures in perovskite DyMnO,. The sharp peak in e(H) accompanies the flipping of electric polarization from the ¢ axis to a axis.
¢, The highly reversible 180° flipping of electric polarization along the b axis in ToMn,05 can be activated by applying magnetic fields along the a axis'. d, The temperature
dependence of ¢ along the b axis in DyMn,0; in various magnetic fields. The magnitude of the step-like increase of ¢ below ~25 K is strongly field-dependent. Parts b and d

are reprinted with permission from refs 42 and 41, respectively. Copyright (2004) APS.
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Figure 3 Temperature dependence of the inverse magnetic susceptibility of
magnetically frustrated materials. a, (Eu,5Y,,5)MnO, and b, YMn,0, both have
magnetic transition temperatures (7,) significantly lower than the corresponding
Curie-Weiss temperatures. ¢,d, Anisotropic magnetic susceptibility as well as the
dielectric constant along the ferroelectric polarization direction for (Eu,75Y,,5)MnO, (€)
and YMn,0; (d). The sharp peak of the dielectric constant curve indicates the onset of
a ferroelectric transition. The data show that in (Eu,;5Y,.,5)Mn0,, the collinear magnetic
state with the magnetic easy b axis is paraelectric, whereas the one with the easy
a-b plane (magnetic spiral) is ferroelectric with electric polarization along the a axis. In
ferroelectric YMn,0s, spins have tendency to orient along the a axis, but rotate slightly
from the a axis to the b axis on cooling at the temperature at which the dielectric
constant shows a step-like increase. (Data are from Y. J. Choi, C. L. Zhang, S. Park and
S.-W. Cheong, manuscript in preparation.)

by ~500% in a narrow field range. This colossal magneto-dielectric
effect is shown in Fig. 2b.

Many of the rare-earth manganites RMn,O,, where R denotes
rare earths from Pr to Lu, Bi and Y, show four sequential magnetic
transitions: incommensurate sinusoidal ordering of Mn spins
at T,=42-45K, commensurate antiferromagnetic ordering at
T,=38-41K, re-entrance transition into the incommensurate
sinusoidal state at T;=20-25K, and finally, an ordering of rare-
earth spins below T, < 10 K (refs 44-49). Ferroelectricity sets in at T,
and gives rise to a peak in ¢ at this magnetic transition (see Fig. 3d).
Furthermore, ¢ in DyMn,O, shows a remarkably strong dependence
on magnetic fields below T} (see Fig. 2d)*". The magnetic field rotates
the electric polarization of TbMn,O; by 180° in a highly reversible
way', as shown in Fig. 2c.

Complex magnetic structures and phase diagrams are observed
in all multiferroics showing strong interplay between magnetic and
dielectric phenomena'*". All these materials are ‘frustrated’ magnets,
in which competing interactions between spins preclude simple
magnetic orders. The disordered paramagnetic phase in frustrated
magnets extends to unusually low temperatures. For example, the
Curie-Weiss temperature, T, of YMn,O,, obtained by fitting its
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magnetic susceptibility x with the high-temperature asymptotic,
X = (C/(T+Ty), is ~250 K (see Fig. 3b). The temperature T, reflects
the strength of interaction between spins, and in usual magnets it
gives a good estimate of the spin ordering temperature. The fact that
the long-range magnetic order sets in at T, = 45 K, which is about
five times smaller than T, is clear indication for the presence of
significant magnetic frustration in YMn,O;.

HOW MAGNETIC SPIRALS INDUCE FERROFI ECTRICITY

The key questions are how it is possible that magnetic ordering
can induce ferroelectricity and what the role of frustration is.
The coupling between electric polarization and magnetization is
governed by the symmetries of these two order parameters, which
are very different. The electric polarization P and electric field E
change sign on the inversion of all coordinates, r > -r, but remain
invariant on time reversal, t-> -t. The magnetization M and
magnetic field H transform in precisely the opposite way: spatial
inversionleavesthem unchanged, whereas the time reversal changes
sign. Because of this difference in transformation properties, the
linear coupling between (P, E) and (M, H) described by Maxwell’s
equations is only possible when these vectors vary both in space
and in time: for example, spatial derivatives of E are proportional
to the time derivative of H and vice versa.

The coupling between static P and M can only be nonlinear.
Nonlinear coupling results from the interplay of charge, spin, orbital
and lattice degrees of freedom. It is always present in solids, although it
is usually weak. Whether it can induce polarization in a magnetically
ordered state crucially depends on its form. A small energy gain
proportional to —P2M? does not induce ferroelectricity, because it
is overcompensated by the energy cost of a polar lattice distortion
proportional to +P% This fourth-order term accounts for small
changes in dielectric constant below magnetic transition, observed
for example in YMnO, and BiMnO; (refs 11,12). If magnetic ordering
is inhomogeneous (that is, M varies over the crystal), symmetries
also allow for the third-order coupling of PMoM. Being linear
in P, arbitrarily weak interaction of this type gives rise to electric
polarization, as soon as magnetic ordering of a proper kind sets in.
For cubic crystals, the allowed form of the magnetically induced
electric polarization is*>**

Poe [(M:-0)M-M(0-M)]. (1)

This is where frustration comes into play. Its role is to induce spatial
variations of magnetization. The period of magnetic states in
frustrated systems depends on strengths of competing interactions
and is often incommensurate with the period of crystal lattice. For
example, a spin chain with a ferromagnetic interaction J < 0 between
neighbouring spins has a uniform ground state with all parallel spins.
An antiferromagnetic next-nearest-neighbour interaction ] >0
frustrates this simple ordering, and when sufficiently strong, stabilizes
a spiral magnetic state (see Fig. 4a):

S, =S [e,cosQx, + e,5inQx,] , (2)

where e, and e, are two orthogonal unit vectors and the wavevector
Q s given by

cos(Q/2) = -J'I(4)).

Like any other magnetic ordering, the magnetic spiral
spontaneously breaks time-reversal symmetry. In addition it
breaks inversion symmetry, because the change of the sign of all
coordinates inverts the direction of the rotation of spins in the spiral.
Thus, the symmetry of the spiral state allows for a simultaneous
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Figure 4 Frustrated spin chains with the nearest-neighbour FM and next-
nearest-neighbour AFM interactions Jand J". a, The spin chain with isotropic
(Heisenberg) H, = Z[JS S,..+JS,-S,.,]. For J/IJI > 1/4 its classical
ground state is a magnetlc spiral. b, The chain of Ising spins ¢, = +1, with
energy H = x[Jo,0,,, + J 0,0, has the up—up—down-down ground state for
J NI >1/2.

presence of electric polarization, the sign of which is coupled to the
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, S, =S cosQx,, cannot induce ferroelectricity, as it
is invariant on inversion, x, - -x,. Because magnetic anisotropies
are inevitably present in realistic materials, the sinusoidal ordering
usually appears at a higher temperature than the spiral one, which
is why in frustrated magnets the temperature of ferroelectric
transition is typically somewhat lower than the temperature of the
first magnetic transition'>*%.

Spiral states are characterized by two vectors: the wavevector Q
and the axis e, around which spins rotate. In the example considered
above, Q is parallel to the chain direction, and the spin-rotation axis
e;=¢, x e, Using equation (1), we find that the induced electric
dipole moment is orthogonal both to Q and e;:

Plle;xQ (3)

A plausible microscopic mechanism inducing ferroelectricity
in magnetic spirals was discussed in refs 24 and 27. It involves
the antisymmetric Dzyaloshinskii-Moriya (DM) interaction,
D, 1+S,%S,,,, where D, ., is the Dzyaloshinskii vector*'. This
interaction is a relativistic correction to the usual superexchange and its
strength is proportional to the spin-orbit coupling constant. The DM
interaction favours non-collinear spin ordering. For example, it gives
rise toweak ferromagnetisminantiferromagneticlayers of La,CuO,, the
parent compound of high-temperature superconductors™ (see Fig. 5).
It also transforms the collinear Néel state in ferroelectric BiFeO, into a
magnetic spiral®. Ferroelectricity induced by spiral magnetic ordering
is the inverse effect, resulting from exchange striction: that is, lattice
relaxation in a magnetically ordered state. The exchange between spins
of transition metal ions is usually mediated by ligands, for example
oxygen ions, forming bonds between pairs of transition metals. The
Dzyaloshinskii vector D,, .., is proportional tox x r, ., wherer, .,
is a unit vector along the line connecting the magnetic ions n and n+1,
and x is the shift of the oxygen ion from this line (see Fig. 5). Thus, the
energy of the DM interaction increases with x, describing the degree of
inversion symmetry breaking at the oxygen site. Because in the spiral
state the vector product S, x S,,, has the same sign for all pairs of
neighbouring spins, the DM interaction pushes negative oxygen ions
in one direction perpendicular to the spin chain formed by positive
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Effects of Dsyaloshinskii—Moriya interaction
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Figure 5 Effects of the antisymmetric Dzyaloshinskii-Moriya interaction. The interaction
Hy =Dy, - [S; x S,]. The Dzyaloshinskii vector D, is proportional to spin-orbit coupling
constant A, and depends on the position of the oxygen ion (open circle) between two
magnetic transition metal ions (filled circles), D,, o< Ax x ,. Weak ferromagnetism

in antiferromagnets (for example, LaCu,0, layers) results from the alternating
Dzyaloshinskii vector, whereas (weak) ferroelectricity can be induced by the exchange
striction in a magnetic spiral state, which pushes negative oxygen ions in one direction
transverse to the spin chain formed by positive transition metal ions.

magnetic ions, thus inducing electric polarization perpendicular to the
chain? (see Fig. 5). This mechanism can also be expressed in terms of
the spin current, j, .., < S, x S,,,,, describing the precession of the spin
S, in the exchange field created by the spin S,,,. The induced electric
dlpole isthen given by P, ., o< ¥, X j,, .1 (ref. 24).

Although equation (3) works for many multiferroics (see
discussion below), the general expression for magnetically induced
polarization is more complicated. In particular, when the spin
rotation axis e, is not oriented along a crystal axis, the orientation of
P depends on strengths of magnetoelectric couplings along different
crystallographic directions (such a situation occurs in MnWO,; refs
18,19). Furthermore, when the crystal unit cell contains more than
one magnetic ion, the spin-density-wave state, strictly speaking,
cannot be described by a single magnetization vector, as was assumed
in equation (1). With additional magnetic vectors, one can construct
other third-order terms that can induce electric polarization. In this
case, one can classify all possible spin-density-wave configurations
accordingtotheirsymmetry properties with respect to transformations
that leave the spin-density-wavevector intact'>*. According to the
Landau theory of second-order phase transitions, close to transition
temperatures the amplitudes of all spin configurations with the same
symmetry should be proportional to a single order parameter. The
sinusoidal phase is then described by one order parameter, whereas
the ferroelectric state with additional broken symmetries is described
by two order parameters, which are generalizations of the two
orthogonal components of the simple spiral state.

SPIRAL MAGNETIC ORDER AND FERROFI ECTRICITY IN PEROVSKITE RMNQ,

These considerations explain the interplay between magnetic and
electric phenomena observed in Tb(Dy)MnO,. Because of the orbital
ordering of Mn?* ions in orthorhombic RMnO;, the exchange between
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Figure 6 Spiral and non-spiral magnetic ferroelectrics. a, Spiral magnetic order in
zero field with the spin rotation axis along the ¢ axis and the wavevector along the

b axis in Eu,,:Y, ,sMn0O,, which breaks inversion symmetry and produces electric
polarization along the a axis. b, The spin-flopped state in a magnetic field with the
spin rotation axis along H||a and polarization along the ¢ axis. ¢, Ordering of spins
(red arrows) in the ‘(nearly) collinear’ phase of YMn,0;. Green dashed lines indicate
antiferromagnetic zigzags along the a axis. Large red and blue dotted ellipsoids
indicate parallel and antiparallel spin pairs across the AFM zigzags, respectively. The
antiferromagnetic nearest-neighbour spin coupling and exchange striction result in
expansion/contraction of bonds connecting parallel/antiparallel spins. The resulting
Mn?3+ distortions, inducing the net electric polarization along the b axis, are shown with
black open arrows. (The concepts in a and b are from Y. J. Choi, C. L. Zhang, S. Park
and S.-W. Cheong, manuscript in preparation.)

neighbouring spins is ferromagnetic (FM) in the a-b planes and
antiferromagnetic (AFM) along the ¢ axis. Consistently, spins in each
a-b plane of LaMnO, order ferromagnetically and the magnetization
direction alternates along the c axis. The replacement of La by smaller
ions such as Tb or Dy increases structural distortion, inducing next-
nearest-neighbour AFM exchange in the a-b planes comparable to
the nearest-neighbour FM exchange. This frustrates the FM ordering
of spins in the a-b planes, and below ~42 K Tb(Dy)MnO, shows
an incommensurate magnetic ordering with a collinear sinusoidal
modulation along the b axis, which is paraelectric. However, as
temperature is lowered and magnetization grows in magnitude, a spiral
state with rotating spins becomes energetically more favourable, sets in
at ~28 K, and induces ferroelectricity®. The wavevector Q is parallel to
b, and spins rotate around the a axis, which according to equation (3)
induces P parallel to the ¢ axis, in agreement with experimental results.
A similar transition from the paraelectric sinusoidal spin-density-wave
state to the ferroelectric spiral state is observed" in Ni,V,Os.

The orientation of the polarization vector P can be changed by
applied magnetic fields. In zero or weak fields, spins rotate in the easy
plane and thus the spin rotation axis e, is parallel to the hard axis
of a magnet. In strong fields, spins prefer to rotate around H, which
can force the spin-rotation axis to flop and induce a concomitant
reorientation of P. Such a 90° polarization flop was indeed observed'***
in Tb(Dy)MnO; at ~5 T. The low-temperature magnetic behaviour of
these materials is, however, obscured by the fact that the rare-earth
ions, Tb** and Dy?**, which are also magnetic with a strong anisotropy,
undergo their own spin-flop transitions in magnetic fields.

It is much easier to interpret the field-induced transitions in
orthorhombic manganites with non-magnetic rare earth ions, such as
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Eu,,5Y,,:MnO;. As was already mentioned, the size of the rare earths
in RMnO, is essential for the magnetic frustration, ferroelectricity
as well as the stability of orthorhombic perovskite structure. Thus,
orthorhombic RMnO; with R = La-Gd does not show ferroelectricity,
whereas for rare earths smaller than Dy, RMnO; crystallizes in the
hexagonal YMnO, structure in ambient conditions. Desired physical
properties can be obtained by mimicking the size of Tb(Dy) with an
appropriate mixture of non-magnetic Eu and Y ions. For example,
Eu,,5Y,,sMnO, has the orthorhombic perovskite structure and
undergoes magnetic and ferroelectric transitions similar to those in
Tb(Dy)MnO;. The temperature dependence of magnetic susceptibility
x of Eu, ;5 Y,,sMnO;, shown in Fig. 3¢, is consistent with an easy-b-axis
sinusoidal state below ~50 K, and a magnetic spiral with the easy a-b
planebelow ~30 K. The magnetic spiral is ferroelectric with polarization
along the a axis (the temperature dependence of ¢, is shown in Fig. 3c),
presumably because Q is parallel to b and e, is parallel to ¢ (Y. ]. Choi,
C.L. Zhang, S. Park and S.-W. Cheong, manuscript in preparation;
and refs 55,56). For H || a, Mn spins undergo the spin-flop transition
and start rotating in the b—c plane around H (see Fig. 6b). The flop
from e, || cto e, || a results in the 90° rotation of the polarization vector
P from the a axis to the c axis.

Another interesting type of field-induced transition was found
in the delafossite CuFeO, (ref. 16). In this material, magnetic Fe**
ions form triangular layers and exchange interactions among spins
are strongly frustrated. The magnetic anisotropy with the easy ¢ axis
aligns spins in the direction perpendicular to layers, and in the ground
state they form a collinear state commensurate with the crystal lattice.
A magnetic field of ~6 T, applied in the ¢ direction, induces a spin-
flop transition, which forces spins to form a spiral state and induces
electric polarization in the a-b plane.

EXCHANGE STRICTION WITHOUT MAGNETICSPIRALS

Spiral spin ordering is not the only possible source of magnetically
induced ferroelectricity”*°. Electric polarization can also be
induced by collinear spin orders in frustrated magnets with several
species of magnetic ions, such as orthorhombic RMn,O; with
Mn** jons (S = 2) in oxygen pyramids and Mn** ions (S = 3/2) in
oxygen octahedra. A view along the ¢ axis (see Fig. 6¢) reveals that
Mn spins are arranged in loops of five spins: Mn*-Mn?*"-Mn?*-
Mn**-Mn*". The nearest-neighbour magnetic coupling in the loop
is AFM, favouring antiparallel alignment of neighbouring spins.
However, because of the odd number of spins in the loop, ordered
spins cannot be antiparallel to each other on all bonds, which gives
rise to frustration and favours more complex magnetic structures.
Figure 6¢ shows the Mn spin configuration in the commensurate
phase of RMn,0,, which appears below T, and consists of AFM
zigzag chains along the a axis (dashed green lines).

To understand how ferroelectricity can be induced by this (nearly)
collinear magnetic state, we note that half of the Mn**~Mn*" pairs
across neighbouring zigzags have approximately antiparallel spins,
whereas the other half have more-or-less parallel spins. The exchange
striction shifts ions (mostly Mn?* ions inside pyramids) in a way that
optimizes the spin-exchange energy: ions with antiparallel spins are
pulled to each other, whereas ions having parallel spins, despite the
AFM exchange interaction, move away from each other. This leads to
the distortion pattern shown with open black arrows in Fig. 6¢, which
breaks inversion symmetry (in particular, on oxygen sites connecting
two Mn** pyramids) and induces net polarization along the b axis.

In the incommensurate magnetic phase below T, = 20-25 K, the
magnetization of the Mn ions in each zigzag chain is modulated along
the a axis and spins in every other chain are rotated slightly toward
the b axis. This behaviour is reflected in the temperature dependence
of x, showing a sudden increase and drop of y along the a and b axes,
respectively, at T, on cooling. This results in the reduction as well as the
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180° rotation of the net ferroelectric distortion. To make things even
more complicated, there also seems to be a net ferroelectric moment
associated with the ordering of rare-earth spins, which is opposite to
that induced by the incommensurate ordering of Mn ions (thus, in
the same direction as that in the commensurate state). In TbMn,O; at
low temperatures, the net distortion associated with Tb spins is larger
than that due to Mn spins, but disappears when Tb spins align along
H]|a. This explains the 180° rotation of net polarization induced by
magnetic fields at low temperatures.

A conceptually simpler example of how a collinear spin ordering
can induce ferroelectricity is the frustrated spin chain with competing
FM and AFM interactions, where spins can orient only up or down,
as in the so-called ANNNI model®. A strongly frustrated Ising spin
chain with nearest-neighbour ferromagnetic and next-nearest-
neighbour antiferromagnetic coupling has the up-up-down-down
(TTLd) ground state (see Fig. 4b). If the charges of magnetic ions or
tilts of oxygen octahedra® alternate along the chain, this magnetic
ordering breaks inversion symmetry on magnetic sites and induces
electric polarization (see Fig. 1b). As in the case of magnetic spirals,
ions are displaced by exchange striction, which shortens bonds
between parallel spins and stretches those connecting antiparallel
spins in the TT»Lf state. In the Landau description, the coupling
term inducing the polarization has the form of P(L,* - L,?), typical
for improper ferroelectrics®®, where L, =S,+S,-S;-8S, and
L,=S,-8,-S,+8, represent two possible types of the (TTL)
order. Similarly, the electric polarization in the RMn,O, compounds
is induced by the (TT) or (W4T spin ordering along the b axis,
which has the same period as the alternation of the Mn charges
(Mn**-Mn**-Mn"") along this axis. Because the lattice distortion in
this mechanism is driven by the Heisenberg (rather than by the weak
DM) exchange, the induced polarization can be large. It would be
interesting to explore multiferroics in which ferroelectricity appears
as a combined effect of charge and magnetic ordering that together
break inversion symmetry. Note that site-centred charge ordering
coexisting with the spin ordering of the up—up-down-down type has
been observed in perovskites RNiO; (see Fig. 1d)-4,

WHERETO GO FROMHWFRE? ===

Magnetic frustration is a powerful source of ‘unconventional’
magnetic orders, which can induce ferroelectricity. Particularly
suited for magnetic control of polarization are conical magnets,
such as the spinel CoCr,0, (ref. 17), in which magnetization
has both rotating and uniform ferromagnetic parts:
S, =S,le, cos Qx, + e, sin Qx,] + §je,.

While the rotating part of the magnetization gives rise to
ferroelectricity, the net ferromagnetic moment of the spiral provides
a ‘handle, with which the orientation of the spin rotation axis, and
hence the polarization vector, can be tuned by applied magnetic
fields. Magnetic fields required to reverse the orientation of electric
polarization in CoCr,0O, are substantially lower than those in rare
earth manganites. The simultaneous presence of electric polarization
and net magnetization in the conical ferroelectric CoCr,O, gives rise
to an average toroidal moment (T)e<(P x M), which is parallel to the
spiral wave vector and remains unchanged when P and M are rotated
by low magnetic fields'”*.

Unfortunately, the strong effects of magnetic fields on electric
polarization and dielectric constant do not imply strong dependence
of magnetic properties on applied electric fields, as magnetoelectric
coupling in frustrated magnets is rather weak. Furthermore, as
spontaneous electric polarization does not break time-reversal
symmetry, it cannot induce magnetic ordering in the same way
as a magnetic order with broken inversion symmetry induces
ferroelectricity. To achieve control of magnetism by electric fields, one
has to find other mechanisms, such as mutual clamping of ferroelectric
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and antiferromagnetic domains, which appears to be relevant to a
linear magnetoelectric effect in hexagonal HoMnO, (refs 65-67).

From a technological point of view, a challenge in this field
is to find room-temperature multiferroics. As was mentioned
above, magnetic frustration usually delays magnetic transitions
down to low temperatures, so that finding high-temperature
insulating spiral magnets is not straightforward (but not impossible
— in the multiferroic hexaferrite Ba,Sr,Zn,Fe,,0,,, spins order
above room temperature”). An alternative route is to artificially
fabricate composite ferroelectric and magnetic materials with high
transition temperatures. There have been considerable efforts to
optimize the cross-coupling effects in composite multiferroics with
magnetostrictive ferromagnets and piezoelectric materials®®"° (see
also the accompanying review by Ramesh and Spaldin on page 21
of this issue’).

Equation (1) states that the polarization density is proportional
to the gradient of the angle ¢, describing the orientation of spins
in the spiral: Pocdg. This has two immediate consequences:
first, the total electric polarization is proportional to the total
number of revolutions of spins in the spiral and is insensitive to
the presence of higher harmonics, and second, Néel domain walls
carry net electric polarization and magnetic vortices have electric
charge?**. The 180° Néel wall separating spin-up and spin-down
domains induces polarization, because it has electric properties of
a half period of a magnetic spiral with e; L Q. On the other hand,
the Bloch wall, where spins rotate around the normal to the wall,
induces no net polarization, similar with the spiral with e, || Q. The
electric polarization induced by domain walls may be of practical
importance, as domain walls can form in thin films of conventional
ferromagnetic materials above room temperature and show very
strong sensitivity to applied magnetic fields.

The coupling between electric and magnetic dipoles in
multiferroics also gives rise to unusual dynamic effects, which can
be observed in optical experiments?”>774. The salient feature of many
proper ferroelectrics is the softening of optical phonons at the critical
temperature, resulting in divergent ¢ (refs 6,9,75). The freezing of this
soft mode below the transition temperature leads to a bulk ferroelectric
distortion. In magnetic ferroelectrics, the soft mode seems to be
absent despite the divergence of ¢ at the magnetic phase transition
that induces electric polarization. The peak in ¢ in this case results
from the linear coupling between the polar phonon mode and the
soft magnetic mode. The mixing of magnetic excitations (magnons)
with optical phonons and, eventually, with light makes it possible to
‘see’ magnons in optical absorption experiments. The photoexcitation
of magnons also occurs in ordinary magnets, but there the single
magnon excitation occurs only through magnetic dipole coupling of
the light (known as magnetic resonance) and is much weaker than
electric dipole excitations such as the optical phonons. On the other
hand, in multiferroics the coupling can result from the third-order
term PMoM. The linear coupling is obtained by replacing one vector
M by the static magnetization with the wavevector Q of the magnetic
structure, while another vector M is replaced by the dynamic
magnetization with the wavevector —-Q. This coupling induces
significant ‘magnetic’ peaks in the optical absorption spectrum. The
theory of the coupled spin-phonon excitations (‘electro-magnons’)
was discussed in the 1970s and more recently in ref. 76. Since then,
a few reports have appeared on the absorption peaks at frequencies
typical for magnetic excitations, most recently”””” in the spiral
magnets Tb(Gd)MnO,. Still, dynamic phenomena in multiferroics
remain largely unexplored and require future work.

Insummary, magnetic frustration naturally gives rise to multiferroic
behaviour. Competing magnetic interactions in frustrated magnets
often result in eccentric magnetic structures that lack the inversion
symmetry of a high-temperature crystal lattice. The ionic relaxation
in such magnetic states, driven by lowering of the magnetic energy
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of the Heisenberg and Dzyaloshinskii-Moriya exchange interactions,
induces polar lattice distortions. These magnetic ferroelectrics can
produce unprecedented cross-coupling effects, such as the high
tuneability of the magnetically induced electric polarization and
dielectric constant by applied magnetic fields, which has given a new
impulse to the search for other multiferroic materials and raised hopes
for their practical applications.

doi:10.1038/nmat1804

References

1. Maxwell, J. C. A dynamical theory of the electromagnetic field. Phil. Trans. R. Soc. Lond.
155, 459-512 (1865).

2. Landau, L. D. & Lifshitz, E. M. The Classical Theory of Fields 2nd edn (Pergamon, London, 1962).

3. Aharonov, Y. & Bohm, D. Significance of electromagnetic potentials in the quantum theory.
Phys. Rev. 115, 485-491 (1959).

4. Aharonov, Y. & Casher, A. Topological quantum effects for neutral particles. Phys. Rev. Lett.
53,319-321 (1984).

5. Smolenskii, G. A. & Chupis, I. E. Ferroelectromagnets. Usp. Fiz. Nauk 137, 415-448 (1982);

Sov. Phys. Usp. 25, 475-493 (1982).

. Jona, F. & Shirane, G. Ferroelectric Crystals (Dover, New York, 1993).

. Schmid, H. Multi-ferroic magnetoelectrics. Ferroelectrics 162, 317-338 (1994).

. Hill, N. A. Why are there so few magnetic ferroelectrics? . Phys. Chem. B 104, 6694-6709 (2000).

. Lines, M. E. & Glass, A. M. Principles and Applications of Ferroelectrics and Related Materials

(Oxford Univ. Press, Oxford, 2001).

10. Khomskii, D. I. Magnetism and ferroelectricity: why do they so seldom coexist? Bull. Am. Phys.
Soc. €21.002 (2001).

11. Katsufuji, T. et al. Dielectric and magnetic anomalies and spin frustration in hexagonal RMnO,
(R=Y,Yb, and Lu). Phys. Rev. B 64, 104419 (2001).

12. Kimura, T. ef al. Magnetocapacitance effect in multiferroic BiMnO,. Phys. Rev. B 67, 180401 (2003).

13. Kimura, T. et al. Magnetic control of ferroelectic polarization. Nature 426, 55-58 (2003).

14. Hur, N. et al. Electric polarization reversal and memory in a multiferroic material induced by
magnetic fields. Nature 429, 392-395 (2004).

15. Lawes, G. et al. Magnetically driven ferroelectric order in Ni,V,Oy. Phys. Rev. Lett. 95, 087205 (2005).

16. Kimura T., Lashley, J. C. & Ramirez, A. P. Inversion-symmetry breaking in the noncollinear magnetic
phase of the triangular-lattice antiferromagnet CuFeO,. Phys. Rev. B 73, 220401(R) (2006).

17. Yamasaki, Y. et al. Magnetic reversal of the ferroelectric polarization in a multiferroic spinel oxide.
Phys. Rev. Lett. 96, 207204 (2006).

18. Taniguchi, K., Abe, N., Takenobu, T., Iwasa, Y. & Arima, T. Ferroelectric polarization flop in a
frustrated magnet MnWO, induced by a magnetic field. Phys. Rev. Lett. 97, 097203 (2006).

19. Heyer, O. et al. A new multiferroic material: MnWO,. J. Phys. Condens. Matter 18, L471-1L475 (2006).

20. Kimura, T., Lawes, G. & Ramirez, A. P. Electric polarization rotation in a hexaferrite with long-
wavelength magnetic structures. Phys. Rev. Lett. 94, 137201 (2005).

21. Bar’yakhtar, V. G. & Chupis, I. E. Phenomenological theory of a ferroelectric magnet. Sov. Phys. Solid
State 10, 2818-2821 (1969).

22. Bary’achtar, V. G., Lvov, V. A. & Jablonskii, D. A. Theory of inhomogeneous magnetoelectric effect.
JETP Lett. 37, 673 (1983).

23. Stefanovskii, E. P. & Jablonskii, D. A. Theory of electrical polarization of multisublattice
orthorhombic antiferromagnets with a double-exchange superlattice. Sov. J. Low Temp. Phys.
12, 478480 (1986).

24. Katsura, H., Nagaosa, N. & Balatsky, V. Spin current and magnetoelectric effect in noncollinear
magnets. Phys. Rev. Lett. 95, 057205 (2005).

25. Harris, A. B., Yildirim, T., Aharony, A. & Entin-Wohlman, O. Towards a microscopic model of
magnetoelectric interactions in Ni,V,Oy. Phys. Rev. B 73, 184433 (2006).

26. Mostovoy, M. Ferroelectricity in spiral magnets. Phys. Rev. Lett. 96, 067601 (2006).

27. Sergienko, I. A. & Dagotto, E. Role of the Dzyaloshinskii-Moriya interaction in multiferroic
perovskites. Phys. Rev. B 73, 094434 (2006).

28. Fiebig, M. Revival of the magnetoelectric effect. J. Phys. D 38, R123 (2005).

29. Khomskii, D. I. Multiferroics: different ways to combine magnetism and ferroelectricity. J. Magn.
Magn. Mater. 306, 1 (2006).

30. Eerenstein, W., Mathur, N. D. & Scott, J. E. Multiferroic and magnetoelectric materials. Nature
442, 759-765 (2006).

31. Van Aken, B. B., Palstra, T. T. M., Filippetti, A. & Spaldin, N. A. The origin of ferroelectricity in
magnetoelectric YMnO,. Nature Mater. 3, 164-170 (2004).

32. Seshadri, R. & Hill, N. A. Visualizing the role of Bi 6s “lone pairs” in the off-center distortion in
ferromagnetic BiMnO,. Chem. Mater. 13, 2892 (2001).

33. Son, J. Y., Kim, B. G., Kim, C. H. & Cho, J. H. Writing polarization bits on the multiferroic BIMnO,
thin film using Kelvin probe force microscope. Appl. Phys. Lett. 84, 4971-4973 (2004).

34. Yang, C. H. et al. Resonant x-ray scattering study on multiferroic BIMnO,. Phys. Rev. B
73, 224112 (2006).

35. Levanyuk, A. P. & Sannikov, D. G. Improper ferroelectrics. Sov. Phys. Usp. 17,199-214 (1974).

36. Fennie, C. J. & Rabe, K. M. Ferroelectric transition in YMnO, from first principles. Phys. Rev. B
72, 100103 (2005).

37. Verwey, E. . W. & Haayman, P. W. Electronic conductivity and transition point of magnetite.
Physica 8,979 (1941).

38. Efremoyv, D. V., van den Brink, J. & Khomskii, D. I. Bond-versus site-centered ordering and possible
ferroelectricity in manganites. Nature Mater. 3, 853856 (2004).

39. Tokunaga, Y. et al. Rotation of orbital stripes and the consequent charge-polarized state in bilayer
manganites. Nature Mater. 5,937-941 (2006).

40. Ikeda, N. et al. Ferroelectricity from iron valence ordering in the charge-frustrated LuFe,O,. Nature
436, 1136-1138 (2005).

© % N o

=N

20

41. Hur, N. et al. Colossal magnetodielectric effects in DyMn,Os. Phys. Rev. Lett. 93, 107207 (2004).
42. Goto T. et al. Ferroelectricity and giant magnetocapacitance in perovskite rare-earth manganites.
Phys. Rev. Lett. 92, 257201 (2004).
. Kenzelmann, M. et al. Magnetic inversion symmetry breaking and ferroelectricity in TbMnO,.
Phys. Rev. Lett. 95, 087206 (2005).
44. Quezel-Ambrunaz, S., Bertaut, F. & Buisson, G. Structure of TMn,O; compounds of rare earth and
manganese oxides. Compt. Rend. 258, 3025-3027 (1964).
45. Schieber, M. et al. Magnetocrystalline anisotropy of rare-earth manganites. J. Appl. Phys.
44, 1864-1867 (1973).
46. Golovenchits, E. I., Morozov, N. V., Sanina, V. A. & Sapozhnikova, L. M. Correlation of magnetic and
dielectric properties in EuMn,O; single crystals. Sov. Phys. Solid State 34, 5659 (1992).
47. Saito, K. & Kohn, K. Magnetoelectric effect and low-temperature phase transitions of TbMn,O..
J. Phys. Condens. Matter 7, 2855-2863 (1995).
48. Inomata, A. & Kohn, K., Pyroelectric effect and possible ferroelectric transition of helimagnetic
GdMn,O;, TbMn,O; and YMn,Os. J. Phys. Condens. Matter 8, 2673-2678 (1996).
49. Gardner, P. P., Wilkinson, C., Forsyth, J. B. & Wanklyn, B. M. The magnetic structures of the rare-
earth manganates ErMn,O, and TbMn,O.. J. Phys. C: Solid State Phys. 21, 5653-5661 (1998).
. Dzyaloshinskii, I. Theory of helical structures in antiferromagnets I: Nonmetals. Sov. Phys. JETP
19,960-971 (1964).
. Moriya, T. Anisotropic superexchange interaction and weak ferromagnetism. Phys. Rev.
120, 91-98 (1960).
52. Cheong, S.-W., Thompson, J. D. & Fisk, Z. Metamagnetism in La,CuO,. Phys. Rev. B
39, 43954398 (1989).
53. Kadomtseva, A. M. et al. Space-time parity violation and magnetoelectric interactions in
antiferromagnets. JETP Lett. 79, 571-581 (2004).
54. Kimura, T., Lawes G., Goto, T., Tokura Y. & Ramirez, A. P. Magnetoelectric phase diagrams of
orthorhombic RMnO; (R = Gd, Tb, and Dy). Phys. Rev. B 71, 224425 (2005).
55. Noda, K. et al. Magnetic-field-induced switching between ferroelectric phases in orthorhombic-
distortion-controlled RMnO,. J. Appl. Phys. 99, 085905 (2006).
56. Hemberger, J. et al. The multiferroic phases of (Eu:Y)MnO,. Preprint at
<http://arxiv.org/cond-mat/0603258> (2006).
57. Chapon, L. C. et al. Structural anomalies and multiferroic behavior in magnetically frustrated
TbMn,O;. Phys. Rev. Lett. 93, 177402 (2004).
58. Chapon, L. C. et al. Ferroelectricity induced by acentric spin-density waves in YMn,O,. Phys. Rev.
Lett. 96, 097601 (2006).
59. Aliouane, N. et al. Field-induced linear magnetoelastic coupling in multiferroic TbMnO,. Phys. Rev.
B 73, R020102 (2006).
. Sergienko, L. A., Sen, C., Dagotto, E. Ferroelectricity in the magnetic E-phase of orthorhombic
perovskites. <arXiv/cond-mat/0608025> (2006).
. Fisher, M. E. & Selke, W. Infinitely many commensurate phases in a simple Ising model. Phys. Rev.
44, 1502 (1980).
62. Canfield, P. C., Thompson, J. D., Cheong, S.-W. & Rupp, L. W. Extraordinary pressure dependence

4.

@

5

S

5

6

S

6

of the metal-to-insulator transition in the charge-transfer compounds neodymium nickel oxide and
praseodymium nickel oxide (NdNiO, and PrNiO,). Phys. Rev. B 47, 12357 (1993).
63. Alonso, J. A. et al. Charge disproportionation in RNiO, perovskites: simultaneous metal—insulator
and structural transition in YNiO,. Phys. Rev. Lett. 82, 3871-2874 (1999).
. Torrance, J. B., Lacorre, P. & Nazzal, A. I. Systematic study of insulator—metal transitions in perovskite
RNiO, (R = Pr, Nd, Sm, Eu) due to closing of charge-transfer gap. Phys. Rev. B 45, 8209-8212 (1992).
65. Fiebig, M., Lottermoser, T., Frohlich, D., Goltsev, A. V. & Pisarev R. V. Observation of coupled
magnetic and electric domains. Nature 419, 818 (2002).
66. Lottermoser, T. et al. Magnetic phase control by an electric field. Nature 430 541 (2004).
67. Lorenz, B., Litvinchuk, A. P., Gospodinov, M. M. & Chu, C. W. Field-induced reentrant novel
phase and a ferroelectric-magnetic order coupling in HoMnO,. Phys. Rev. Lett. 92, 087204 (2004).
68. Van Suchtelen, J. Product properties: A new application of composite materials. Philips Res. Rep.
27, 28-37 (1972).
69. Ryu, J., Priya, S., Uchino, K. & Kim, H. E. Magnetoelectric effect in composites of magnetostrictive

6

=

and piezoelectric materials. J. Electroceram. 8, 107-119 (2002).

70. Zheng, H. et al. Multiferroic BaTiO,—CoFe,0, nanostructures. Science 303, 661-663 (2004).

71. Ramesh, R. & Spaldin, N. Multiferroics: progress and prospects in thin films. Nature Mater.
6,21-29 (2006).

72. Baryakhtar, V. G. & Chupis, I. E. Quantum theory of oscillations in a ferroelectric ferromagnet.
Sov. Phys. Solid State 11, 2628-2631 (1970).

73. Akhiezer, I. A. & Davydov, L. N. Coupled electromagnetic-spin waves in magnetically ordered
ferroelectrics. Sov. Phys. Solid State 12, 25632565 (1971).

74. Chupis, 1. E. Magnetoelectric waves in ferroelectric antiferromagnets with exchange coupled electric
and magnetic polarizations. Sov. J. Low Temp. Phys. 2, 307-310 (1976).

75. Sirenko A. A. et al. Soft-mode hardening in SrTiOj thin films. Nature 404, 373-376 (2000).

76. Katsura, H., Balatsky, A. V. & Nagaosa, N. Dynamical magneto-electric coupling in helical magnets.
Preprint at <http://arxiv.org/cond-mat/0602547> (2006).

77. Golovenchits, E. I. & Sanina, V. A. Magnetic and magneto-lattice dynamics in GdMn,O;. JETP Lett.
78, 88-91 (2003).

78. Pimenov, A. et al. Possible evidence for electromagnons in multiferroic manganites. Nature Phys.
2,97-100 (2006).

79. Sushkov, A. B. et al. Electromagnons in multiferroic YMn,O; and TbMn,O.. Preprint at
<http://arxiv.org/cond-mat/0608707> (2006).

Acknowledgements

‘We thank Y. J. Choi, Y. Horibe, D. I. Khomskii, S. Y. Park and P. Radaelli for discussions, and

A. F. Garcia-Flores, E. Granado and T. Kimura for providing figures. S.W.C. was supported by the
National Science Foundation-MRSEC. M.M. acknowledges support by the MSC?"* program, DFG
(Mercator fellowship), and the hospitality of Cologne University.

Correspondence should be addressed to S.W. C or M. M.

nature materials | VOL 6 | JANUARY 2007 | www.nature.com/naturematerials

©2007 Nature Publishing Group




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    35.29100
    35.29100
    36.28300
    36.28300
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (Europe ISO Coated FOGRA27)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. PDF 1.3 Compatibility.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [666.000 855.000]
>> setpagedevice


