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Chapter 1

Introduction

1.1. Multiferroics, linear magnetoelectrics and magnetodielectrics

Functional electronic and magnetic materials form an important part of modern technology. For

example, ferroelectrics (materials with a spontaneous electric polarization that can be switched by

an applied electric field) are widely used as tunable capacitors and form the basis of ferroelectric

random access memory (Fe-RAM) for computers. On the other hand, the materials most widely

used for recording and storing data, such as in the hard drive, are ferromagnetic (materials with

a spontaneous magnetic polarization that can be reversed by a magnetic field). Current technol-

ogy is following a trend towards device miniaturization, which has led to increased interest in the

combination of electronic and magnetic properties in a multifunctional device.Materials in which

ferroelectric and ferromagnetic properties coexist are known as “multiferroic materials”. Multifer-

roic materials are interesting not only because they exhibit ferroelectric and magnetic properties

but also due to the “magnetoelectric effect”, by which an induced electrical polarization and mag-

netization can be controlled by applying a magnetic and electric field, respectively. This effect can

potentially be exploited to allow the construction of novel spintronic devices such as tunnelling mag-

netoresistance (TMR) sensors, spin valves with functionality that is tunable by an electric field [1],

and multi-state memories in which data are written electrically and read magnetically [2]. However,

in order to be useful for applications, the magnetoelectric coupling must be both large and active at

room temperature.

The magnetoelectric effect was first postulated by Pierre Curie in the nineteenth century [3]. In

1959, Dzyaloshinskii predicted this effect in Cr2O3 based on symmetry considerations and Asrov

confirmed this prediction experimentally in 1960 [4–6]. Many investigations of this phenomenon

were carried out in the 1960s and 1970s, predominantly by the two Russian groups of Smolenskii

[7] and Venevtsev [8]. However, due to the weakness of the magnetoelectric coupling in most
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materials and the consequent difficulties of using it in applications, research activities in this subject

went into decline for about two decades [6]. The revival of interest in magnetoelectric materials

was initiated by the theoretical investigation of N. Hill in 2000 [9] and by the recent discoveries

of new mechanisms of ferroelectricity in perovskite TbMnO3, hexagonal YMnO3, RMn2O5, and

Ni2V3O8 [10–13]. It was also promoted by the recent developments in thin film growth techniques

and in experimental methods for observing magnetic and electronic domains.

The term “multiferroic” was introduced by Schmid in 1994 to define materials in which two

or three types of ferroic order (ferroelectricity, ferromagnetism and ferroelasticity) occur simulta-

neously in the same phase [14]. Today, the utilization of this term has been expanded to include

materials that exhibit any type of long-range magnetic ordering together with spontaneous polar-

ization. The term “ferroelectromagnets” was previously used to describe the same materials [7].

Another important group of materials are the “linear magnetoelectrics”, very often known as “mag-

netoelectrics”, which possess long-range magnetic ordering but no spontaneous polarization. How-

ever, electrical polarization can be induced by applying a magnetic field. Materials that allow the

linear magnetoelectric (ME) effect can be recognized from their magnetic point group symmetry. In

the Landau expression the general free energy expression describing the ME effect for non-ferroic

materials can be written as [2]:

F(E,H) = F0− 1
2

ε0εi jEiE j− 1
2

χ0χi jHiH j−αi jEiH j− 1
2

βi jkEiH jHk− 1
2

γi jkH jEiEk + ... (1.1)

Here, ε0 and χ0 are the permittivity and permeability of free space, εi j and χi j are the relative

permittivity and permeability, αi j is the linear magnetoelectric tensor, and βi jk and γi jk are higher-

order magnetoelectric coefficients. If we take the derivative of this free energy with respect to the

electric field (E) then we obtain the polarization (P). If the derivative is taken with respect to the

magnetic field (H) then the magnetization (M) is obtained:

Pi =− ∂F
∂Ei

=
1
2

ε0εi jE j +αi jH j +
1
2

βi jkH jHk + ... (1.2)

M j =− ∂F
∂H j

=
1
2

χ0χi jHi +αi jEi +
1
2

γi jkEiEk + ... (1.3)

All linear magnetoelectric materials contain the linear term αi jEiH j, but this does not necessarily

mean that they are multiferroic. For example, Cr2O3 is magnetoelectric but not ferroelectric. The

opposite is also true: not all multiferroics are necessarily magnetoelectric. For example, YMnO3 is a

multiferroic that is antiferromagnetic and ferroelectric, but the magnetoelectric effect is not allowed
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by symmetry in this compound. However, multiferroics that are ferromagnetic and ferroelectric (fer-

romagnetolectric) are based on their symmetry necessarily magnetoelectric [2, 6, 15]. For example,

magnetoelectric Ni3B7O13I is ferroelectric and a canted antiferromagnet at low temperature [16].

Measurements of the dielectric constant are commonly used in the investigation of ferroelectric

materials. There is always a large anomaly in the temperature dependence of the dielectric constant

at the ferroelectric transition (Tc). Dielectric anomalies have also been observed at the magnetic

transition temperatures (TN) of various materials, such as the linear magnetoelectric Cr2O3 [17],

the multiferroics BaNiF4 [18] and BaMnF4 [19, 20], and materials that are neither linear magne-

toelectrics nor multiferroics such as MnO [21], and MnF2 [22]. The latter material is classified

as “magnetodielectric”. This term was first suggested by Lawes et al. in a study of the coupling

between the dielectric constant and magnetization of ferromagnetic SeCuO3 and antiferromagnetic

TeCuO3 [23]. Both of these compounds show a dielectric anomaly at the magnetic transition and

exhibit the “magnetodielectric effect”, that is, a change of the dielectric constant on application of a

magnetic field. A similar phenomenon has been observed in the quantum paraelectric EuTiO3 [24],

where a change in the dielectric constant of up to ∼ 7% takes place in a magnetic field of 1.5 T.

None of these compounds possess spontaneous polarization and the linear ME effect is not allowed

by symmetry. A schematic picture of the relationship between multiferroic, linear magnetoelectric

and magnetodielectric materials is shown in Figure 1.1.

Cr2O3

Sm2CuO4

TbCoO3

GdVO4

Ho2BaNiO5

Boracite
BiFeO3

TbMnO3

MnWO4

Ni3V2O8

CuO
h-RMnO3

SeCuO3, TeCuO3, EuTiO3, TmFeO3, MnO, MnF2

Figure 1.1: Schematic picture of relationship between linear magnetoelectrics, multiferroics, and magnetodi-
electrics [25].

1.2. Brief overview of multiferroics

It has proved difficult to discover new intrinsic multiferroic materials because the mechanisms

driving ferroelectricity and ferromagnetism are generally incompatible. Ferroelectricity is usually

generated by transition metal compounds with empty d-shells (d0). For example, in BaTiO3 the
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ferroelectricity is caused by cooperative shifting of the Ti4+ cation along the [111] direction; this

off-centering is stabilized by covalent bonding between the oxygen 2p orbitals and the empty d-shell

of Ti4+ [9]. On the other hand, ferromagnetism usually requires a transition metal with a partially

filled d-shell. Therefore, alternative mechanisms are required to combine these two properties.

An early approach taken by Smolenskii et al. [29] proposed the doping of paramagnetic cations

into known non-magnetic ferroelectric compounds. In the case of perovskites, this gives a B-site

that contains both a cation with an empty d-shell for ferroelectricity and a cation with a partially

filled d-shell for magnetization, for example, Pb(Mn0.5Nb0.5)O3 and Pb(Fe0.5Nb0.5)O3. The result-

ing spontaneous polarization and magnetization in these complex perovskites were similar to the

ferromagnetoelectric properties that were known in the boracites [4, 29]. However, this type of

materials tends to have rather low Curie or Néel temperatures as a result of dilution of the mag-

netic ions. Another mechanism that has been used to combine ferroelectricity and magnetism is

the stereochemical activity of Bi3+ and Pb2+ “lone-pairs” [9]. For example, in BiFeO3 and BiMnO3

ferroelectricity is induced by the 6s lone pair of Bi3+, which causes a shift away from the centrosym-

metric position of the cation with respect to the coordinating oxygen ions [9]. Materials displaying

this type mechanism are known as ”proper ferroelectrics” due to their similarity with BaTiO3, where

the main driving force of the polar state is structural instability with associated electronic pairing.

However, because the ferroelectricity and magnetism in these compounds are generated from dif-

ferent ions, the coupling between them is generally weak [9, 26]. Recent structural studies have

shown that BiMnO3 has a centrosymmetric C2/c structure rather than a non-centrosymmetric C2

structure [27, 28] at room temperature, hence BiMnO3 might be not multiferroic but rather a linear

magnetoelectric material. Another suggestions in the literatures is that this compound could be lo-

cally non-centrosymmetric and globally centrosymmetric, as also proposed for YCrO3 based on pair

distribution function analysis [31, 32].

Recently, various multiferroic materials have been discovered in which a polar state is induced

by different types of ordering; these are known as “improper ferroelectrics”. The magnitude of

polarization in this type of materials is often small, but they often display large magnetoelectric

coupling or are very sensitive to applied magnetic fields. Thus far, the known improper ferroelectrics

can be divided into three categories: geometric ferroelectrics, electronic ferroelectrics and magnetic

ferroelectrics [26].

In geometric ferroelectrics, the mechanism of ferroelectricity does not only involve cooperative

off-center shifts of transition metal cations, but rather a more complex lattice distortion. For example,

in hexagonal RMnO3 ferroelectricity is induced by simultaneous tilting of the MnO5 bipyramids and

buckling of the R-O plane [11]. Another example is BaMF4 (M = Mn, Fe, Co, and Ni), in which the

ferroelectricity originates from alternating rotations of MF6 octahedra in the bc plane accompanied
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by displacement of the Ba cations along the c- axis [33].

The concept of electronic ferroelectricity is generally correlated with the concept of charge

ordering. For example, Efremov et al. have predicted that certain divalently doped perovskites

R1−xAxMnO3 that exhibit an intermediate state between site-centered and bond-centered charge or-

dering should be ferroelectric [34]. This should be the case for Pr1−xCaxMnO3 with x between 0.4

and 0.5, but the possible ferroelectricity in this system is difficult to prove due to the rather high

electrical conductivity. Ferroelectricity induced by charge ordering has been observed in LuFe2O4.

The charge ordering of Fe2+ and Fe3+, which lie on a triangular lattice in a bilayer structure, is frus-

trated. The average valence of Fe is 2.5+. Alternating triangular layers contain a mixture of Fe3+

and Fe2+ in the ratio 1:2 and 2:1, and charge transfer between the layers gives rise to the net po-

larization [26, 35]. Another mechanism in this class involves the combination of alternating charge

order and an Ising chain magnet of the ↑↑↓↓ type. Ferroelectricity is produced via exchange striction

associated with competition between nearest-neighbor (NN) ferromagnetic and next-nearest- neigh-

bor (NNN) antiferromagnetic superexchange interactions. Inversion symmetry is broken due to the

presence of shorter interatomic distances between cations with parallel spins and longer distances

between cations with anti-parallel spins, and a net polarization is induced in the chain, as shown in

Figure 1.2. This type of mechanism has recently been observed in Ca3CoMnO6 [36].

Figure 1.2: Polarization induced by the coexistence of charge order and an Ising spin chain of the ↑↑↓↓ type.
The cations are shifted away from their centrosymmetric positions by exchange striction [26].

Perhaps the most interesting class of improper ferroelectrics is the magnetic ferroelectrics, in

which the ferroelectricity is induced by magnetic ordering. This category contains the best can-

didates for useful applications, because the polarization is highly tuneable by applied magnetic

fields [26]. Ferroelectricity of this type was reported a long time ago in the spin spiral compound

Cr2BeO4, which has a spontaneous polarization four to six orders of magnitude smaller than that

of normal ferroelectrics [37, 38]. This type of multiferroics became a popular field of research af-

ter the discovery of ferroelectricity in TbMnO3 in 2003 by Kimura et al., which is induced by a

spin-spiral structure on the Mn sublattice. In TbMnO3 the polarization can be rotated by 90 degrees

(a polarization flop) by an external magnetic field applied in a specific direction, which also gives

rise to a large magnetodielectric effect [10, 39]. Based on this strategy, several multiferroics with
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different types of structures have been found in last few years, such as Ni3V2O8 [13], CuFeO2 [40],

Ba0.5Sr1.5Zn2Fe12O22 [41], MnWO4 [42, 43], and CuO [44]. A characteristic feature common to

this type of multiferroics is the presence of competing magnetic interactions (spin frustration). For

example, in RMnO3 (R=Tb, Dy) the competition between ferromagnetic NN and antiferromagnetic

NNN superexchange interactions induces a spiral magnetic structure [39, 47].
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Figure 1.3: (a) Microscopic mechanism of spin-induced polarization for the spin current model of Katsura et

al. [56]. Schematic pictures of the change of local electric polarization induced by spin canting in (b) counter-

clockwise and (c) clockwise (CW) spiral structures [59].

The mechanism of magnetically induced ferroelectricity in spin-spiral structures has been stud-

ied using microscopic [56] and phenomenological approaches [55]. The microscopic mechanism

considers a spin current that arises in the presence of two coupled, noncollinear spins (~Js ∝~S1×~S2).

A polarization is induced that is proportional to the vector product of the spin current and the unit

vector (e12) that connects the two magnetic ions: ~P ∝ γ( ~e12×~Js) (see figure 1.3). This effect can

also be described in terms of an inverse Dzyaloshinskii-Moriya (DM) interaction, as proposed by

Sergienko et al. [57]. In this model, two non-collinearly coupled magnetic moments displace the

oxygen atom located between them via an electron-lattice interaction [57]. In the spiral structure

the displacement of the oxygen ion is always in the same direction because the vector product of ~Sn

and ~Sn+1 has the same sign for all pairs of neighboring spins (see Figure 1.3(a)) [26, 59]. When the

exchange between two spins is reversed, the sign of the effect in the asymmetric DM interaction is
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also reversed [(~Si×~S j) = -(~S j×~Si)], hence the sign of the electric polarization can be switched by a

reversal of the spin spiral (see Figure 1.3(b) and (c)).

Figure 1.4: (a) The sinusoidal spin structure does not induce polarization. (b) The spiral spin structure, in

which the polarization is orthogonal to both the spin rotation axis e3 and the wave vector Q. This figure is

reproduced from [55].

The phenomenological approach to magnetically induced ferroelectricity considers the symme-

try of electrical and magnetic dipole moments, which are different. In ferroelectrics, dipole moments

are reversed by spatial inversion (i), breaking the symmetry, but are unaffected by time reversal (t).

The opposite is true for magnetic dipoles. The coupling between the static polarization (P) and the

magnetization (M) can only be nonlinear as a result of the interplay of charge, spin, orbital and

lattice degrees of freedom [26]. The coupling described by the biquadratic term -P2M2 is always

allowed by symmetry [26, 55]. This has been demonstrated for example in YMnO3, manifested by

changes in the dielectric constant below the magnetic ordering transition [60]. If the magnetization

has gradient terms then the trilinear coupling term PM∂M is also allowed. This term induces elec-

tric polarization because it is linear in P; in the simplest case of cubic symmetry, the magnetically

induced polarization has the form [55]

P = γχe[(M ·∇)M−M(∇ ·M)] (1.4)

Here, χe is the dielectric susceptibility in the absence of magnetization. The spin-spiral structure

can be described by

M = M1e1cosQ · x+M2e2sinQ · x (1.5)
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Here, e1 and e2 are the unit vectors that form an orthogonal basis and Q is the wave vector of the

spiral. The spin rotation axis is e3 = e1 × e2. Using equation (1.4), the average induced polarization

is orthogonal to both e3 and Q.

~P = γχeM1M2(~e3× ~Q) (1.6)

The magnetically induced polarization depends on the values of M1 and M2. If only one of M1

or M2 is non-zero, the situation corresponds to a collinear, sinusoidal state, where the spins cannot

induce polarization. However, if both M1 and M2 are non-zero, a non-collinear spiral state is formed

that can induce polarization if the spin rotation axis is perpendicular to the wave vector [26, 55].

Another mechanism giving rise to magnetic ferroelectricity involves the so-called E-type mag-

netic ordering, found for example in orthorhombic HoMnO3. In this compound the spin configu-

ration is up-up-down-down along the [110] and [101] directions (Figure 1.5(a)) [53]. The breaking

of inversion symmetry is predicted to occur via exchange striction [54]. In this case, the NN ferro-

magnetic interactions tend to move Mn cations apart from one another while the antiferromagnetic

NNN interactions move the cations closer to each other. This movement is accompanied by the dis-

placement of oxygen in a direction approximately opposite to the shifts of the adjacent Mn-cations

(see Figure (1.5(b)). The polarization induced by this mechanism is predicted to be greater (0.5 - 6

µC/m2) than that in other improper ferroelectrics [54,58]. Polarization in orthorhombic HoMnO3 is

predicted to be found along the a and c directions [58]. However, polarization measurements have

thus far only been reported on polycrystalline samples of HoMnO3, and the magnitude was too small

(P < 2 nC/m2) to support the theoretical prediction [51].

Figure 1.5: (a) The E-type spin configuration of HoMnO3 in the ac plane. (b) The predicted displacement of

Mn (left) and oxygen (right) ions in E-type HoMnO3. This figure is taken from [58].
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1.3. Phase diagram of RMnO3

Rare-earth manganite perovskite oxides have attracted much attention due to various phenom-

ena such as colossal magnetoresistance (CMR), charge ordering, and the more recently discovered

ferroelectricity [10]. Materials with the chemical composition RMnO3 adopt either an orthorhom-

bic perovskite structure or a hexagonal structure; the perovskite structure with space group Pbnm is

favored for R = La-Dy and the hexagonal structure with space group P63cm is favored for R = Ho-

Lu. However, the orthorhombic perovskite structure can also be obtained for the small rare-earths

by heating the corresponding hexagonal compounds under high pressure. [46–49] The structure of

the orthorhombic manganites deviates from that of the ideal cubic perovskite structure due to two

different factors: the so-called GdFeO3 distortion which involves tilting of the MnO6 octahedra, and

Jahn-Teller (JT) distortion in which the octahedra themselves are deformed. The GdMnO3 distor-

tion is generated to compensate for cations with small ionic radius on the rare-earth-site, hence this

distortion increases with decreasing ionic radius. The degree of GdMnO3 distortion can be charac-

terized by the average Mn-O-Mn bond angle [47, 50]. The JT distortion originates from the orbital

degeneracy of the Mn3+ (d4) cation in an octahedral crystal field, where the d-orbitals are split in

energy into t2g and eg levels. The octahedra then have a tendency to distort via shifts of the oxygen

ions, thereby removing the degeneracy of the eg orbitals. The resulting structure is known as the

orbital ordered state, where on a given octahedral site one of the two eg orbitals is preferentially

occupied.

Figure 1.6: (a) Orbital ordering and (b) magnetic transitions in RMnO3 as a function of Mn-O-Mn bond angle.

(c) Magnetic structures of LaMnO3 and HoMnO3. These figures are reproduced from [47].
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This thesis is primarily concerned with the perovskite RMnO3 materials. A phase diagram show-

ing the orbital ordering temperatures and magnetic transitions is shown in Figure 1.6. The magnetic

structure depends on the ionic radius of the rare-earth. When the ionic radius of R is large (La-Sm),

occupied Mn dx2−r2 and dy2−r2 orbitals order in staggered fashion in the ab plane; this gives rise to

strong ferromagnetic (FM) coupling between NN Mn spins in the ab plane and weak antiferromag-

netic (AF) coupling along the c-axis, which corresponds to the so-called A-type AF structure (see

Figure 1.6c). For R cations with small ionic radius, the onset of magnetic ordering initially gives

rise to an incommensurate, sinusoidal structure. The breakdown of the A-type structure is due to an

increased degree of competition between the FM NN and AF NNN superexchange interactions in

the ab plane (see Figure 1.6c) that results from the increased degree of octahedral tilting for small

R cations. For R = Tb and Dy, the incommensurability evolves from a sinusoidal to a spiral con-

figuration with a propagation vector (0, qMn, 0) below a so-called lock-in temperature (Tlock). The

spin spiral structure is directly responsible for inducing ferroelectricity in these compounds [39,47],

as discussed above. Compounds with R = Ho-Lu and Y adopt the E-type AF structure below Tlock,

where the spin order can be described as up-up-down-down in the [110] direction; AF interactions

are retained along the c-axis [48,53]. This phase has also been predicted and recently observed to be

ferroelectric [51, 54]. We focus in this thesis on the spiral magnetic phase because the mechanism

of the ferroelectricity that it induces appears to be more prevalent than that of the E-type materials,

and is also applicable to materials other than manganites.

1.4. Aims of research

The general motivation behind the research in this thesis is to better understand the coupling

between electric and magnetic order parameters in multiferroic and magnetoelectric materials. In

magnetic ferroelectrics there are still aspects of the mechanisms that give rise to ferroelectricity that

are not fully understood. In particular, the factors that determine the strength of the magnetodi-

electric coupling and the sensitivity of the dielectric properties to applied magnetic fields are rather

unclear. Because of their promising properties, in this thesis we focus mainly on multiferroic ma-

terials with spiral magnetic structures and we try to find what parameters can be used to control

the magneto(di)electric coupling in this system. Moreover, we try to understand the mechanism of

magneto(di)electric coupling in linear magnetoelectric materials.
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[17] H. B. Lal, R. Srivastava, and K. G. Srivastava, Phys. Rev. 154, 505 (1967).

11



12 BIBLIOGRAPHY

[18] A. M. Glass, M. E. Lines, M. Eibschutz, F. S. L. Hsu, and H. J. Guggenheim, Commun. Phys.

2, 103 (1977).

[19] G. A. Samara and J. F. Scott, Solid State Communications 21, 167 (1977).

[20] J. F. Scott, Phys. Rev. B 16, 2329 (1977).

[21] M. S. Seehra and R. E. Helmick, Phys. Rev. B 24, 5098 (1981).

[22] M. S. Seehra and R. E. Helmick, J. Appl Phys. 55, 2330, (1984).

[23] G. Lawes, A. P. Ramirez, C. M. Varma, and M. A. Subramanian, Phys. Rev. Lett. 91, 257208,

(2003).

[24] T. Katsufuji and H. Takagi, Phys. Rev.B, 64, 054415, (2001).

[25] Umut, Magnetodielectric Coupling in Multiferroic Transition Metal Oxides, PhD Thesis (2008)

[26] S.-W. Cheong and M. Mostovoy, Nat. Mater. 6, 23 (2007).

[27] A. A. Belik, S. Iikubo, T. Yokosawa, et al., J. Am. Chem. Soc. 129, 971 (2007).

[28] H. Yang, Z. H. Chi, J. L. Jiang, et al., Journal of Alloys and Compounds 461, 1 (2008).

[29] G. A. Smolenskii, A. I. Agranovskaia, S. N. Popov, V. A. Isopov. Sov. phys. Tech, 3 (1981-

1982)

[30] International Tables for Crystallography, Vol. D, Physical Properties of Crystals, Edited by A.

Authier, Kluwer Academic Publishers (2003).

[31] K. Ramesha, A. Llobet, T. Profen, C. R. Serrao, and C. N. R. Rao, J. Phys.: Condens. Matter,

19, 102202 (2007)

[32] C. N. R. Rao and C. R. Serrao, J. Mater. Chem. 17, 4931 (2007)

[33] E. Claude and A. S. Nicola, Phys. Rev. B 74, 024102 (2006).

[34] D. V. Efremov, J. Van den Brink, and D. I. Khomskii, Nat. Mater. 3, 853 (2004).

[35] D. I. Khomskii, J. Magn. Magn. Mater. 306, 1 (2006).

[36] Y. J. Choi, H. T. Yi, S. Lee, et al., Phys. Rev. Lett. 100, 047601 (2008).

[37] D. E Cox, B. C. Frazer, R. E. Newnham, and R. P. Santoro, J. Appl. Phys. 40, 1124 (1969)

[38] R. E. Newnham, J. J. Kramer, W. A. Schulze, and L. E. Cross, J. Appl. Phys. 49, 6088 (1978)



BIBLIOGRAPHY 13

[39] T. Kimura, G. Lawes, T. Goto, Y. Tokura, and A.P. Ramirez, Phys. Rev. B 71, 224425 (2005).

[40] T. Kimura, J. C. Lashley, and A. P. Ramirez, Phys. Rev. B 73, 220401 (2006)

[41] T. Kimura, G. Lawes, and A. P. Ramirez, Phys. Rev. Lett. 94, 137201 (2005)

[42] K. Taniguchi, N. Abe, T. Takenobu, et al., Phys. Rev. Lett. 97, 097203 (2006)

[43] A. H. Arkenbout, T. T. M. Palstra, T. Siegrist, and T. Kimura, Phys. Rev. B 74, 184431 (2006).

[44] T. Kimura, Y. Sekio, H. Nakamura, et al., Nat. Mater. 7, 291 (2008)

[45] A. S. Ivan, S. Cengiz, and D. Elbio, Phys. Rev. Lett. 97, 227204 (2006).

[46] J. W. G. Bos, B. B. van Aken, and T. T. M. Palstra, Chemistry of Materials 13, 4804 (2001).

[47] T. Kimura, S. Ishihara, H. Shintani, T. Arima, K. T. Takahashi,K. Ishizaka, and Y. Tokura,

Phys. Rev. B 68, 060403(R) (2003)

[48] J. S. Zhou and J. B. Goodenough, Phys. Rev. Lett. 96, 247202 (2006).

[49] J. S. Zhou, J. B. Goodenough, J. M. Gallardo-Amores, et al., Phys. Rev. B 74, 014422 (2006).

[50] J. A. Alonso, M. J. Martinez-Lope, M. T. Casais, et al., Inorg. Chem. 39, 917 (2000).

[51] B. Lorenz, Y.-Q. Wang, and C.-W.Chu, Phys. Rev. B 76, 104405 (2007).

[52] G. Maris, V. Volotchaev, and T. T. M. Palstra, New Journal of Physics 6, 153 (2004).

[53] A. Munoz, M. T. Casais, J. A. Alonso, et al., Inorg. Chem. 40, 1020 (2001).

[54] I. A. Sergienko, C. Sen, E. Dagotto, Phys. Rev. Lett. 97, 227204 (2006)

[55] M. Mostovoy, Phys. Rev. Lett. 96, 067601 (2006).

[56] H. Katsura, N. Nagaosa, and A. V. Balatsky, Phys. Rev. Lett. 95, 057205 (2005).

[57] I. A. Sergienko and E. Dagotto, Phys. Rev. B 73, 094434 (2006).

[58] S. Picozzi K. Yamauchi, B. Sanyal, I.A. Sergienko, and E. Dagotto, Phys. Rev. Lett. 99, 227201

(2007)

[59] T. Kimura, Annual Review of Materials Research 37, 387 (2007).

[60] A. A. Nugroho, N. Bellido, U. Adem, G. Nenert, Ch. Simon, M. O. Tija, M. Mostovoy, and T.

T. M. Palstra, Phys. Rev. B, 75, 174435, (2007).






