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Abstract. Determination of space symmetry lowering at ferroelectric tran-
sitions in combination with high sensitivity to changes in spin arrangements in
magnetically ordered materials makes neutron diffraction among the major tools
in the research on magnetoelectric effects in solid state. First, we introduce the
notion of magnetoelectric effects and multiferroics and the classification in the
field. Then, we outline the possibility to identify candidate magnetoelectric mul-
tiferroics based primarily on considerations of symmetry and the knowledge of
the magnetic structure. Subsequently, we summarize our research on such single
phase materials. The systems studied were perovskites from the Bi-based fer-
oxides and manganites, colossal magnetoreresistive oxides, double perovskites
Ba2FeSbO6 and Ba2CoSbO6, mixed oxides YFexCr1−xO3 and other materials
like Y-type hexaferrites.

PACS codes: 75.25.-j

1 Introduction

The quest for novel materials with potential for the development of new tech-
nologies is one of primary topics in modern multidisciplinary scientific research.
Lately, multi-functional materials became in the focus of intensive investigations
because of possibility to combine multiple functions including mechanical, elec-
tronic, photonic, optical, biological, and magnetic functions, and to be capable
of exhibiting diverse controllable, and predictable physical responses when sub-
jected to various external conditions. Multifunctional materials already brought
important breakthroughs in various technological fields such as spintronics – us-
ing the spin of the electron to provide new functionality in a new generation
of electronic devices, and nanostructures – applying nanoscale techniques to
complex functional materials [1]. The properties of nanosystems and nanostruc-
tured materials can be markedly different from those in bulk, opening up new
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prospects for scientific research and the development of nanotechnologies. The
existence of more than one ferroic ordering in the same material and the cou-
pling between them has been known for many decades. Multiferroics, defined
for those multifunctional materials in which two or more kinds of fundamental
ferroicities coexist, have become one of the hottest topics of condensed matter
physics and materials science in recent years [2,3]. The coexistence of several
order parameters in multiferroics brings out novel physical phenomena and of-
fers possibilities for new device functions. The revival of research activities on
multiferroics is evidenced by some novel discoveries and concepts, both experi-
mentally and theoretically [4]. Ferroelectricity violates spatial inversion symme-
try and ferromagnetism breaks time-inversion symmetry. Breaking both symme-
tries consolidates magnetoelectric charge-spin coupling effects in the materials
of current scientific interest, such as multiferroics, skyrmions, polar supercon-
ductors, topological insulators or dynamic phenomena such as electromagnons.

Solving the structure-property relationships necessitates tools for materials char-
acterization that keep pace with advances in synthesis. For 60 years neutron
scattering methods (diffraction, small angle scattering, inelastic scattering, re-
flectometry) have proven to be a highly informative means in both fundamental
and applied science [5]. Although other techniques measure structure and dy-
namics, the neutron has a number of properties that make neutron scattering so
important tool in research. Among the specific properties distinguishing the neu-
tron from other elementary particles are: absence of electric charge, presence of
magnetic moment, different scattering amplitude for different isotopes of one
atom, large penetrating depth and energy comparable to that of dynamic lattice
excitations. Undoubtedly, neutron scattering will play a vital role in meeting the
challenges in the world of nanomaterials, biomaterials, and soft materials by in-
novative synthesis and a top-down approach, investigated by manifold complex
tools and theoretically described by multiscale modeling.

In this article, we first, highlight the physical concepts of multiferroicity and the
current challenges to integrate the magnetism and ferroelectricity into a single-
phase system. We present results from neutron diffraction (ND) supported struc-
tural studies of novel materials carried out at INRNE-BAS. In contrast to other
probes such as electrons and X-rays, the neutrons have the ability to reveal nu-
clear positions and mean displacements without bias from the effects of elec-
tron distribution and the ordering scheme of the magnetic moments carried by
different chemical species or electronic shells. Also, one could distinguish sub-
stitution effects due to neighbor elements as Mn, Fe, etc. (see e.g. [6].) The
complex bulk electronic and magnetic properties of the materials studied can be
understood in light of their magnetic structures. These magnetic structures can
be properly investigated by neutron diffraction techniques in combination with
group theory, which takes advantage of the inherent symmetries of the systems
studied. Once the magnetic structure is known, one can predict which elements
of the magnetoelectric tensors are allowed, and, as a consequence, which effects
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should be observed. This way, the structural details on atomic level are indis-
pensable for the understanding of actual substitution effects in complex systems.

2 Basic Terminology

A ferroic material is defined as a material which exhibits either ferroelectric or
ferromagnetic or ferroelastic ordering. It is a characteristic property demon-
strated by the presence of a well-defined hysteresis loop when the material is
exposed to electrical, magnetic or mechanical stimulus. Here it is worth to recall
the ferrotoroidic ordering which has been proposed as another ordering mech-
anism [7,8]. Magnetoelectric coupling in the materials is a more general phe-
nomenon irrespective of the state of magnetic and electrical ordering. It could
occur in paraelectric ferromagnetic materials or it can be mediated by other pa-
rameter such as strain.

Hence, the term multiferroic defines a substance exhibiting two or more of the
above primary ordering mechanisms. However, there are challenges in finding a
material that would act as a perfect multiferroic. Most multiferroic materials are
not found naturally and their transition temperatures are often not of practical
value. Nevertheless, the increasingly deeper understanding of the sophisticated
sources of multiferroicity in single phase systems facilitates the development of
commercially attractive materials. As the common requirement to most devices
is to operate at room temperature the applied research efforts have focused pri-
marily on composite multiferroics. Below we discuss some of the basic aspects
of multiferroics and a few multiferroic single phase materials.

2.1 Magnetoelectric coupling

Landau theory describes the magnetoelectric effect in a single phase material
through expansion of the free energy as

F (E,H) = F0−PSi E0−MS
i Hi−
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where F0 is the free energy at zero fields, E and H are the electric and magnetic
field vectors, respectively, ε and µ are the dielectric permittivity and magnetic
permeability, respectively. The second and the third term in (1) are the temper-
ature dependent electrical polarization, PSi , and the magnetization, MS

i . Fourth
and fifth terms describe the effect of electrical and magnetic field on the elec-
trical and magnetic behaviour respectively, while sixth term consisting of αij
describes linear magnetoelectric coupling. The next two terms with coefficients
βijk and γijk are third rank tensors and represent higher order coupling terms.
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The last term in this expression, bilinear in bothE andH , is a scalar, and can ap-
pear at any expansion of free energy. It is responsible for the magnetodielectric
effect, which represents a shift in the dielectric response that varies quadratically
with the applied field [9].

Differentiation of Eq. (1) with respect to electric and magnetic fields respectively
leads to polarization and magnetization:

Pi = −∂F (E,H)

∂Ei
= PSi + ε0εijEj + αijHj +

βijk
2
HjHk + · · ·

Mi = −∂F (E,H)

∂Hi
= MS

i + µ0µijEj + αijEj +
βijk

2
EiHj + · · ·

(2)

In most cases, it is of interest to look closely to the linear magnetoelectric coef-
ficient, αij . This coefficient quantifies the dependence of polarization on mag-
netic field or of magnetization on the electric field. In case of multiferroics,
although many linear magnetoelectric effects are expected because these mate-
rials often possess large susceptibility and permeability respectively, this is not
a necessary condition as some ferroelectrics and ferromagnets do show small
dielectric susceptibility and magnetic permeability.

In addition to direct coupling, there may be instances of indirect magnetoelec-
tric coupling mediated by strain. This is likely to arise in two phase systems,
where two components are coupled via strain. However, more recently, in cubic
SrMnO3 and EuTiO3, strain mediated magnetoelectric effect was observed in
single phase.

Indirect measurements of magnetoelectric coupling include measurement of
changes in the magnetization near the magnetic transition temperatures or
changes in dielectric constant near the magnetic transition temperature. How-
ever, such measurements do not provide any mechanistic insight into the cou-
pling constant. Direct measurements measure magnetic response of material to
an applied electric field or electric response to an applied magnetic field.

More generally said, the ferroic order parameters are cross-coupled. The linear
coupling is responsible for the piezoelectric, piezomagnetic and magnetoelectric
effects. Electrostriction is a higher order coupling between electric polarisation
and strain. Similarly, magnetostriction is a higher order coupling between mag-
netization and strain.

2.2 Ferroics and magnetoelectrics

There is a large number of magnetically and electrically polarizable materials,
but only a few materials show ferroelectric and ferromagnetic ordering. Mag-
netoelectric materials are defined as those materials, which are simultaneously
electrically and magnetically polarizable, whereas speaking of multiferroics is
strictly meant of those materials, which show simultaneously ferroelectric and
ferromagnetic ordering.
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Figure 1. Left: Schematic of the ferroic orders, conjugated fields and corresponding symmetry operations. 

Adapted from Schmid [17]; Middle: Relationship between ferromagnetic (FM), ferroelectric (FE), 

multiferroic (MF) and magnetoelectric (ME) materials. Adapted from Eerenstein et al. [2]. 

Right:Magnetoelectrics 

2.3 Historical remarks 

The close link between electricity and magnetism is expressed in the set of four fundamental equations 

of Maxwell governing electromagnetism. The term ‘magnetoelectric’ was first used by Debye in 1926. 

The magnetoelectric effect was first observed by Konrad Rontgen in 1888 and by Pierre Curie in 1894 in 

two independent studies. Rontgen found that a dielectric when moved in an electric field became 

magnetized and conversely, it became polarized when moved in a magnetic field. In contrast, based on 

symmetry considerations Curie [11] proposed a linear coupling between electric and magnetic fields.  

The first ever discovered multiferroic material with simultaneous ferroelectric and ferromagnetic order 

was nickel iodine boracite, Ni3B7O13I. Subsequently many studies were made on various boracite 
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Figure 1. (a): Schematic of the ferroic orders, conjugated fields and corresponding sym-
metry operations. Adapted from Schmid [17]; (b): Relationship between ferromagnetic
(FM), ferroelectric (FE), multiferroic (MF) and magnetoelectric (ME) materials. Adapted
from Eerenstein et al. [2]; (c): Magnetoelectrics.

Ferroics are materials like ferroelectrics, ferromagnetic or ferroelastics which
exhibit a significant change in the properties of the materials across a critical
temperature and show

— a characteristic hysteresis loop with two equivalent response states at zero
value of stimuli;

— a critical temperature Tc. Generally, Tc is accompanied with a symmetry
breaking.

The three well-known orderings are ferroelectric (coupling of charge polariza-
tion and electric field), ferromagnetic (coupling of magnetic moment and mag-
netic field) and ferroelastic (coupling of stress and strain) ordering. The fourth
ordering mechanism is ferrotorodoicity (spontaneous vortex-like alignment of
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magnetic moments) leading to the arrangement of magnetic vortices in an or-
dered manner [8,10]. The ferrotoroidic state differs from the other forms of
ferroic order in its asymmetric behaviour under the reversal of time and space.
This asymmetry could lead to stimulating options for future applications [10].

2.3 Historical remarks

The close link between electricity and magnetism is expressed in the set of
four fundamental equations of Maxwell governing electromagnetism. The term
‘magnetoelectric’ was first used by Debye in 1926. The magnetoelectric effect
was first observed by Konrad Rontgen in 1888 and by Pierre Curie in 1894 in
two independent studies. Rontgen found that a dielectric when moved in an elec-
tric field became magnetized and conversely, it became polarized when moved
in a magnetic field. In contrast, based on symmetry considerations Curie [11]
proposed a linear coupling between electric and magnetic fields.

The first ever discovered multiferroic material with simultaneous ferroelectric
and ferromagnetic order was nickel iodine boracite, Ni3B7O13I. Subsequently
many studies were made on various boracite compounds. However, most of
them have quite complex crystal structures and the materials were impractical
from technological viewpoint.

The intensive work, both theoretical and experimental, on magnetoelectric ef-
fects has been started by Russian scientists in late 1950s [12-15]. Some of the
d0 type cations in the ferroelectric perovskite oxides were substituted with mag-
netic dn type elements in order to induce magnetic ordering. One of first such
compounds to be discovered was a solid solution of Pb (Fe2/3W1/3)O3 and Pb
(Mg1/2W1/2)O3. In this compound, ferroelectricity was caused by diamagnetic
Mg and W atoms while magnetic ordering is caused by Fe3+ ions. Some other
candidates were lead (Pb) based Fe or Co doped tungstates or tantalates which
showed ferroelectricity and antiferromagnetic ordering.

The first material with magneto-electric switching was Cr2O3 with small mag-
nitudes of induced polarization and magnetization [12]. This was followed by
studies on mixed perovskites, essentially solid solutions of two perovskite oxide
compounds. Subsequently, the research was carried on various materials and
it is now established that more than 80 compounds including Ti2O3, GaFeO3,
boracites, phosphates showed magnetoelectric effect. However, most of these
materials had either very low Curie or Nèel temperatures and in general the
magnetoelectric effect was weak. Afterwards, the interest was moved on other
perovskite materials, either manganites or ferrites, more promising for applica-
tions.

Lately, the field revitalized and at present days flourishes not only from funda-
mental point of view but also due to the serious advances in the techniques for
materials fabrication, especially thin film deposition, which made possible the
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engineering of innovative combinations of materials with better performance
than single phase compounds. For example, a method for achieving high degree
of magnetoelectric coupling is to mix ferroelectric (e.g. BaTiO3) and ferro-
magnetic (e.g. CoFe2O4) materials and utilize the strain between two phases
to introduce magneto-electric coupling. Such a coupling requires that the two
phases have good contact between them, i.e., to have an interface through which
properties can couple such as in the form of composites, epitaxial multilayers
and laminates.

Nowadays, an important contribution to the development of multiferroic mate-
rials has come from first-principle calculations based on the density functional
theory (DFT). For a review see, e.g., [16].

2.4 Conditions and mechanisms for magnetoelectric and multiferroic
effects

Symmetry arguments show that the electromagnetic multiferroic material has to
meet certain conditions. The free energy given by Eq. (1) has to be invariant
under the crystal structure symmetry. The magnetic field is an axial vector and
changes sign under time inversion whereas the electric field is a polar vector and
changes sign under space inversion. Therefore, some terms in Eq. (1) can be pro-
hibited and spontaneous order not to be allowed to develop. For ferroelectricity,
a material must be non-centrosymmetric to possess spontaneous electrical po-
larization. If the crystal structure possesses a centre of inversion odd orders of
E cannot appear in (1) and spontaneous polarization cannot develop. There are
only a limited number of point groups (out of 32) allowing a unique polar direc-
tion. Similarly, in system with time-reversal symmetry, magnetization cannot
develop. Spontaneous magnetic moment is permitted by 31 point groups. The
result is that the occurrence of both the properties simultaneously necessitates
both time and space inversion to be broken. Therefore, the number of multifer-
roic materials is very restricted because these requirements are met by only 13
point groups: 1, 2, 2′, m. m′. 3, 3m′, 4, 4m′m′, m′m2′, m′m′2, 6 and 6m′m′

[17,18].

The electronic structure considerations indicate contradicting requirements for
the occurrence of ferromagnetism and ferroelectricity in the same material. Elec-
trically, while a ferroelectric material must be an insulator, because polarization
introduces bound charges, it is not a constraint for a ferromagnetic material. For
most ferromagnets, the conductivity is due to high density of states at the Fermi
level while the same is not true for ferroelectrics and insulators. However, there
are a few magnetic oxides, such as half metallic magnets and ferrimagnetic ox-
ides which show reasonable spontaneous magnetism while simultaneously being
semiconducting or insulating.

The relative paucity of single phase multiferroic materials was questioned by
Hill/Spaldin [19]. Most ferroelectrics require ions whose shells are filled. In

206



Neutron Diffraction Assisted Investigations of Magnetoelectric Materials...

case of perovskites, which are the most examples given hereafter, the B-atom at
the centre of BO6 octahedra must have d0 type electron configuration. In con-
trast, magnetic systems require d-orbitals to be partially occupied for magnetic
ordering to develop. Latter also puts constraints to maintaining the center of
symmetry in these systems.

In other words, what ferroelectric materials show is that they possess a time re-
versal symmetry but do not exhibit a space inversion symmetry (i.e. polarization
reverses in space). On the other hand, ferromagnetic materials possess space
inversion symmetry but do not exhibit time inversion symmetry.

So, in summary, a magnetoelectric multiferroic does not possess either time re-
versal or space inversion symmetry. The multiferroic material develops simulta-
neous magnetic and ferroelectric structures and their investigation is motivated
both by the rich physics underlying the spin-charge ordering schemes in such
materials and their potential applications for advanced new devices.

2.5 Nomenclature of multiferroics

In the past decade a large number of multiferroic materials have been identified
and detailed investigations proved that these materials possess very wide range
of physical characteristics. Based on underlying physics Khomski classified sin-
gle phase multiferroic materials into Type I and Type II multiferroics [20].

2.5.1 Type I multiferroics (split-order multiferroics)

Type I multiferroics have distinct magnetic and ferroelectric transition temper-
atures allowing for different mechanisms to be responsible for the respective
ordering. The sources of ferroelectricity and magnetism can be different sub-
lattices or parts of the crystal lattice of complex structures. A small degree of
coupling cannot be ruled out. However, the coupling between charge and spin
degrees of freedom is rigorously restricted by symmetry. But magnetodielectric
effects can generally be observed. One can observe dielectric anomalies at mag-
netic transitions or a quadratic dependence of the dielectric constant on applied
magnetic field.

Among type I multiferroics, multiple mechanisms of ferroelectricity have been
proposed [3,4,20]. For example, in mixed perovskites, it has been suggested that
d0 ions being ferroelectrically active shift from the center of O6 octaehdra while
magnetic order is maintained by dn ions. In contrast, in materials like BiFeO3,
ferroelectricity is believed to arise due to the ordering of lone pairs of Bi in
one direction such as [111]. Another proposed mechanism for ferroelectricity
is charge ordering, i.e., if after charge ordering has occurred, the sites have dif-
ferent charges and bonds turn out to be of unequal lengths. This is observed
in TbMn2O5. Finally, materials like YMnO3 exhibit geometric ordering due to
tilting of rigid MnO5 polyhedra, resulting in Y and O atoms coming closer to
each other forming dipoles.
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Another factor that could be analyzed is the size of small cation, especially in the
perspective of perovskites. However, upon comparison, one finds that this is not
a valid argument as sizes vary considerably for different kinds of compounds.

The way of provoking structure distortion makes an important difference be-
tween ferroelectric and ferromagnetically ordered systems. While ferroelectrics
undergo a phase transition as temperature changes, low temperature phase being
non-centrosymmetric, ferromagnetic materials show significant Jahn-Teller dis-
tortion arising from partially filled d-shells. The latter is almost absent in most
ferroelectrics as it has been postulated that Jahn-Teller distorted structure may
have less driving force for off-center displacement of B-ions in the octahedra.

Typically, the magnetoelectric coupling in type I single phase multiferroics is
weak and the main research efforts are to improve the magnitude of this cou-
pling.

We will briefly summarize the evidence on bismuth ferrite (BiFeO3), bismuth
manganite (BiMnO3) and Hexagonal Manganites.

Bismuth Ferrite (BiFeO3)

Bimusth ferrite has very high ferroelectric transition temperature (TC = 1100 K)
[21] and shows G-type antiferromagnetism with cycloidal spin structure with
Néel temperature TN ∼ 650 K [22]. In its ferroelectric state, as shown in
Figure 2, BiFeO3 possesses a rhombohedrally distorted ABO3 type perovskite
structure with space group R3c having lattice parameters, ar = 3.965 Å and
γ = 89.4◦ at room temperature [23]. Above the Curie temperature, the structure
changes to a high symmetry cubic phase.

                               
 

Figure 2. Schematic view of the atomic and magnetic structure of BiFeO3The polarization is pointing 

along the [111] direction. The magnetic plane is perpendicular to the polarization direction 

The material has been shown to be ferroelectric at room temperature in both single crystal and thin 

film form with high remanent polarization, more than 50 μC/cm2 [24,25].  However, polycrystalline thin 

films can be leaky depending upon the methods of preparation and other conditions [26]. On the other 

hand, while magnetic character of pure phase in single crystal form is antiferromagnetic, there have been 

a few controversies on magnetism in thin films. Often, impurities like ferric Fe2+ and other iron borne 

impurities as well as deoxygenation can result in significant magnetism [27]. The material is also prone to 

containing defects as well as difference valances of Fe which can alter the material properties. 

The periodic spin spiral results in zero magnetic moment and hence linear magnetoelectric effects 

average to approximately zero. However, properties of BiFeO3 can also be altered by making chemical 

substitutions. For example, substitution of A-site cation (Bi) by ions such as Ba or Nd [28] gives rise to 

significant magnetism in the compound while substitution of B-site cation (Fe) by elements such as Zr 
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The material has been shown to be ferroelectric at room temperature in both
single crystal and thin film form with high remanent polarization, more than
50 µC/cm2 [24,25]. However, polycrystalline thin films can be leaky depending
upon the methods of preparation and other conditions [26]. On the other hand,
while magnetic character of pure phase in single crystal form is antiferromag-
netic, there have been a few controversies on magnetism in thin films. Often,
impurities like ferric Fe2+ and other iron borne impurities as well as deoxy-
genation can result in significant magnetism [27]. The material is also prone
to containing defects as well as difference valances of Fe which can alter the
material properties.

The periodic spin spiral results in zero magnetic moment and hence linear
magnetoelectric effects average to approximately zero. However, properties of
BiFeO3 can also be altered by making chemical substitutions. For example,
substitution of A-site cation (Bi) by ions such as Ba or Nd [28] gives rise to sig-
nificant magnetism in the compound while substitution of B-site cation (Fe) by
elements such as Zr [29] results in alteration in the defect chemistry as well as
change in the leakage characteristics of the material. These effects are attributed
to the breaking of spin spiral upon doping. Similarly, epitaxial constraints can
also result in this breaking of spin spirals.

Bismuth Manganite (BiMnO3)

Bismuth manganite is a low temperature ferromagnet and a room temperature
ferroelectric. The material shows ferromagnetic ordering below 105 K attributed
to the orbital ordering of B-site ions, i.e. Mn3+ ions and a magnetization of
3.6 µ

B
per formula unit [30]. It has a perovskite triclinic structure, which

changes to monoclinic structure at ∼ 450 K and then to a non-ferroelectric or-
thorhombic phase at ∼ 770 K [31].

The main drawback of BiMnO3 for device application has been its low resistiv-
ity, especially in polycrystalline form. The bulk form of this compound has been
shown to exhibit multiferroic behavior near 80 K [32] and negative magneto-
capacitance effect in the vicinity of magnetic transition temperature (Tm) with
-0.6% change in the dielectric constant near Tm [31]. The problem which arises
with this material is that the synthesis in bulk form requires high pressures [32].
Later work has shown that it can be made resistive in thin film form which can
be prepared with much ease [33].

Hexagonal rare earth manganites (geometric type)

Hexagonal manganites are of general formula RMnO3, where R is typically a
rare earth ion. They simultaneously exhibit ferroelectricity and antiferromag-
netic ordering of magnetic Mn ions. A particular example is YMnO3 [34], where
the coupling of magnetic and electric domains has been observed. In general,
rare earth elements of smaller ionic radii, tend to stabilize hexagonal phase of
manganites, RMnO3 [35] (R = Sc, Y, Ho, Er, Tm, Yb, Lu) with space group
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Figure 3. Crystal structure of hexagonal YMnO3.

P63cm [36]. In spite of having a chemical formula, ABO3, similar to the per-
ovskites, hexagonal manganites have altogether different crystal and electronic
structure. In contrast to the conventional perovskites, hexagonal manganites
have their Mn3+ ions with 5-fold coordination, located at the center of a MnO5

trigonal bi-prism. The rare earth ions, on the other hand, have 7-fold coordi-
nation unlike the cubic coordination in perovskites. The MnO5 bi-prisms are
two dimensionally arranged in space and are separated by a layer of R3+ ions.
Figure 3 shows a schematic representation of YMnO3 unit cell showing ionic
arrangements within the structure.

Crystal field level scheme of Mn3+ ions in hexagonal RMnO3 is also different
from that of Mn3+ ions with octahedral coordination [37]. Here, the d-levels
are split into two doublets and an upper singlet. As a result, four d-electrons
of Mn3+ occupy two lowest lying doublets and unlike Mn3+ ion in octahedral
coordination, there is no degeneracy present. Consequently, Mn3+ ions in these
compounds are not Jahn-Teller ions [35,36].

Hexagonal RMnO3 are found to possess considerably high ferroelectric transi-
tion temperature (> 500 K). However, their Néel temperature is far below the
room temperature. Table 1 lists the ferroelectric and magnetic transition temper-
atures, spontaneous polarization (Ps) and effective paramagnetic moment µeff of
some common RMnO3 along with their structural parameters [37].

The mechanism of ferroelectricity in these compounds also differs from that of
the conventional perovskite oxides. In case of YMnO3, it was observed that off-
centering of Mn3+ ion from the center of the MnO5 bi-prism is very small and
cannot be considered to contribute toward ferroelectricity.

Apparently, it turns out that R ions (Y, here) contributes most toward ferroelec-
tricity by having large R–O dipole moments. However, in reality, ferroelectricity
in these materials has different origin and can be considered as accidental by-
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Table 1. Lattice parameters (a, c), Néel temperature (TN ), ferroelectric Curie temperature
(TC ), effective paramagnetic moment (µeff), and spontaneous polarization (Ps) of some
hexagonal manganites [38-40]

Compound a c TN TC µeff Ps
(Å) (Å) (K) (K) (µB ) (µC/cm2)

ScMnO3 5.833 11.17 129 — — —
YMnO3 6.139 11.39 80 920 89 5.5
HoMnO3 6.142 11.42 76 873 11.1 5.6
ErMnO3 6.112 11.40 80 833 10.5
TmMnO3 6.092 11.37 86 > 573 8.6 0.1
YbMnO3 6.062 11.36 87 993 6.4 5.5
LuMnO3 6.042 11.37 96 > 750 5.2 7.5

product. Similar to BO6 octahedra in perovskite oxides (ABO3), MnO5 trigonal
bi-prism in RMnO3, tilts and rotates in order to ensure closest packed structure.
Such tilting of MnO5 trigonal bi-prism results in loss of inversion symmetry
in the structure and brings about ferroelectricity. Since the mechanisms of fer-
roelectric and magnetic ordering in the above materials are quite different in
nature, large effect of magnetoelectric coupling is understandably not present
[35].

2.5.2 Type II Multiferroics (joint-order type)

This class of multiferroics is of the materials where ferroic ordering coincides
with a magnetic transition and this occurs at low temperatures. It is accepted
that the resulting ferroelectricity is produced by the magnetic arrangement. Typ-
ically, the magnetoelectric coupling is larger than in type I meltiferroics. In
2003, Kimura et al. reported [41] presence of spontaneous polarization of the
order of 800 µC/m2 in the magnetized state of TbMnO3. TbMnO3 is an insu-
lating perovskite with antiferromagnetic ordering at TN = 41 K and various
magnetic structures were determined: it is an incommensurate antiferromagnet
between 27 and 41 K and is commensurate antiferromagnet between 7 and 27 K.
It is in the commensurate state between 7 and 27 K, where the material shows
ferroelectricity. Kimura and co-workers showed that the magnitude and direc-
tion of this polarization could be controlled using an applied magnetic field.
This discovery was followed by observation of similar effect in TbMn2O5 by
Hur et al. [42]. Subsequently, other materials have also been investigated, such
as Ni3V2O8, CoCr2O4, FeVO4, MnWO6 showing this effect. Magnetic spin
structure can be either a spiraling cycloid type or a collinear type.

Details on spin spiral multiferroics are reviewed by Kimura [50,51]. In such
materials the net magnetization is often small, on account of the spiral magnetic
structure, the transition temperatures are well below room temperature. The
polarization also is relatively small.
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2.5.3 Composite multiferroics

We could only attract the attention of the reader to the vital field of single and
multiphase nanoscale ferroic and multiferroic oxides with restricted geometries,
in which new properties are driven by engineering size, shape and interface-
mediated phenomena. Ferroic and multiferroic oxides with various boundary
conditions (thin films, hierarchical structures, hollow particles, free-standing,
supported nanoparticles/wires/ribbons/islands/toroids) and multiphase systems
with at least one ferroic or multiferroic component have been recently produced
opening the route to new theoretical and engineering concepts. Table 2 presents
typical magnitude of magnetoelectric constant in such systems.

Table 2. Magnetoelectric coupling constant for selected two-phase magnetoelectric sys-
tems

Type of system Materials Coupling constant
(mV/cm-Oe)

Composite [43] BaTiO3 and CoFe2O4 50
Laminated composite [44] Terfenol-D in polymer matrix

and PZT in polymer matrix 3,000
Laminate [45] Terfenol-D/PZT 4,800
Laminate [46] La0.7Sr0.3MnO3 and PZT 60
Laminate [47] NiFe2O4 and PZT 1,400
Epitaxial thin film structures [48] BaTiO3 and CoFe2O4 —
Epitaxial thin film structures [49] BiFeO3 and CoFe2O4 —

In two phase structures one can create large changes in the magnetization owing
to strain due to the ferroelectric phase transition of the ferroelectric material
during film growth or one can also attempt to alter the magnetic structure by
applying a field the piezoelectric material which thereby generates a strain in
the magnetic material in the vicinity. Epitaxial growth of layers allows very
good interfacial contact between two materials as shown in case of BaTiO3 and
CoFe2O4 which has potential to improve the coupling of parameters.

3 Neutron Diffraction Assisted Investigations of Bi-based Single
Phase Multiferroics

Bi compounds such as BiFeO3, BiMnO3, Bi2Mn4O10 and Bi2Fe4O9 have been
reported to exhibit multiferroic behaviour. For the coexistence of magnetism
and ferroelectricity in these materials, the crystal structure contains a magnetic
cation (transition-metal element) and a lone-pair cation (p-block element). Bi3+

has an electronic configuration 6s26p3 with a 6s lone electron pair that causes
a shift of the half-empty 6p-orbital to become closer in energy to the O 2p-
orbitals. This leads to a hybridization between 6p(Bi) and 2p(O) orbitals, driving
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an off centring of the cation toward the neighbouring anion that could result in
ferroelectricity. We combine our structural findings by neutron diffraction with
results from magnetic and electrical measurements, X-ray phase and structural
analysis and Mössbauer spectroscopy.

3.1 La and Mn substitutions in BiFeO3

We have performed first principles calculations to study the effects of the La3+

and Mn3+ substitutions in the multiferroic BiFeO3 [52]. The Bi-rich com-
pounds from the series of real compositions studied experimentally in [53]
Bi1−xLaxFeO3 and BiFe1−xMnxO3 with x = 0.0, 0.1, 0.2, 0.3 were mod-
eled by substitution of one, two and three Bi3+ or Fe3+ by La3+ or Mn3+

in the orthorhombic BiFeO3 structure, respectively. Density functional theory
within the generalized gradient approximation with Hubbard correction of Du-
darev (GGA+U) and plane wave pseudo-potential approach has been used to
track the changes that occur in the structural parameters, electronic structure,
magnetic, optical and polarization properties of the modified BiFeO3. Figure 4
illustrates some of the theoretically predicted structures.

ferrimagnetism for BiFe1_xMnxO3. Substitution of Fe3+ by Mn3+  leads to slight increase of the unit cell 

volume with increase of Mn3+ content (x = 0, 0.1, 0.2, 0.3). Better multiferroic properties are expected for 

BiFe1_xMnxO3materials (x = 0.1, 0.2) due to the increasing polarization and ferrimagnetic behaviour. The 

optical properties were estimated by the calculated imaginary and real parts of the dielectric function. The 

calculations, in particular absorptive imaginary part, showed that the La3+ and Mn3+ substitutions affect 

the optical properties of BiFeO3. For La- and Mn-modified BiFeO3 models the absorption intensity is 

lower at longitudinal radiation to the magnetization axis as compared to that transverse to the 

magnetization axis. The La3+ substitutions sensibly diminish the absorption band intensity in the energy 

range 2-6 eV improving the optical properties of the BiFeO3. The calculated dielectric tensor suggested 

that La3+ and Mn3+ substitutions effectively decrease the light absorption at definite wavelengths 

improving the optical properties of the BiFeO3. 

Substitution of Fe3+ by Mn3+ leads to slight increase of the unit cell volume with increase of Mn3+ 

content (x = 0, 0.1, 0.2, 0.3). In the Mn substituted structures the band gap energy does not change and it 
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different magnetic moments of Fe3+ and Mn3+. The largest ferrimagnetism is found for Mn3+ 

concentration of x = 0.2. The polarization in BiFe1-xMnxO3 is larger as compared to the BiFeO3 

polarization and it increases with increase of the Mn concentration. Hence, it is expected improved 

multiferroic properties for BiFe1-xMnxO3 at Mn content x = 0.1, 0.2.  
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Fig.4 The optimized orthorhombic BiFeO3 structure (12 Bi, 12 Fe) and the most stable Bi1-xLaxFeO3 structures; with 

one La3+ (blfo1), two La3+ (blfo24), and three La3+ (blfo37); the arrows denote the vectors of magnetization. 

3.2 Fe  substitutions in RMn2O5  

The biferroism, which is characteristic for the rare earth manganites TbMn2O5 and YbMn2O5 at low 

temperatures, we did not observe in the derivative phases RFeMnO5 (R=Tb,Yb).  

The non-substituted compounds RMn2O5 (R stands for a rare earth cation) are representatives of the 

class of frustrated magnetic systems that are attractive with regard to the observed large magnetoelectric 

couplings and the induced ferroelectricity. With decreasing temperature an antiferromagnetic phase 

transition occurs at temperatures TN ≈ 40-45 K followed by a ferroelectrical phase transition at 

temperatures TC≈19-20 K. Below TN complex manganese spin arrangements are established either 

commensurate or non-commensurate with the chemical unit cell; in most cases the R3+ spin sublattices 

retain paramagnetic state down to liquid helium temperature range. The spontaneous electric polarization 

is arising below TC from a small displacement of R3+ ions from centre of symmetry. 

The RMn2O5 structure contains two crystallographically independent sites for Mn atoms, with 

different oxygen coordination and oxidation states: Mn4+ ions are located at the 4f sites, octahedrally 

coordinated to oxygen atoms, whereas Mn3+ ions occupy the 4h sites and they are bonded to five oxygen 

atoms, forming a distorted tetragonal pyramid. It deserves commenting that the substitution of Fe3+ for 

Mn3+ in RMn2O5 is an intricate problem. For instance, whereas YMn2O5 is an antiferromagnet with TN= 

40 K, YFeMnO5 is a ferrimagnet below Tc≈165 K. 

In general, the spin arrangements in RMn2O5 can reach an impressive diversity: successive 

ccommensurate and incommensurate magnetic structures were found to exist in the magnetoelectric 

systems YMn2O5 and HoMn2O5. For many RMn2O5 it has been demonstrated that an external magnetic 

BiFeO3 bfmo1 bfmo24 bfmo37

Figure 4. The optimized orthorhombic BiFeO3 structure (12 Bi, 12 Fe) and the most
stable Bi1−xLaxFeO3 structures; with one La3+ (blfo1), two La3+ (blfo24), and three
La3+ (blfo37); the arrows denote the vectors of magnetization.

Substitution of Bi3+ by La3+ tends to preserve the original crystal structure
and reduces the c-crystal axis and cell volume in agreement with the experi-
ment. The substitution of one Bi3+ with La3+ increases the band gap energy
as compared to that of BiFeO3 however with increase of La concentration the
band gap decreases. The substitutions of Fe3+ with Mn3+ do not change the
band gap energy. The calculations predicted larger polarization of the modified
BiFeO3, antiferromagnetism for Bi1−xLaxFeO3 and weak ferrimagnetism for
BiFe1−xMnxO3. Substitution of Fe3+ by Mn3+ leads to slight increase of the
unit cell volume with increase of Mn3+ content (x = 0, 0.1, 0.2, 0.3). Better
multiferroic properties are expected for BiFe1−xMnxO3 materials (x = 0.1, 0.2)
due to the increasing polarization and ferrimagnetic behaviour. The optical prop-
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Figure 5. Left: View of the crystallographic structure of La1−xBixMn2O5 along the c
axis. Octahedra and tetragonal pyramids correspond to Mn4+O6 and Mn3+O5 polyhe-
dra. The octahedra share edges, forming infinite chains along the c axis. The pyramids
form dimer units, linking together the chains of octahedra. The larger yellow spheres rep-
resent the La/Bi atoms; Right: Schematic view of the magnetic structure of the La-rich
compounds La0.8Bi02Mn2O5 and La0.6Bi0.4Mn2O5. The different magnetic interac-
tions between Mn4+C cations are schematized in the figure: J1 represents the superex-
change interaction between Mn4+ ions separated by La/Bi layers, across Mn4+–O2–
Mn4+ paths, J2 represents the superexchange interaction between Mn4+ ions separated
by Mn3+ layers, across the direct superexchange path Mn4+–O3– Mn4+, and J3 repre-
sents interactions across the indirect superexchange path Mn4+–O2–Mn3+–O4– Mn4+

[53].

erties were estimated by the calculated imaginary and real parts of the dielectric
function. The calculations, in particular absorptive imaginary part, showed that
the La3+ and Mn3+ substitutions affect the optical properties of BiFeO3. For
La- and Mn-modified BiFeO3 models the absorption intensity is lower at lon-
gitudinal radiation to the magnetization axis as compared to that transverse to
the magnetization axis. The La3+ substitutions sensibly diminish the absorp-
tion band intensity in the energy range 2–6 eV improving the optical properties
of the BiFeO3. The calculated dielectric tensor suggested that La3+ and Mn3+

substitutions effectively decrease the light absorption at definite wavelengths im-
proving the optical properties of the BiFeO3.

Figure 5 summarizes the structural results for the La-rich compositions
La0.8Bi02Mn2O5 and La0.6Bi0.4Mn2O5.

3.2 Fe substitutions in RMn2O5

The biferroism, which is characteristic for the rare earth manganites TbMn2O5

and YbMn2O5 at low temperatures, we did not observe in the derivative phases
RFeMnO5 (R = Tb, Yb).
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The non-substituted compounds RMn2O5 (R stands for a rare earth cation) are
representatives of the class of frustrated magnetic systems that are attractive with
regard to the observed large magnetoelectric couplings and the induced ferro-
electricity. With decreasing temperature an antiferromagnetic phase transition
occurs at temperatures TN ≈ 40–45 K followed by a ferroelectrical phase tran-
sition at temperatures TC ≈ 19–20 K. Below TN complex manganese spin ar-
rangements are established either commensurate or non-commensurate with the
chemical unit cell; in most cases the R3+ spin sublattices retain paramagnetic
state down to liquid helium temperature range. The spontaneous electric polar-
ization increases below TC with small displacement of R3+ ions from the centre
of symmetry.

The RMn2O5 structure contains two crystallographically independent sites for
Mn atoms, with different oxygen coordination and oxidation states: Mn4+ ions
are located at the 4f sites, octahedrally coordinated to oxygen atoms, whereas
Mn3+ ions occupy the 4h sites, and they are bonded to five oxygen atoms form-
ing a distorted tetragonal pyramid. It deserves commenting that the substitution
of Fe3+ for Mn3+ in RMn2O5 is an intricate problem. For instance, whereas
YMn2O5 is an antiferromagnet with TN = 40 K, YFeMnO5 is a ferrimagnet
below Tc ≈ 165 K.

In general, the spin arrangements in RMn2O5 can reach an impressive diver-
sity: successive ccommensurate and incommensurate magnetic structures were
found to exist in the magnetoelectric systems YMn2O5 and HoMn2O5. For
many RMn2O5, it has been demonstrated that an external magnetic field can
rotate the ferroelectric (FE) polarization P . Despite intense experimental in-
vestigations, the physical origin of the large magnetoelectric coupling and the
ferroelectricity arising at the magnetic lock-in transitions is not yet fully under-
stood. A precise determination of the symmetries in the magnetic ordered phase
is required, because ferroelectricity can only arise in polar space groups.

field can rotate the ferroelectric (FE) polarization P. Despite intense experimental investigations, the 

physical origin of the large magnetoelectric coupling and the ferroelectricity arising at the magnetic lock-

in transitions is not yet fully understood. A precise determination of the symmetries in the magnetic 

ordered phase is required, because ferroelectricity can only arise in polar space groups. 

We have prepared and characterized the new ferrimagnetic oxides of composition TbFeMnO5 [54] 

and YbFeMnO5 [55]. Structure data in a broad temperature range (1.8 – 400 K) were acquired with the 

high resolution spectrometers G4.1 and 3Т2 (LLB) and complemented with diffraction patterns collected 

on the instruments D1B and D2B (ILL). The results were combined with magnetization (SQUID, 1.8-

300K) data and gamma-resonance spectra measured at selected temperatures in the range 78 K- 295 K.  

Our studies] indicated a cation disorder and frustration of magnetic interactions. The introduction of Fe 

at the pyramidal (4h) sites induces strong AFM interactions with Mn4+ at the octahedral (4f) sites, giving 

unbalanced ferrimagnetic structures. The crystal structure contains infinite chains of Mn4+O6 edge-sharing 

octahedra running along the c axis and interconnected by Fe3+O5 pyramids and Tb3+O8 units. Many 

magnetic interactions exist among Mn4+, Mn3+, and R3+, which make magnetic ordering accompanied by 

frustration. TbFeMnO5 undergoes long-range magnetic ordering below TC  175 K. The propagation 

vector k=0 defines a ferrimagnetic structure that initially concerns the Mn4+ and Fe3+ cations, in a 

magnetic arrangement defined by the basis vectors (0,0,Fz) and (0,0,F′z) , respectively. The Tb3+ 

sublattice is ordered at 2 K with a spin arrangement given by (0,0, F′′z). The refined magnetic moments at 

this temperature are 2.66(12) μB for the Mn4+, -0.8(2) μB for the Fe3+ and 2.0(3) μB for the Tb3+ cations. 

The worsen magnetotransport properties of TbFeMnO5 in comparison with the biferroic TbMn2O5 we 

suggested to be due to the cation disorder in the structure, which is centrosymmetric but not acentric, and 

the frustrated magnetic interactions. Fig.6 depicts the findings.  

 

          

Fig. 5.  Schematic view of the crystal structure (left) and magnetic structures in TbFeMnO5 (right)  
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Figure 6. Observed (crosses), calculated (full line) and difference (bottom) NPD Rietveld profiles for YbFeMnO5 at 

1.8 K. The five series of tick marks correspond to the allowed Bragg reflections for the main crystallographic phase, 

α-Fe2O3 and the magnetic structure of α-Fe2O3 and the magnetic structure of YbMnFeO5. The star is a spurious 

reflection coming from the cryostat. 
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We have prepared and characterized the new ferrimagnetic oxides of composition TbFeMnO5 [54] 

and YbFeMnO5 [55]. Structure data in a broad temperature range (1.8 – 400 K) were acquired with the 

high resolution spectrometers G4.1 and 3Т2 (LLB) and complemented with diffraction patterns collected 

on the instruments D1B and D2B (ILL). The results were combined with magnetization (SQUID, 1.8-

300K) data and gamma-resonance spectra measured at selected temperatures in the range 78 K- 295 K.  

Our studies] indicated a cation disorder and frustration of magnetic interactions. The introduction of Fe 

at the pyramidal (4h) sites induces strong AFM interactions with Mn4+ at the octahedral (4f) sites, giving 

unbalanced ferrimagnetic structures. The crystal structure contains infinite chains of Mn4+O6 edge-sharing 

octahedra running along the c axis and interconnected by Fe3+O5 pyramids and Tb3+O8 units. Many 

magnetic interactions exist among Mn4+, Mn3+, and R3+, which make magnetic ordering accompanied by 

frustration. TbFeMnO5 undergoes long-range magnetic ordering below TC  175 K. The propagation 

vector k=0 defines a ferrimagnetic structure that initially concerns the Mn4+ and Fe3+ cations, in a 

magnetic arrangement defined by the basis vectors (0,0,Fz) and (0,0,F′z) , respectively. The Tb3+ 

sublattice is ordered at 2 K with a spin arrangement given by (0,0, F′′z). The refined magnetic moments at 

this temperature are 2.66(12) μB for the Mn4+, -0.8(2) μB for the Fe3+ and 2.0(3) μB for the Tb3+ cations. 

The worsen magnetotransport properties of TbFeMnO5 in comparison with the biferroic TbMn2O5 we 

suggested to be due to the cation disorder in the structure, which is centrosymmetric but not acentric, and 

the frustrated magnetic interactions. Fig.6 depicts the findings.  

 

          

Fig. 5.  Schematic view of the crystal structure (left) and magnetic structures in TbFeMnO5 (right)  
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Figure 6. Observed (crosses), calculated (full line) and difference (bottom) NPD Rietveld profiles for YbFeMnO5 at 

1.8 K. The five series of tick marks correspond to the allowed Bragg reflections for the main crystallographic phase, 

α-Fe2O3 and the magnetic structure of α-Fe2O3 and the magnetic structure of YbMnFeO5. The star is a spurious 

reflection coming from the cryostat. 

Figure 6. Schematic view of the crystal structure (left) and magnetic structures in
TbFeMnO5 (right).
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Figure 7. Right: Mössbauer spectrum
at (a) 295 K and (b) 77 K; Left: Ob-
served (crosses), calculated (full line)
and difference (bottom) NPD Rietveld
profiles for YbFeMnO5 at 295 K, 23 K
and 1.8 K. The five series of tick marks
correspond to the allowed Bragg re-
flections for the main crystallographic
phase, α-Fe2O3 and the magnetic struc-
ture ofα-Fe2O3 and the magnetic struc-
ture of YbMnFeO5. The star is a spuri-
ous reflection coming from the cryostat.

We have prepared and characterized the new ferrimagnetic oxides of composi-
tion TbFeMnO5 [54] and YbFeMnO5 [55]. Structure data in a broad temperature
range (1.8–400 K) were acquired with the high resolution spectrometers G4.1
and 32 (LLB) and complemented with diffraction patterns collected on the in-
struments D1B and D2B (ILL). The results were combined with magnetization
(SQUID, 1.8-300K) data and gamma-resonance spectra measured at selected
temperatures in the range 78–295 K.

Our studies indicated a cation disorder and frustration of magnetic interac-
tions. The introduction of Fe at the pyramidal (4h) sites induces strong AFM
interactions with Mn4+ at the octahedral (4f) sites, giving unbalanced ferri-
magnetic structures. The crystal structure contains infinite chains of Mn4+O6
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edge-sharing octahedra running along the c axis and interconnected by Fe3+O5

pyramids and Tb3+O8 units. Many magnetic interactions exist among Mn4+,
Mn3+, and R3+, which make magnetic ordering accompanied by frustration.
TbFeMnO5 undergoes long-range magnetic ordering below TC ≈ 175 K. The
propagation vector k = 0 defines a ferrimagnetic structure that initially con-
cerns the Mn4+ and Fe3+ cations, in a magnetic arrangement defined by the
basis vectors (0,0,Fz) and (0,0,F′z), respectively. The Tb3+ sublattice is ordered
at 2 K with a spin arrangement given by (0,0, F′′z ). The refined magnetic mo-
ments at this temperature are 2.66(12) µ

B
for the Mn4+, -0.8(2) µ

B
for the Fe3+

and 2.0(3) µ
B

for the Tb3+ cations. The worsen magnetotransport properties of
TbFeMnO5 in comparison with the biferroic TbMn2O5, we suggested to be due
to the cation disorder in the structure, which is centrosymmetric but not acentric,
and the frustrated magnetic interactions. Figures 6 and 7 illustrate the structural
findings.

3.3 Single phase BiFe2O5−δ

An oxide of stoichiometry BiFe2O5−δ has been prepared by thermal treatments
under high oxygen pressure [56]. The crystallographic structure has been de-
termined by neutron powder diffraction (NPD); it is defined in an orthorhombic

3.3 Single phase BiFe2O5−δ  
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pressure [56]. The crystallographic structure has been determined by neutron powder diffraction (NPD); 

it is defined in an orthorhombic structure (space group Pbam) with the Fe cations in octahedral and 

tetrahedral sites, similar to the previously reported BiFe2O4.5, Fig. 1. Nevertheless, by Fourier synthesis a 

non-negligible occupancy of oxygen anions in interstitial positions has been determined, corresponding to 

a final stoichiometry BiFe2O4.63. It implies that some tetrahedral Fe environments are transformed into 

pseudo pyramids and thus, some Fe cations are oxidized to a 4+ oxidation state. We have confirmed the 

mixed valence of Fe by Mössbauer and x-ray-absorption spectroscopy obtaining ~Fe3.2+ by both 

techniques.  
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Figure 7. (A) Top panel: A comparison between the crystal structures of BiMn2O5, containing dimmers of 

MnO4 square-planar pyramids, and BiFe2O4.5, containing dimmers of FeO4 tetrahedra. Lower panel: A view of the 

crystal structure of BiFe2O5-δ, approximately along the c axis. Octahedra and trigonal by-pyramids correspond to 

Fe3+O6 and Fe3+/4+O5 polyhedra. By-pyramids/tetrahedra form dimer units, linking together the chains of octahedra. 

Octahedra share edges, forming infinite chains along the c axis. Bigger spheres represent the Bi atoms.(B) 

Difference Fourier map for BiFe2O5-δ from NPD data, showing a positive peak at positions 4h (0.2193(5), 

0.1655(6), ½) corresponding to O5 atoms. 
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Figure 8. Comparison of the observed (crosses) calculated (solid line) and difference (at the bottom) neutron 

diffraction patterns: (A) at room temperature –nuclear scattering, (B) at 3K - the first and second series of Bragg 

reflections correspond to the crystal and magnetic structure, respectively;(C) A view of the magnetic structure of 

BiFe2O5-δ along the c axis and perpendicular to the c-axis. 

The magnetic structure resolution was carried out from a NPD pattern acquired with λ = 2.4197 °A at 

3 K, Fig.8. New peaks of magnetic origin appear below the magnetic ordering transition, around TN = 250 
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(a) (b)

Figure 8. (a): Top panel: A comparison between the crystal structures of BiMn2O5 con-
taining dimmers of MnO4 square-planar pyramids and BiFe2O4.5 containing dimmers
of FeO4 tetrahedra. Lower panel: A view of the crystal structure of BiFe2O5−δ , ap-
proximately along the c axis. Octahedra and trigonal by-pyramids correspond to Fe3+O6

and Fe3+/4+O5 polyhedra. By-pyramids/tetrahedra form dimer units linking together
the chains of octahedra. Octahedra share edges forming infinite chains along the c axis.
Bigger spheres represent the Bi atoms. (b): Difference Fourier map for BiFe2O5−δ from
NPD data showing a positive peak at positions 4h (0.2193(5), 0.1655(6), 1/2) correspond-
ing to O5 atoms.
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Figure 9. Comparison of the observed
(crosses) calculated (solid line) and differ-
ence (at the bottom) neutron diffraction pat-
terns: (a) – at room temperature – nuclear
scattering; (b) – at 3 K – the first and second
series of Bragg reflections correspond to the
crystal and magnetic structure, respectively;
(c) – a view of the magnetic structure of
BiFe2O5−δ along the c-axis and perpendic-
ular to the c-axis.

(c)
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structure (space group Pbam) with the Fe cations in octahedral and tetrahedral
sites, similar to the previously reported BiFe2O4.5 (see Figure 8). Neverthe-
less, by Fourier synthesis a non-negligible occupancy of oxygen anions in in-
terstitial positions has been determined, corresponding to a final stoichiometry
BiFe2O4.63. It implies that some tetrahedral Fe environments are transformed
into pseudo pyramids and thus, some Fe cations are oxidized to a 4+ oxidation
state. We have confirmed the mixed valence of Fe by Mössbauer and X-ray-
absorption spectroscopy obtaining ˜Fe3.2+ by both techniques.

The magnetic structure resolution was carried out from a NPD pattern acquired
with λ = 2.4197 Å at 3 K (Figure 9). New peaks of magnetic origin appear
below the magnetic ordering transition, around TN = 250 K, at positions for-
bidden by the space group Pbam. This implies the establishment of a long-
range magnetic order at low temperatures, in good agreement with the mag-
netic measurements. For the resolution of the magnetic structure, the possi-
ble solutions compatible with the crystallographic structure and the propaga-
tion vector have been determined with the BASIREPS program, included in the
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FULLPROF Suite. The magnetic structure is defined by the propagation vector
k = (1/2, 1/2, 1/2), indicating that the magnetic unit cell doubles the nuclear
one along the three crystallographic directions. The arrangement is antiferro-
magnetic (see Figure 9,c) with ordered magnetic moments of 4.6(1) µ

B
at Fe in

octahedral positions and 3.7(1) µ
B

at Fe in pyramidal/tetrahedral positions.

K, at positions forbidden by the space group Pbam. This implies the establishment of a long-range 

magnetic order at low temperatures, in good agreement with the magnetic measurements. For the 

resolution of the magnetic structure, the possible solutions compatible with the crystallographic structure 

and the propagation vector have been determined with the BASIREPS program, included in the 

FULLPROF Suite. The magnetic structure is defined by the propagation vector k = (1/2,1/2,1/2), 

indicating that the magnetic unit cell doubles the nuclear one along the three crystallographic directions. 

The arrangement is antiferromagnetic (see Fig.2,c) with ordered magnetic moments of 4.6(1) μB at Fe in 

octahedral positions and 3.7(1) μB at Fe in pyramidal/tetrahedral positions. 

3.4 Fe substitution for manganese in BiMn2O5−δ: BiFexMn2–xO5 (x=0.5, 1.0). 

Two new compounds of formula BiFexMn2–xO5 (x=0.5, 1.0) isostructural with BiMn2O5 have been 

obtained and characterized [57]. The structure is built from infinite chains of edge-sharing Mn4+O6 

octahedra, interconnected by dimer units of Fe3+O5 square pyramids. The presence of the electronic lone 

pair on Bi3+ severely distorts these units. The main magnetic interactions seem to be antiferromagnetic 

with the presence of some weak ferromagnetic response. No long-range ferrimagnetic structure is set in. 
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Figure 9. (A) Comparison of the observed (crosses), calculated (solid line) and difference (at the bottom) NPD 

patterns at 295 K. The tick marks correspond to the position of allowed Bragg reflections for (a) BiFe0.5Mn1.5O5 and 

(b) BiFeMnO5. The second set of tick marks correspond to vanadium from the sample holder; (B) A view of the 

crystallographic structure of BiFeMnO5, approximately along the c-axis. Octahedra and tetragonal pyramids 

correspond to Mn4+O6 and Fe3+O5 polyhedra, respectively. Octahedra share edges, forming infinite chains along the 

c-axis. Pyramids form dimer units, linking together the chains of octahedra. Spheres represent the Bi atoms; (C) 

Temperature dependence of the field cooling (FC) and zero field cooling (ZFC) dc susceptibility for BiFexMn2-xO5 

(x=0.5, 1.0). Right axis: thermal evolution of the inverse of susceptibility (ZFC) data. 

4 Effects of substitution on CMR perovskites  
Since the discovery of colossal magnetoresistance (CMR) in Sr2FeMoO6 and Sr2FeReO6, double 

perovskites with general stoichiometry A2B’B’’O6 (A= alkali-earths; B’, B’’= transition metals) have 
been the topic of a large number of studies. The CMR effect boosted many technological applications, 
e.g. in magnetic memory devices, for detection of magnetic fields etc. 

Colossal magnetoresistance (CMR) is the term coined for the dramatic changes in the charge transport 
phenomena in transition metal oxides as a magnetic field is applied. Giant magnetoresistance (GMR) is 
reserved for the similar behaviour of metallic bilayers and granular substances. Both phenomena are of 
high importance with a great potential in technology. 
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(C)

Figure 10. (A) Comparison of the ob-
served (crosses), calculated (solid line) and
difference (at the bottom) NPD patterns at
295 K. The tick marks correspond to the
position of allowed Bragg reflections for
(a) BiFe0.5Mn1.5O5 and (b) BiFeMnO5.
The second set of tick marks correspond
to vanadium from the sample holder; (B)
A view of the crystallographic structure
of BiFeMnO5, approximately along the c-
axis. Octahedra and tetragonal pyramids
correspond to Mn4+O6 and Fe3+O5 poly-
hedra, respectively. Octahedra share edges,

forming infinite chains along the c-axis.Pyramids form dimer units, linking together the
chains of octahedra. Spheres represent the Bi atoms; (C) Temperature dependence of
the field cooling (FC) and zero field cooling (ZFC) dc susceptibility for BiFexMn2−xO5

(x = 0.5, 1.0). Right axis: thermal evolution of the inverse of susceptibility (ZFC) data.
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3.4 Fe substitution for manganese in
BiMn2O5−δ:BiFexMn2-xO5 (x = 0.5, 1.0)

Two new compounds of formula BiFexMn2−xO5 (x = 0.5, 1.0) isostructural
with BiMn2O5 have been obtained and characterized [57]. The structure is
built from infinite chains of edge-sharing Mn4+O6 octahedra, interconnected
by dimer units of Fe3+O5 square pyramids (Figure 10). The presence of the
electronic lone pair on Bi3+ severely distorts these units. The main magnetic
interactions seem to be antiferromagnetic with the presence of some weak fer-
romagnetic response. No long-range ferrimagnetic structure is set in.

4 Effects of Substitution on CMR Perovskites

Since the discovery of colossal magnetoresistance (CMR) in Sr2FeMoO6

and Sr2FeReO6, double perovskites with general stoichiometry A2B′B′′O6

(A = alkali-earths; B′, B′′ = transition metals) have been the topic of a large
number of studies. The CMR effect boosted many technological applications,
e.g. in magnetic memory devices, for detection of magnetic fields etc.

Colossal magnetoresistance (CMR) is the term coined for the dramatic changes
in the charge transport phenomena in transition metal oxides as a magnetic field
is applied. Giant magnetoresistance (GMR) is reserved for the similar behaviour
of metallic bilayers and granular substances. Both phenomena are of high im-
portance with a great potential in technology.

The CMR is intrinsic to ferromagnetic materials with perovskite related structure
near the Curie temperature, TC . In particular, it occurs in the manganese-based
families RE1−xAxMnO3, RE1−xA1+xO4 and Re2−2xA1+2xMn2O7 (RE: rare
earth, A: alkaline earth). The presence of Mn-O-Mn units gives rise to ferro-
magnetism and the associated semiconductor-metal transition near TC , because
of the double exchange mechanism. The strong coupling between spin, orbital
and lattice degrees of freedom underlie the intimate interrelation between charge
transport, magnetic and structural peculiarities.

4.1 Derivatives of CMR perovskite CaCu3Mn4O12:
CaCu3(Mn4−xFex)O12 (x = 0, 0.5, 1.0)

The ferrimagnetic perovskite CaCu3Mn4O12 belongs to the large AA′3B4O12

perovskite family, where A is generally a large monovalent or divalent or rare
earth cation, A′ stands for Cu2+ or Mn3+; and B can be Mn4+/3+, Ti4+, Ru4+,
or Ge4+. In all the compounds, the crystal symmetry is cubic (space group Im3̄)
with a doubling (a ≈ 2ap) of the ideal (ap ≈ 0.38 nm) ABO3 perovskite cubic
cell. The superstructure is due to the ordering of the A and A′ ions and the
distortion of the oxygen sublattice, which leads to a three-dimensional network
of strongly tilted BO6 octahedra sharing corners. The B-O-B angle is ∼ 142◦
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Figure 11. Rietveld plot of CaCu3Mn3FeO12 at 295 K (left) and schematic representation
of the crystal structure highlighting the considerable tilting of the MnO6 octahedra and
the square-planar coordination of Cu2+ cations (right).

instead of 180◦, as in the ideal perovskite structure. This distortion creates two
different polyhedra at the A/A′ site: a slightly distorted 12 oxygen-coordinated
A′ site and a largely distorted icosahedron at the A′ site. There are three sets
of A′–O distances at ∼ 1.9, 2.8, and 3.2 Å, each forming an approximately
square-planar coordination for A′ cations [56].

CaCu3Mn4O12 perovskite (TC = 345 K) is a rare example of CMR half-metallic
manganates with a notable thermal stability. One of the unusual characteristics
of this structure is that it requires a Jahn-Teller distorted ion, such as Cu2+; at
the A′ site Cu2+ can be partially or completely substituted by Mn3+ (d4, also a
Jahn-Teller ion) in the CaCu3−xMn4+xO12 system. The appearance of magne-
toresistive (MR) response is closely related to the development of antiferromag-
netic Cu-Mn interaction. The substitution of Mn for Cu leads to a ferromagnetic
state, developing through an intermediate spin glass, with a MR that can reach
up to 20% under a field of 1 T at 77 K.

We have investigated the effect of the CMR suppression by replacing Mn for
Fe in the series of nominal composition CaCu3(Mn4−xFex)O12 (x = 0, 0.5,
1.0). The materials have been prepared in polycrystalline form under moderate
pressure conditions of 2 GPa, in the presence of KClO4 as oxidizing agent. The
x = 1.0 sample has been studied by neutron powder diffraction and Mössbauer
spectroscopy to unravel some structural peculiarities.

These oxides retain the cubic space group Im3̄ and contain Ca2+ and (Cu2+,
Mn3+) at the A sublattice of the ABO3 perovskite, arranged in a 1:3 ordered
array.

Mössbauer (MS) study adds a singular feature: 89% of Fe3+ is, effec-
tively, in an octahedral environment, with characteristic values of isomer shift
(0.369(2) mm/s) and quadrupole splitting (0.420(2) mm/s), whereas 11% of
Fe3+ is located at square planar positions together with Cu2+, with isomer shift
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Figure 12. Mössbauer spectra at RT (Left) and MR versus magnetic field
isotherms (Right) for CaCu3Mn3FeO12. The magnetoresistive response is defined as
MR(H) = 100 × [R(H) - R(0)]/R(0)100 × [R(H) - R(0)]/R(0).

and quadrupole splitting values of 0.423(3) mm/s and 1.920(6) mm/s, respec-
tively.

The materials have also been characterized by magnetic and magnetotransport
measurements. All the samples are ferromagnetic and show a progressive de-
crease of TC as the Fe contents increases. Also the saturation magnetization and
Weiss paramagnetic temperatures θp diminish in the Fe-doped oxides, which
suggest an increment of the antiferromagnetic interactions at the (Mn,Fe) octa-
hedral sublattice, probably leading to a considerable canting of the Fe versus Mn
magnetic moments. Figure 12 shows that the magnetoresistance also decreases
in dependence on Fe-doping, although a sharp low-field response is observed
below TC .

4.2 Oxinitride Double Perovskites Sr2FeMoO6-xNx (x = 0.3, 0.5)

New oxinitride double perovskites of composition Sr2FeMoO6−xNx (x = 0.3,
1.0) have been synthesized by annealing precursor powders obtained by citrate
techniques in flowing ammonia at 750◦C and 650◦C, respectively [59]. The
polycrystalline samples have been characterized by chemical analysis, X-ray
and neutron diffraction (NPD), Mössbauer spectroscopy and magnetic mea-
surements. They exhibit a tetragonal structure with a = 5.5959(1) Å, c =
7.9024(2) Å, V = 247.46(2) Å3 for Sr2FeMoO5.7N0.3; and a = 5.6202(2) Å,
c = 7.9102(4) Å, V = 249.85(2) Å3 for Sr2FeMoO5N: space group I4/m,
Z = 2. The crystal structure consists of a regular arrangement of corner-sharing
FeO6 and MoO6 octahedra alternating along the three crystal directions, with
the large Sr cations occupying the voids between the octahedra (Figure 13).

The two new compounds present anionic ordering between O and N. We find that
the nitridation process improves the long-range Fe/Mo ordering. The composi-
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Figure 13. Left: View of the crystal structure of Sr2FeMoO5N, approximately projected
along the [001] direction, showing the antiphase tilting of the Fe(O,N)6 and Mo(O,N)6
octahedra. Right: Mössbauer spectrum collected at 295 K showing a sextet corresponding
to the AFM ordering exhibited at this temperature. It is fitted to three contributions.

tions show a ferrimagnetic transition with a reduced saturation magnetization
compared to Sr2FeMoO6, due to the different nature of the double exchange in-
teractions through Fe–N–Mo–N–Fe path in contrast to the stronger interaction
through the Fe–O–Mo–O–Fe path. We suggest a shift towards a configuration
Fe4+(3d4, S = 2):Mo5+(4d1, S = 1/2).

The magnetic structure can be described as an ordered arrangement of parallel
Fe3+(3d5, S = 5/2) spins, AFM coupled with Mo5+ (4d1, S = 1/2) spins. Actu-
ally, there is some degree of the so-called anti-site disorder, implying that some
Fe cations occupy the positions of Mo cations and vice versa, and leading to
lower magnetization.

4.3 Hexagonal double perovskites Ba2MSbO6−δ (M = Fe, Co)

We investigated the new hexagonal polytypes (6H) Ba2MSbO6−δ (M = Fe, Co)
for elucidating the magnetic and crystal-structural order as a function of the na-
ture of the different B-site cation [60]. The compounds were prepared in poly-
crystalline form by solid state reaction in air. Figure 14 shows the ND patterns at
room temperature. Both compounds adopt 6-layered (6H) hexagonal perovskite
structure, space group P63/mmc. M and Sb cations are randomly distributed
over 4fand 2a Wickoff positions. The crystal structure is constituted by dimer
units of (M,Sb)4fO6 octahedra sharing a face along the c axis; the dimers are
connected, sharing corners, by a single layer of (M,Sb)2aO6 octahedra. A se-
vere degree of antisite disordering has been detected in both compounds, imply-
ing the presence of 52.8% Fe: 47.2% Sb at (Fe,Sb)2a positions and 36.0% Co:
64.0% Sb at (Co,Sb)2a sites. Mössbauer spectroscopy data for Ba2FeSbO6 con-
firm the existence of two distinct crystallographic sites for Fe3+. One of them
corresponds to very regular FeO6 octahedra (at 2a positions), characterized by
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Figure 14. Left-up: Observed (open cir-
cles), calculated (full line) and difference
(bottom) NPD Rietveld profiles for (a)
Ba2FeSbO6 and (b) Ba2CoSbO6 at 295 K;
Right-up: Thermal evolution of the NPD
patterns collected with λ = 2.51 Å for (a)
Ba2FeSbO6 and (b) Ba2CoSbO6. Right-
down: View of the crystal structure of
hexagonal Ba2MSbO6 (M = Fe, Co), de-
fined in the space group P63/mmc; c axis
is vertical. (M,Sb)4fO6 octahedra (green)
form dimer units sharing a common face
through O1 oxygen atoms; these units are
connected by (M,Sb)2f O6 octahedra (yel-
low) sharing corners through O2 oxygen
atoms along the c axis. The Ba atoms are in
12-fold oxygen-coordinated cavities within
the network of octahedra.

6 equal Fe-O distances of 2.019(2) Å at RT (from ND data), giving a singlet in
the Mössbauer spectra at RT and 77 K, broadened by the strong Fe/Sb disor-
der over this site. The second environment for Fe3+ contributes to a broadened
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doublet, which corresponds to a very distorted FeO6 octahedron (at 4fsites),
for which ND demonstrates an axial distortion with two sets of Fe-O distances
at 2.091(2) Å, and 1.950(3) Å. This distortion is due to the repulsion of the
strongly charged Sb5+ cations within th dimer units of (Fe,Sb)4fO6 octahedra,
and it is much reduced in the Co compound, where the contents of Sb5+ at these
sites is smaller. The ND data and magnetic measurements show absence of there
long-range magnetic ordering for both samples The magnetization isotherms at
2 K exhibit, for H = 50 kOe, weak magnetization values of about 0.2 µ

B
/f.u.,

suggesting a slight canting of the moments, which could not be detected from
ND due to resolution.

5 Stability of Charge Order (CO) and Orbital order (OO) in half
Hole-Doped Bismuth Manganites

The experiments questioned the charge order (CO) and orbital order (OO)
stability in (Bi1−yRy)1−xAxMnO3 (x, y = 0.5) and Bi0.5A0.5Mn1−xFexO3,
(0 ≤ x ≤ 1), (R = La3+, Nd3+, Ho3+ , Er3+, Tm3+; A = Ca2+, Sr2+). The
correlations between structure and magneto-transport properties as well as the
role that bismuth plays in these half-doped manganates were studied [61-65].
Figure 15 gives a schematic illustration of the CO/OO effects and Figure 16 rep-
resents the ionic picture of Goodenough for the low temperature phase which is
supposed to contain well separated Mn3+ and Mn4+ ionic species ordered in a
NaCl-like pattern.

The evidence for Bi-R-Sr-MnO3 (R = La, Nd, Ho) is in support to mixed anti-
ferromagnetic (AFM) + ferromagnetic (FM) states and phase separation at low
temperatures. Some details of concomitant structural changes call for comple-
mentary information.

Figure 15. Schematic illustrations of spin, orbital and charge order of antiferromagnetic
CE-type and the magnetic unit cell for A0.5B0.5MnO3 with a CE magnetic structure:
conventional double exchange picture (middle), polaronic picture (right).
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At 300 K the oxides Bi-R-Ca-MnO3 (R = La, Nd, Ho, Tm) adopt structures
described satisfactorily in orthorhombic Pnma space group; O-type distorted
perovskite structures were identified (Figure 16). A significant anisotropic dis-
tortion of the MnO6 octahedra occurs in the characteristic manner associated
with the particular orbital order of Mn ions at half doping level.

When lowering the temperature down to 4.2 K, the macroscopic quantities
behave in an overall correspondence with the magnetic structural changes.
The magnetic structure evolution in the range 1.5 ≤ T ≤ 300 K or
313 K of additional four manganates Bi1/4R1/4Ca1/2MnO3 (R = Ho, Tm),
Bi1/4R1/4Sr1/2MnO3 (RE = Ho, Nd) was determined. As in the rest Bi-Ca
manganates studied the ground magnetic state (at 4.2 K) could be acceptably
described by the insulating antiferromagnetic CE ordering. Also, the extracted
effective Bi3+ ionic radius indicates that the lone pair character of 6s2 Bi3+

orbitals is rather constrained than dominant in the studied oxides.

In the semiconducting family Bi0.5Ca0.5FexMn1−xO3 (x ≤ 0.6) there is no MR

Figure 16. The relation between the aristotype perovskite unit cell and the superstructures
at ordering of charge, orbitals and spins expressed by the AFM structure of CE type as
proposed by Goodenough (Pbnm setting). Only the manganese atoms are shown. On the
sites occupied by Mn3+ schematically are shown the wave functions that represent the
order of d3z2−r2 orbitals and the Mn3+/Mn4+ order.
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Figure 17. Rietveld plot of Bi0.25Ho0.25Ca0.5MnO3 at 10 K and evolution of diffracted
intensity with temperature.

effect between 100 K and 600 K in fields up to 7 kOe. The compounds are
antiferromagnetic below certain temperature [64]. The charge and orbital order
exist only for x = 0 and x = 0.05. At higher Fe-substitutions, such a transition
is suppressed or its TCO is either equal or lower than the corresponding Néel
temperature, which decreases with increasing Fe-substitution. For x ≥ 0.1 the
antiferromagnetism is accompanied by a weak ferromagnetism.

The crystal structures of Bi0.5Sr0.5FexMn1−xO3 (0 ≤ x ≤ 1.0) were estab-
lished as rhombic for x ≤ 0.3 and cubic for x > 0.4 [65]. The unit cell volume
increases with increasing Fe content. The characteristic signs of OO and CO
effects are exhibited only for the composition without Fe. In dependence on x
the magnetic state changes from paramagnetic to weak ferromagnetic. Below
50 K there are indications for the presence of small ferromagnetic clusters. The
electrical conductivity of the compound between 90 and 600 K exhibits semi-
conductor behavior, and application of magnetic fields up to 7 kOe does not
induce changes in the electrical conductivity (no magnetoresistive effect).

Our analysis indicates that in bismuth-calcium manganites the lone pair char-
acter of 6s2 Bi3+ orbitals is rather constrained than dominant. The role of or-
bital order is not understood so well. For the paramagnetic state, it is asserted
that local Jahn-Teller distortions are decisive in explaining the localization of
charge carriers. The situation with long-range Jahn-Teller cooperative effect is
not as clear. The Pnma lattice symmetry, which we generally observed at am-
bient temperature, can accommodate a 3-dimensional rotation of the manganese
octahedra concurrently with a Jahn-Teller ordering. Nevertheless, many of the
related structural features remain masked due to difficulties met in determining
the complete set of unconstrained structural parameters.

6 Multiferroic Y-type Hexagonal Ferrites Ba2Mg2Fe12O22

At present, among the six types of the broad family of hexaferrites only several
members have been found to show magnetielectric coupling, Table 3. Multi-
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Table 3. Hexaferrites and magnetoelectric effects. R, S, T denote main structural blocks

Type Nominal Stacking Magnetoelectric
composition sequence effect

M BaFe12O19 RSR*S* BaFe12−x−δScxMgδO19

W BaMe2Fe16O27 RS2R*S*2

X Ba2Me2Fe28O46 (RSR*S*2)3
Y Ba2Me2Fe12O22 (TS)3 Ba2Mg2Fe12O22, Ba0.5Sr1.5Zn2Fe12O22

Z Ba3Me2Fe24O41 RSTSR*S*T*S* Sr3Co2Fe24O41

U Ba4Me2Fe36O60 RSR*S*T*S* Sr4Co2Fe36O60

ferroic Ba2Mg2Fe12O22 belongs to Y-type hexagonal ferrites, important high
frequency soft magnetic materials because of strong planar anisotropy and high
magnetic susceptibility. Single crystalline material has a relatively high tem-
perature of magnetic transition (˜200 K) to a spiral spin arrangement and an
easy magnetization axis lying in a plane perpendicular to crystal axis c. Multi-
ferroicity is displayed in absence of external magnetic field H and the sponta-
neous electric polarization P can be controlled by relatively low magnetic fields
(< 0.02 T). Due to the fact that Y-type hexaferrites are an intermediate phase
during the synthesis of Z-type ferrites, not much attention was paid to the routes
of their preparation and magnetic properties.

We studied nanosized Ba2Mg2Fe12O22 (mean crystallite size of 100 nm) ob-
tained by an optimized sol–gel auto-combustion technique [64]. The magnetic

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 Schematic representation of the crystal structure of Ba2Mg2Fe12O22 and the magnetic arrangements: 
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YCrO3 below the Neel temperature TN=648K and 141K, respectively, the noncollinear antiferromagnetic 
state (GcFbAa) is established, Fig.7. The iron rich (x>0.6) compounds adopt orthorhombic space group 
Pnma; they are canted antiferromagnets with GyFx type magnetic structures and the weak FM component 
F increases with x. This dependence is attributed to decreasing magnetic frustration and increasing 
Dzyaloshinsky – Moriya antisymmetric exchange leading to the small canting between the spin 
sublattices.  
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Fig. 19 Left: Room temperature Rietveld plots of Fe0.875Cr0.125O3 and YFeO3 (inset); Right: refined unit cell of 

Fe0.75 Cr0.25O3. Magnetic moments of Fe/Cr atoms are depicted by arrows 

Conclusions 

Multiferroic and magnetoelectric materials are a new class of materials which show interdependence of 

magnetic and electric properties on each other. Multiferroics simultaneously exhibit ferroelectric and 

magnetic ordering in a single phase with some degree of coupling between order parameters. While a 

multiferroic material has to be a single phase material, magnetoelectric materials can be single phase as 

well as a mixture of two phases showing interface mediated magnetoelectric coupling. These materials 

have the potential for a variety of exciting applications such as dual memory devices, spintronic devices, 

high frequency applications etc.  

The substitution of Fe for Mn in the oxide systems studied is an intricate problem. Ionic radii of Mn3+ 

and Fe3+ in oxides are practically equal so that one could expect no structural changes with Fe-

Figure 18. Schematic representation of the crystal structure of Ba2Mg2Fe12O22 and the
magnetic arrangements: Helicoidal spins (represented by arrows) (B) with proper screw
(50 < T < 195 K), (C) longitudinal conical (T < 50 K), and (D) slanted conical
(T < 195 K and B < 30 mT) spin structure (S. Ishiwata, et al. (2008) Science 319
1643).
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measurements were carried out at 4.2 K and room temperature. The value of
magnetization at a magnetic field of 9 T is 22.78 emu/g and 30.47 emu/g at
room temperature and 4.2 K, respectively. The XRD and neutron diffraction
confirmed the rhombohedral symmetry of the nanocrystalline structure and re-
vealed that the Mg2+ cations occupy both the octahedral and the tetragonal sites
in the lattice. The substance around 190 K undergoes a magnetic transition indi-
cated by magnetization and Mössbauer spectroscopy data. ND data are compati-
ble with a complex canted structure with spins pointing out of the axial direction,
Figure 18. The magnetic order at 10 K can be described in terms of an incom-
mensurate complex block-type conical structure.

7 Mixed Oxides YCr1-xFexO3

Mixed oxides Y-Fe-Cr-O were synthesized by an original combustion route [65].
The end member YCrO3 is ferroelectric below TC ≈ 430 K and antiferro-
magnetic with a weak ferromagnetic moment below TN ≈ 140 K so that the
magneto-electric effect is expressed at low temperatures. For accurate determi-
nation of MnO6 distortions and other composition dependent structural details
that influence the magnetic behaviour we performed multipattern (X-ray + neu-
tron) full profile analysis. In both YFeO3 and YCrO3 below the Néel temper-
ature TN = 648 K and 141 K, respectively, the noncollinear antiferromagnetic
state (GcFbAa) is established, Figure 19. The iron rich (x > 0.6) compounds
adopt orthorhombic space group Pnma; they are canted antiferromagnets with
GyFx type magnetic structures and the weak FM component F increases with x.
This dependence is attributed to decreasing magnetic frustration and increasing
Dzyaloshinsky – Moriya antisymmetric exchange leading to the small canting
between the spin sublattices.
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Fig. 19 Left: Room temperature Rietveld plots of Fe0.875Cr0.125O3 and YFeO3 (inset); Right: refined unit cell of 

Fe0.75 Cr0.25O3. Magnetic moments of Fe/Cr atoms are depicted by arrows 
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high frequency applications etc.  

The substitution of Fe for Mn in the oxide systems studied is an intricate problem. Ionic radii of Mn3+ 

and Fe3+ in oxides are practically equal so that one could expect no structural changes with Fe-

Figure 19. Left: Room temperature rietveld plots of Fe0.875Cr0.125O3 and YFeO3 (in-
set); Right: refined unit cell of Fe0.75 Cr0.25O3. Magnetic moments of Fe/Cr atoms are
depicted by arrows.
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8 Conclusions

Multiferroic and magnetoelectric materials are a new class of materials which
show interdependence of magnetic and electric properties on each other. Mul-
tiferroics simultaneously exhibit ferroelectric and magnetic ordering in a single
phase with some degree of coupling between order parameters. While a mul-
tiferroic material has to be a single phase material, magnetoelectric materials
can be single phase as well as a mixture of two phases showing interface medi-
ated magnetoelectric coupling. These materials have the potential for a variety
of exciting applications such as dual memory devices, spintronic devices, high
frequency applications etc.

The substitution of Fe for Mn in the oxide systems studied is an intricate prob-
lem. Ionic radii of Mn3+ and Fe3+ in oxides are practically equal so that one
could expect no structural changes with Fe-substitution. On the other hand,
the numbers of d-electrons and the effective magnetic moments are different
for Mn3+ and Fe3+. Thus even though Mn3+ and Fe3+ have equivalent ionic
radii the magnetic interactions and some other electronic properties, like charge
ordering (CO) and orbital ordering (OO) could be strongly affected under sub-
stitution of Fe3+ for Mn3+. Our findings indicate as well that the stability of
the charge and orbital correlations is a key to understanding the CMR effect in
manganites. The NPD investigations on some new derivatives of well-known
multiferroic, CMR and CO materials have made possible to address details of
crystal structure and magnetic order.
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