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Progress and prospect for high temperature single- 
phased magnetic ferroelectrics 
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Magnetic ferroelectrics are one of the most important functional materials. The present bottleneck lim-
iting applications of them is lacking of high-temperature single-phased ferromagnetic-ferroelectric 
multiferroics with strong magnetoelectric coupling effect. Here, those progresses of the mechanism for 
coexistence of ferroelectric and magnetic order, experimental and theoretical studies on single-phased 
magnetic ferroelectrics, and the relationship between magnetic structure and crystal symmetry are 
summarized. With examples of BiFeO3, BiMnO3 and Bi2FeCrO6, the difficulties encountered in this field 
are analyzed. At last, some prospects to develop high-temperature single-phased ferromagnetic-ferro- 
electric multiferroics are also presented. 

multiferroics, magnetoelectric effect, single-phased compound, magnetic ferroelectrics, high ordering temperature, BiFeO3, BiMnO3, 
Bi2CrFeO6 

Magnetoelectric multiferroics not only exhibit the per-
formances of both ferromagnetism and ferroelectricity, 
but also the magnetoelectric coupling effect—magnetic 
(electric) field induction of polarization P (magnetiza-
tion M), which was first predicted by Curie in 1894 and 
confirmed in 1959-1960 theoretically by Dzyaloshin-
sky[1] and experimentally in the Cr2O3 by Astrov[2]. 
Since then, multiferroic and magnetoelectric materials 
have been attracting an increasing fundamental and 
practical interest. For example, they have high dielectric 
permittivity and high magnetic permeability, and could 
therefore replace the inductor and capacitor in resonant 
circuits with a single component, further miniaturize 
portable cellular technologies. Strong coupling between 
the polarization and magnetization would allow ferro-
electric data storage combined with a magnetic read and 
the ability to tune or switch the magnetic properties with 
an electric field, and vice versa, could lead to as-yet un-
anticipated developments in conventional devices such 
as transducers. 

The attempts to combine in one single-phased system 

both ferromagnetic and ferroelectric ordering states 
started in the 1960s, predominantly by Smolenskii and 
his co-worker[3,4]. The first ferromagnetic ferroelectric 
material to be discovered is nickel iodine boracite, 
Ni3B7O13I, with magnetic ordering below TC = 60 K and 
ferroelectric one below TC = 400 K. The succeeding 
search for other ferromagnetic ferroelectrics began with 
the strategy of replacing some of the B-site d 

0 cations in 
the ferroelectric perovskite oxides by magnetic d 

n 
cations, and there were disclosed B-site ordered ferro-
electric ferrimagnetic Pb(Fe2/3W1/3)O3, B-site disordered 
ferroelectric antiferromagnetic Pb(Fe1/2Ta1/2)O3 and 
Pb(Fe1/2Nb1/2)O3. Pb(Fe2/3W1/3)O3 crystallizes in the 
cubic at room temperature with space group Pm3m and 
lattice constant a = 3.98 Å, and shows very weak 1:1 
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cation order limited to the nanometer scale of about 5 
nm. It becomes ferrimagnetic ordering below TC = 406 
K (calculated) and 383 K (experimental) and ferroelec-
tric one below Tmax = 190 K (experimental)[5,6]. To in-
crease saturation magnetization, it has been attempted to 
enhance the long range B-site cation ordering through 
doping Mg2+ and Co2+ and forming solid solution with 
high ordered Pb(Sc2/3W1/3)O3. Substitution of Fe with Sc, 
the cation order in the Pb(Fe2/3W1/3)O3 was enhanced, 

demonstrated by the strengthening of 1 1 1
2 2 2

⎛ ⎞
⎜ ⎟
⎝ ⎠

-type 

superlattice peaks, and the maximum saturation mag-
netization obtained as 0.61 μB per ABO3 formula for 
15% substitution[6]. Another interesting case is the sim-
ple perovskite-type BiFeO3. It contains only magnetic 
transition metal ions Fe3+ (d5) on the B-site but has been 
demonstrated exhibiting both ferroelectric and magnetic 
orderings. It is of interest to note that BiFeO3 is well 
known only prototypical material with both magnetic 
and ferroelectric ordering temperatures above room 
temperature.  

So far, more than two hundred kinds of single-phased 
compounds are disclosed to be multiferroicism. How-
ever, the vast majority of them have low magnetic or-
dering temperature or exhibit character of antiferromag-
netism or weak ferromagnetism, or are not strong 
enough insulators to sustain a ferroelectric polarization 
at room temperature, and the magnitude of the observed 
magnetoelectric effect is too small to apply for any prac-
tical devices[7]. According to the phenomenological the-
ory, the magnetoelectric response αij of a single-phased 
material is limited by dielectric constant εii and magnetic 
permeability μjj through the relationship  

2 .ij ii jjα ε μ<  

Therefore the multiferroic materials with large and 
robust ferromagnetic and ferroelectric ordering will have 
large magnetoelectric coupling effect, to obtain such 
multiferroic single-phased compound is still a challenge, 
in particular with both high ordering temperatures. 

In this article, we will concentrate on reviewing those 
progresses and difficulties encountered in designing and 
developing high-temperature single-phased multiferroic 
compounds and provide some considerations during 
their attempting. 

1  Production of ferroelectricity 

Because of the simplicity of the structure and their ac-

tual or potential applications, perovskite-type ABO3 
(shown in Figure 1) and their derivatives are amongst 
the most studied compounds in solid state science for 
ferroelectricity, magnetism, superconducting, colossal 
magnetoresistance and multiferroicism. Despite decades 
of studies, the mechanisms of these phase transitions are 
still a matter of debate. It is the case of the oxygen 
perovskites, such as SrTiO3 and KTaO3, which only ex-
hibit incipient ferroelectricity, while PbTiO3, BaTiO3 
and KNbO3 stabilize this instability in well-de- fined 
series of ferroelectric transitions; BiFeO3 is an anti-
ferromagnetic with complex spatial spin modulation 
structure while BiMnO3 is ferromagnetic. Any progress 
in understanding the microscopic mechanism of electric 
and/or magnetic instabilities would promote one’s at-
tempt to design and develop high temperature single- 
phased ferromagnetic and ferroelectric multiferroic ma-
terials. 

 
Figure 1  The perovskite structure. The small B cation (in black) is at the 
center of an octahedron of oxygen anions (in gray). The large A cations 
(white) occupy the unit cell corners. 

 
To make novel magnetic ferroelectrics, in particular 

high temperature single-phased compounds, various 
kinds of mechanism of coexistence of magnetic and 
ferroelectric ordering have been intensively investigated. 
The ongoing researches are being mostly concentrated 
on producing a ferroelectric state in a magnetically or-
dered state, amongst stereochemical lone pair Bi3+ or 
Pb2+ based perovskites with magnetic transition-metal 
ions on the B-site, transverse-spiral (cycloidal) spin or-
der breaking, geometrically driven distortions, charge 
ordering and electronic ferroelectricity on a specific 
chemical lattice are emphasized and multiferroicity has 
been revealed in the perovskite-type BiFeO3 and 
BiMnO3, orthorhombic TbMnO3 and TbMn2O5, hex-
agonal YMnO3, and spinel LuFe2O4

[8–11].  
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Figure 2  The sinusoidal SDW (a) does not induce a uniform electric 
polarization; for a helicoidal SDW (b) P is orthogonal both to the spin 
rotation axis e3 and the wave vector Q[16].  

 
One of the most important ways known to now to 

produce ferroelectricity is the induction of spontaneous 
polarization in the spiral magnets by magnetic field. In 
the frustrated spin manganites of RMnO3, RMn2O5, 
(R=Gd, Tb, Dy) and Ni3V2O8

[12–16], control of the spon-
taneous ferroelectric polarization with an external mag-
netic field has been demonstrated experimentally and 
theoretically. For instance, TbMnO3 is in a large ortho-
rhombic distorted structure with space group of Pbnm 
and regarded as a frustrated spin system having ferro-
magnetic nearest-neighbor and antiferromagnetic (AF) 
next-nearest-neighbor (NNN) interactions within a 
MnO2 plane below Néel temperature of 41 K. The stag-
gered orbital order associated with the GdFeO3-type 
distortion induces the anisotropic NNN interaction, and 
yields unique sinusoidal and up-up-down-down AF or-

dered states in the distorted perovskites with 1
ge  con-

figuration. Under magnetic field, this spin structure is 
broken and ferroelectric ordering established below 28 
K, as schematically illustrated in the Figure 2. Using 
neutron diffraction, it was revealed that the spin struc-
ture is incommensurate and longitudinally modulated in 
the paraelectric phase, but there exists a transverse in-
commensurate spiral in the ferroelectric phase. It is 
suggested this spiral that breaks spatial inversion sym-
metry and induces magnetoelectricity in TbMnO3. The 
spin helicity, clockwise or counterclockwise, is con-
trolled by the direction of spontaneous polarization, 
which could be predicted in term of the ordering of 

Mn-O-Mn bond angles, and thus controlled by the po-
larity of the small electric field applied on cooling[16–18]. 
The disclosure of magnetic field induced spiral magne-
toelectricity is very encourageous, nevertheless the ex-
tensive studies reveal that it is available only below 50 
K[14,19]. 

In those conventionally practical proper ferroelectrics, 
there usually contains ferroelectric active cation without 
electrons filling on the d orbitals such as Ti4+, Zr4+, Nb5+ 
and Ta5+. It was revealed theoretically by Cohen[20,21] 
and demonstrated experimentally by Kuroiwa et al.[22] 
that the hybridization between B-site ion d 

0 and O 2p6 
plays a dominant role for the instability of ferroelectric-
ity, and that the spontaneous ferroelastic distortion and 
the hybridization between A-site ion and O could further 
enhance the ferroelectric polarization and ordering tem-
perature. On the other hand, the ferroelectric- paraelec-
tric phase transition has been often discussed from two 
limiting cases: the soft-mode or displacive theory, in 
which a transverse optical mode gradually softens when 
approaching the phase transition, and an order-disorder 
scenario, in which some atoms lying on symme-
try-equivalent sites occupy on some preferential ones. 
High pressure XAFS and X-ray diffuse scattering meas-
urements can give a unique opportunity to disentangle 
the role of the lattice dynamics and the local order of the 
B atoms in the ferroelectric phases of perovskites. Re-
cent observations of the diffuse lines in the high-pres- 
sure cubic phase of BaTiO3 and their intensities de-
creasing linearly to zero at ~11 GPa demonstrates that 
the B atom disorder enhances the ferroelectric instability 
and is an essential ingredient for the stabilization of the 
ferroelectric state[23]. Therefore, current theory of an 
intermediate situation, in which both soft phonons and 
disorder play a role, is being preferred and developed. 
Nevertheless, the present understanding on the mecha-
nism of origin of ferroelectricity and their controlling 
factors is still on the qualitative level but not quatitative. 

From an experimental viewpoint, it was observed that 
in general the transition metal d electrons, essential for 
magnetism, reduce the tendency for off-center ferroelec-
tric distortion. This fact has been discussed theoretically 
in details by Hill and termed as exclusion rule for the 
simple perovskite crystal structure, of which both 
ferromagnetism requiring d 

n configuration and ferro-
electricity favoured by d 

0 configuration rely on the same 
cationic sublattice and cannot be fulfilled simultane-
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ously[24]. This very significant drawback drives one to 
search alternative electrical or structural driving force 
for ferromagnetism and ferroelectricity to occur simul-
taneously in the possible single-phased multiferroic ma-
terials. Under hints by the case of BiFeO3, which seems 
to violate the d0 requirement for ferroelectricity, Spaldin 
and her coworkers proposed the stereochemical activity 
of Bi3+ lone pair on the A-site as driving force for ferro-
electricity and the B-site ions of such as Mn3+ and Cr3+ 
for magnetism, and demonstrated through ab initio cal-
culations that BiMnO3 and BiCrO3 are possible mul-
tiferroics[24–26]. Then, a series of metastable perovskite- 
type BiMnO3, BiCrO3, BiCoO3, BiNiO3, PbVO3, 
Bi2CrFeO6, BiMnO3-BiCrO3, BiCrO3-BiFeO3 solid so-
lutions have been attempted to synthesize under high 
pressure and check experimentally[27–30]. 

In the following sections, with examples of BiFeO3, 
BiMnO3 and Bi2FeCrO6, the difficulties encountered in 
this field are analyzed in details.  

2  Bismuth ferrite 

BiFeO3 is well known to be the only prototypical mate-
rial that possesses both high ferroelectric Curie tem-
perature TC = 1143 K and high antiferromagnetic Néel 
temperature TN = 643 K[31]. Structurally, BiFeO3 crystal-
lizes in a rhombohedrally distorted perovskite structure 
with R3c space group at room temperature, of which the 
lattice constants were determined as aH = 5.587 Å, cH = 
13.867 Å in the hexagonal unit cell containing six for-
mula or aR = 5.638 Å, β = 59.348° in the rhombohedral 
unit cell containing two formula units[31–33]. Three main 
distortions are responsible for the existence of sponta-
neous polarization along the [001]hex direction (i.e. 
[111]cub): the oxygen octahedra are rotated by about 
±α =13.8° around the 3-fold axis and distorted with 
minimum and maximum O-O distances of 2.71 and 3.02 
Å, respectively, bismuth and iron atoms are shifted by 
0.54 and 0.13 Å, respectively, along the 3-fold axis[33]. 
These structural data implies that BiFeO3 is a ferroelec-
tric compound with a G-type-like antiferromagnetism. 

2.1  Synthesis 

The synthesis of pure BiFeO3 samples is quite subtle 
because it is necessary to take both kinetic and thermo-
dynamic properties into account. As shown in the phase 
diagram of Bi2O3-Fe2O3 by Figure 3, two impurities of 
Bi25FeO39 and Bi2Fe4O9 can be formed along with  

 
Figure 3  Phase diagram of Bi2O3-Fe2O3 in the temperature range 
600-1000℃. Equilibria (●) were characterized after long annealing. In-
variant temperatures (■) were determined by DSC runs. Allotropic transi-
tions (♦) were studied by HTXRD and DSC[34]. 
 
perovskite-structured BiFeO3

[34,35]. The high volatility of 
Bi2O3 leads to formation of Bi-poor phase Bi2Fe4O9, but 
a small excess of Bi2O3 in the reactants, necessary to 
compensate for the loss of Bi2O3, leads to formation of 
Bi-rich phase Bi25FeO39. Differential thermal analysis 
and kinetic investigations show that the reaction in 
equimolar mixture of BiFeO3 is complex: the reaction is 
incomplete below 675℃, but BiFeO3 decomposes very 
slowly into Bi2Fe4O9 when the temperature increases 
above 675 ℃  and rapidly into Bi2Fe4O9 above      
830℃[36–38]. To prevent the formation of Bi2Fe4O9, the 
initially attempted synthesis of BiFeO3 using solid state 
reactions and the growth of single crystal using flux 
method made use of a very large excess of Bi2O3 (100%), 
but the disadvantage of this technique is to form a large 
quantity of Bi25FeO39 that cannot be separated from 
BiFeO3 with a good yield, even through leaching by di-
luted nitric acid[39,40]. In the form of both ceramics and 
single crystal of BiFeO3, the presence of paramagnetic 
Bi25FeO39 or Bi12FeO19.5-Bi2O3 solid solution in sillenite 
structure and antiferromagnetic Bi2Fe4O9 in the ortho-
rhombic structure with TN = 260 K have been demon-
strated by the measurements of both X-ray diffraction 
and temperature-dependent magnetization, as illustrated 
by Figures 4 and 5[41–49]. 

2.2  Ceramics 

As discussed above, the kinetic and thermodynamic 
properties of the Bi2O3-Fe2O3 system result in a very 
narrow sintering window to obtain very pure single 
phase of BiFeO3. A rapid liquid-phase sintering tech-
nique has been developed by Liu group and widely used 
to synthesize highly pure single-phased BiFeO3 ceram- 
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Figure 4  X-ray diffraction patterns of the BiFeO3 ceramic samples syn-
thesized by the rapid sintering processing at different sintering tempera-
tures. Pure phase BiFeO3 with high resistivity was synthesized at 880℃. 
Curve (a) shows the XRD pattern of BiFeO3 ceramic sintered at 880℃ for 
3 h by conventional solid state reaction sintering technique[41]. 
 

 
Figure 5  Temperature-dependent field cooling magnetizations of 
Bi1−xLaxFeO3 ceramics[42]. 
 
ics[41,48–50]. The as-prepared ceramic pellets could exhibit 
a high resistivity of the order of 6.7×1010 Ω·cm under 
an external electric field of 100 kV/cm, and saturated 
ferroelectric hysteresis loops were observed at room 
temperature with spontaneous polarization Ps = 8.9 
μC/cm2, remanent polarization Pr = 4.0 μC/cm2, and 
coercive field Ec = 39 kV/cm under an applied field of 
100 kV/cm for the sample sintered at 880℃ for 450 s[41], 
Pr = 11.7 μC/cm2 under 155 kV/cm at 860℃ for 60 

min[50]. Combining with the measurements of X-ray 
photoelectron spectroscopy analysis of oxygen, it was 
argued that the formation of Fe2+ and an oxygen defi-
ciency leading to higher leakage current can be greatly 
suppressed by the very high heating rate, short sintering 
period, and liquid phase sintering technique. In contrast, 
for the BiFeO3 ceramics synthesized under high pressure, 
Pr = 46 μC/cm2 and Ec = 73 kV/cm were obtained under 
an applied field of 120 kV/cm[51]. 

2.3  Leakage problem 

From an experimental point of view, the characterization 
of ferroelectric behavior of BiFeO3 at room temperature 
has proven to be a very difficult task, which comes from 
the high conductivity of BiFeO3 at temperatures above 
190 K, preventing the application of high electric field 
and substantially making confused those characteriza-
tions of magnetic and electrical properties[52]. Recently, 
more detailed analysis of experimental measurements of 
electric field dependence of leakage current density (J-E) 
for the BiFeO3 and related ceramics and thin films re-
veal that J increases linearly with low electric field, elu-
cidating an ohmic conduction mechanism in this region, 
while the most probable conduction mechanism for high 
electric field region seems extrinsic due to the thermal 
excitation of inner charged defects, described by the 
conduction mechanisms of space-charge-limited current 
characterized by the linear relationship of J-E2[53,54], 
Schottky by lnJ-E1/2[55,56] and/or Poole-Frenkel by 
ln(J/E)-E1/2[45,57–59]. On the other hand, the band struc-
ture of BiFeO3 was calculated to be indirect with band 
gap of 2.8 eV by the density-functional based screened 
exchange method[60] and determined as direct 2.36 eV 
through transmission spectroscopy measurements of 
BiFeO3 films on fused silica[61] and 2.5 eV in the single 
crystal sample[35], which is much smaller than 3.2 eV of 
BaTiO3

[62]. 
In the epitaxial c-axis oriented BiFeO3 thin films on 

the SrRuO3/SrTiO3 (001) substrates, space-charge-lim- 
ited current was found as the dominant leakage mecha- 
nism for both negative and positive biases at tempera- 
tures between 80 and 150 K, but at temperatures be- 
tween 200 and 350 K the dominant mechanisms were 
Poole-Frenkle emission and Fowler-Nordheim tunneling 
for negative and positive biases, respectively[53]. For the 
BiFeO3 thin films, doping of 2 at% Ti4+ ions was ex- 
perimentally found to increase the dc resistivity by more 
than three orders of magnitude but doping of Ni2+ to  
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reduce the dc resistivity by two orders of magnitude. At 
room temperature under 10 kV/cm applied field, the 
resistivity was measured typical of 5.8×106, 9.5×108 and 
1.5×1011 Ω·cm for Ni2+-doped, pure and Ti4+-doped 
films, respectively. Current-voltage characteristics indi-
cated that the main conduction mechanism for pure and 
Ni2+ doped thin films was space charge limited, which 
was associated with the free-carriers trapped by the 
oxygen vacancies, whereas in the Ti4+ doped films, 
field-assisted ionic conduction was dominant[63,64]. In the 
BiFeO3 ceramics, Nb- or Ti-doping was found efficient 
to increase the electrical resistivity by about 6 orders of 
magnitude and the activation energy enhanced by 
Nb-doping from 0.58 (0%) to 1.11(3%) eV[65,66]. 

For BiFeO3, codoping technique has been demon-
strated experimentally more effective to improve the 
insulating property. By codoping La and Ni atoms in the 
BiFeO3 thin films formed by chemical solution deposi-
tion on Pt/Ti/SiO2/Si (100) substrate, as illustrated in 
Figures 6 and 7, the leakage current density was reduced 
lower than 1×10−3 A/cm2 at 500 kV/cm while well satu-
rated loop with Pr = 70 μC/cm2 was obtained at room 
temperature and frequency 10 kHz[67]. Adding 5 mol% 
LaMnO3 into BiFeO3 thin film, Pr = 45 μC/cm2 and Ec = 
215 kV/cm was obtained at room temperature and 1 
kHz[68]. For the 5 mol% Pb- and 3 mol% Cr-cosubsti-
tuted BiFeO3 film, Pr = 62 μC/cm2 and Ec = 235 kV/cm 
were obtained at room temperature under applied field 
of 712 kV/cm[69]. 

2.4  Single crystal 

Shortly after its discovery, BiFeO3 single crystals were 
initially grown by a flux method with Bi2O3 or Bi2O3/ 
B2O3/Fe2O3 as flux[70,71]. Recently, highly pure BiFeO3 
single crystals were grown by a spontaneous crystalliza- 
tion in air from a Bi2O3-Fe2O3 flux[40,72]. It was demon- 
strated that BiFeO3 is indeed ferroelectric at room tem- 
perature through evidences measured by electric polari- 
zation vs. field hysteresis loops and piezoresponse force 
microscopy. For the sample with high resistivity of 
6×1010 Ω·cm at room temperature under 100 V, a large 
spontaneous polarization was observed with remanent 
polarization P[012]=60 μC/cm2 and Ec =12 kV/cm, which 
is presented in Figure 8. Inferred from the first polariza- 
tion loop, a large intrinsic saturation polarization along 
the [001]hex direction is close to 100 μC/cm2, agreed  

 
Figure 6  J-E characteristics of pure, 5 at% La-doped, 5 at% Ni-doped, 
2.5 at% La- and Ni-codoped BiFeO3 films on the Pt/Ti/SiO2/Si(100) sub-
strate measured at room temperature[67]. (a) Semilogarithmic; (b) loga-
rithmic plots. 
 

well with theoretical prediction of 90―100 μC/cm2 us-
ing density functional theory[73]. Measurements of sev-
eral successive polarization loops showed that the sam-
ples become gradually harder to polarize as coercive and 
saturation fields increase and remanent polarization de-
creases with cycling, eventually reaching fields where 
leakage currents prevent the application of a large 
enough voltage. With an optical microscopy, in-situ ob-
servations confirmed microcracks induced by mechani-
cal stresses owing to piezoelectric effect during reversal, 
which prevents domain walls moving easily through the 
sample. 

2.5  Magnetic structure 

For BiFeO3, the Fe3+ ions on the B-site were determined 
by neutron diffraction as antiferromagnetically ordering 
with magnetic moment of μFe = 3.70 μB

[74,75]. Moreover, 
it was found that the high resolution neutron powder 
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Figure 7  (a) P-E hysteresis loops of a 2.5 at% La- and Ni-codoped 
BiFeO3 film capacitor measured at 1, 10 and 100 kHz; (b) applied electric 
field dependences of the remanent polarization (Pr) and coercive field (Ec) 
measured at 10 kHz[67]. 
 

 
Figure 8  The first full P-E hysteresis loop of the BiFeO3 single crystal 
at room temperature. The remanent polarization P[012] is 60 μC/cm2 and 
the coercive field is 12 kV/cm. The inferred full saturation polarization 
along the [001]hex direction is close to 100 μC/cm2. Insert, Raw I(V) 
data[72]. 
 
diffraction patterns of BiFeO3 could be described with 
the same accuracy by several modulated magnetic or-
dering models: circular cycloid, elliptical cycloid and 
spin density wave[76]. In contrast to the recent models for 
the magnetoelectric coupling observed in TbMnO3 
perovskites[16,77,78], to clarify this ambiguity of the mag-
netic ordering in BiFeO3 is very important. Through 
analysis of zero-field NMR spectrum lineshape of the 
57Fe-enriched BiFeO3

[79,80], a long-range spatially 

modulated, incommensurate cycloidal spin structure was 
discriminated as schematically presented in Figure 9 and 
the antiferromagnetically ordered spins rotate onto the 
plane containing the threefold axis of rhombohedral unit 
cell, of which the wave vector is along the [110] direc-
tion and lies in the plane of spin-rotation (1 10) , and the 

period λ = 620 Å being incommensurate to the lattice 
spacing. This complex spin structure found in BiFeO3 
can be interpreted in terms of relativistic Lifshitz in-
variants and described by the equation 

4 ( )cos ( ) ,,K mx sn x mθ
λ

⎛ ⎞= ±⎜ ⎟
⎝ ⎠

 

where θ is the angle of spin rotation relative to the c axis, 
x is the coordinate along the cycloid propagation direc-
tion, sn(x, m) is the Jacobian elliptic function, m is its 
parameter, and K(m) is a complete elliptic integral of the 
first kind[81,82]. 

 
Figure 9  Schematic antiferromagnetic structure of BiFeO3 where the 
two antiferromagnetic sublattices are organized along a cycloidal spiral. 
The propagation vector q is along the direction [110] and the plane of 
spin-rotation is (110) [40]. 

 
Owing to the presence of spin cycloidal magnetic 

structure, the field and temperature dependent magneti-
zation measurements should be and have been observed 
to exhibit a pure antiferromagnetic response, without 
any trace of weak ferromagnetism, in the pure BiFeO3 
single crystals[40,83]. This behavior is further confirmed 
by the line broadenings of the Mössbauer spectra, due to 
the slight modulation of the hyperfine energies as the 
magnetic moment rotates with respect to the principal 
axis of the electric field gradient tensor. Therefore, it is 
of interest to note that weak ferromagnetism often re-
ported in the polycrystalline BiFeO3 ceramics and thin 
films is in fact mostly due to the presence of a small 
amount of magnetic impurity, even though it is now 
generally accepted that the observed spontaneous mag-
netization in the as-prepared BiFeO3 samples is a cumu-
lative effect of mixed Fe2+/Fe3+ valence formation, sup-
pression of inhomogeneous spin structure, an increase in 
canting angle, and/or iron-rich nanoclusters[50,59,84–88]. 
For instance, the spin-glass behaviors were observed in 
the M-T and M-H measurements for the BiFeO3 films 
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annealed in the air atmosphere, and further enhanced by 
annealing the sample in the oxygen atmosphere, which 
supports the fact of the formation of iron oxide nano-
clusters or precipitates[87,88]. To clarify this anomalous 
ferromagnetism observed in those as-prepared samples, 
it is necessary to extensively conduct measurements of 
transmission electron microscopy and X-ray photoemis-
sion spectroscopy to remove the effects of magnetic 
impurities and NMR to confirm breaking of the spin 
cycloidal magnetic structure. 

2.6  Magnetoelectric effect 

In the BiFeO3, the presence of spin cycloidal modulation 
magnetic structure forbids the first-order magnetoelec-
tric coupling effect and shows the quadratic effect. Us-
ing the quadratic magnetoelectric effect, the components 
of the nonlinear magnetoelectric susceptibility tensor βijk 
were determined at 4 K as β111 = 5.0×10−19, β113 = 
8.1×10−19, β311 = 0.3×10−19, β333 = 2.1×10−19 s/A[89]. 
Under a pulsed field up to 280 kOe at T = 10―180 K, 
electric polarization components were measured with 
the help of electrodes attached to the faces of single 
crystal. As presented in Figure 10, the measured de-
pendence of P(H) is quadratic at H < Hc and has a jump 
at H = Hc when the spin cycloidal structure is evidently 
destroyed. The critical field Hc is of the order 200 
kOe[90,91]. So far, it has been shown that the destruction 
of such cycloidal structure in the BiFeO3 by a high 
magnetic field leads to the onset of linear magnetoelec- 

 
Figure 10  Experimental curves of the components of the electric polari-
zation of BiFeO3 along the a and b axis (Pa and Pb) at a temperature of 20 
K as functions of the magnetic field applied in the basal plane at a 45° 
angle to the a axis. The dashed lines show the straight line and parabola 
which approximate the experimental curves in the region H>250 kOe[91]. 

tric effect and the appearance of a toroidal moment, 
based on the experimental observation that the off-di- 
agonal components of the linear ME effect tensor are 
asymmetric (α12 = −α21 for L || c, where L is the anti-
ferromagnetic vector). 

In addition to high magnetic field[91–94], the composi-
tion modification of randomly distributed charged im-
perfections at A-site or/and B-site[43,95–99] and expitaxial 
strain[83,84] have also been proposed to induce such phase 
transition from the incommensurate cycloidal spin state 
into the homogeneous antiferromagnetic state and re-
lease the latent magnetization and linear magnetoelectric 
effect of BiFeO3, to make BiFeO3-based materials effi-
cient room-temperature single-phased magnetoelectric 
multiferroics. Substituting Bi with rare earth, the quad-
ratic magnetoelectric effect was found in the rhombo- 
hedral and triclinic phases, and the linear magnetoelec-
tric effect was observed in the orthorhombic structure, 
the magnitude of which depends on the nature of the 
rare-earth element[100]. With LaFeO3 of symmetry Pnma 
and uniform magnetic structure, the spin cycloidal mag- 
netic structure has been demonstrated to destroy into an 
ordinary spatially uniform antiferromagnetic state near 
the concentration of 20%, corresponding to the phase 
transition with a change in the unit-cell symmetry R3c to 
C222[44,99]. In the (Bi1−xLax)FeO3 solid solutions, the 
Curie temperature decreases linearly with increasing La 
concentration, e.g. from 820℃ for x = 0.0 to ~405℃ 
for x = 0.3. For 0≤x≤0.75, the solid solutions are ferro- 
electric while they are antiferromagnetic at 0≤x≤0.20 
and become weak parasitic ferromagnetic at x≥0.20[101]. 

By the end of this section, it is of interest to note that, 
through measurements of infrared reflectivity and time 
domain terahertz transmission spectroscopy at tempera-
ture of 20―950 K and the magnetodielectric effect at 
10―300 K with the magnetic field up to 9 T, the mag-
netodielectric effect observed below 175 K in the 
BiFeO3 ceramics was found lower by several orders of 
magnitude due to the decreased conductivity and agreed 
well with contributions of sum of polar phonons, while a 
giant low-frequency permittivity observed at higher 
temperatures obviously due to the enhanced conductiv-
ity and Maxwell-Wagner contribution[102,103]. 

3  Bismuth manganite 

BiMnO3 is to be potential ferromagnetic-ferroelectric 
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multiferroic proposed theoretically by Hill and Rabe[104] 
and experimentally demonstrated by Sugawara et 
al.[105,106] and Kimura et al.[107]. In general, the 
perovskite-structured BiMnO3 was synthesized in a 
rather wide temperature range (600―900℃) and a rela-
tively narrow pressures of 40―50 kbar. A deviation 
from these conditions results in the disappearance of the 
perovskite phase[27]. It is determined by X-ray diffrac-
tion, electron diffraction and neutron powder diffraction 
as a heavily distorted perovskite structure, having 
monoclinic symmetry with a noncentrosymmetric C2 
space group and lattice parameters of a = 9.5323 Å, b = 
5.6064 Å, c = 9.8535 Å, and β = 110.667°. The noncen- 
trosymmetrical distortion is revealed below ~750-770 K 
and caused by a polarized Bi 6s2 lone pair. However, it 
is difficult to observe its ferroelectricity directly in the 
conventionally experimental polarization measurements 
due to high leakage current. In the BiMnO3 epitaxial 
films, the ferroelectricity was demonstrated by optical 
second-harmonic generation (SHG), of which the 
change in the polar symmetry of SHG signals under ex-
ternal electric field is correlated to specific changes in 
the ferroelectric domain microstructures and effective 
deff ~193 pm/V under electric fields of 707 V/mm ob-
tained[108]. Nevertheless, recent structural characteriza-
tions on polycrystalline BiMnO3 samples revealed that 
the actual structure depends sensitively on the oxygen 
stoichiometry and is in the centrosymmetric C2/c space 
group[109―111]. 

The measurements of temperature dependent mag-
netization and specific heat revealed the onset of ferro-
magnetic ordering at ~105 K, with the second order na-
ture. Careful examination of the six unique Mn-O-Mn 
superexchange pathways between the three crystal-
lographically independent Mn3+ sites shows that four are 
ferromagnetic and two are antiferromagnetic, confirm-
ing that the ferromagnetism of BiMnO3 stems directly 
from orbital ordering, with a collinear ferromagnetic 
structure having spin direction along [010] and magnetic 
moment of 3.2 μB. Every trivalent manganese cation 
exhibits the Jahn-Teller distortion and ordering of a va-
cant 2 2x yd

−
 orbital is suggested to play an important 

role for the ferromagnetism[112,113]. 
On cooling the polar room-temperature structure to 

20 K, there is no crystallographic phase transition, im-
plying that ferromagnetism and ferroelectricity coexist 

in BiMnO3. In the measurements of temperature de-
pendent dielectric constant, a fairly large negative mag-
netocapacitance effect was observed in the vicinity of 
the ferromagnetic transition temperature TC, which is 
well described as −Δε/ε(0) = kM2. This magnetocapaci-
tance effect could be phenomenologically interpreted in 
terms of a simple Landau-Ginzburg theory for the sec-
ond-order phase transition of ferroelectromagnets, which 
is ascribed to the magnetoelectric coupling term γ P2M2 
in the thermodynamic potential[107]. 

4  Bismuth chromate ferrite 

In the cases of perovskite BiMO3 (M = Fe, Mn, Cr, Co, 
Ni), the B-site is occupied by the same transition metal 
element and usually antiferromagnetic ordering prevails, 
except for BiMnO3 with predominant orbital ferromag-
netic ordering. According to Goodenough-Kanamori 
rule, the spin coupling through Fe d5-O-Cr d3 bond 
would produce ferromagnetic ordering in the ordered 
double perovskite. With stereochemically active Bi 6s2 
lone pair as driving force for ferroelectricity, the ordered 
double perovskite Bi2FeCrO6 was proposed to be possi-
ble high temperature ferromagnetic-ferroelectric mul-
tiferroic compound. Spaldin et al. calculated the mag-
netic structure and ferroelectric polarization in the or-
dered Bi2FeCrO6 using first-principle density functional 
theory under LDA+U approximation[26,114]. In compari-
son with the cases of BiCrO3 and BiFeO3, it was re-
vealed that the on-site Coulomb repulsion in Bi2FeCrO6 
is the main force for the stabilization of high-spin state 
of Fe3+ cation, which results in increasing volume and 
lattice constants but reducing rhombohedral angle over 
the series of BiCrO3, Bi2FeCrO6, BiFeO3, due to the 
larger radius of the high-spin Fe3+ ion compared with 
that of Cr3+. The calculated density of states indicates 
that both the top of the valence band and the bottom of 
the conduction band are 100% spin polarized, with elec-
trons confined to narrow, up-spin Fe 3d bands, and holes 
in broader, up-spin Cr 3d-O2p hybrids. It is a little sur-
prising that the magnetic nearest-neighbor coupling con-
stants was demonstrated to be negative for Bi2FeCrO6 
with low-symmetry space groups and the ground state is 
the G-type-like antiferromagnetic configuration with 
magnetic moment of 2 μB per formula unit. Under a 
mean-field approximation, the magnetic ordering tem-
perature would not exceed 100 K for the ground-state 
structure. Moreover, a spontaneous polarization of 79.6 
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μC/cm2 was predicted for the ground state with space 
group of R3. 

Basically, such a predicted double perovskite com-
pound with long range B-site cation order is not likely to 
form since Fe3+ (r = 0.645 Å) and Cr3+ (r = 0.615 Å) 
have the same charge and close ionic sizes. Metastable 
Bi(Fe1/2Cr1/2)O3 is expected to adopt a simple perovskite 
structure with random occupancy of Fe3+ and Cr3+ on the 
B-site. Recent experimental works confirmed that the 
Bi(Fe1/2Cr1/2)O3 in the form of bulk ceramics and epi-
taxial thin film is isostructural to BiFeO3 with a rhom-
bohedral distortion. Suchomel et al. attempted to prepare 
perovskite-structured Bi(Fe1/2Cr1/2)O3 ceramics by high 
pressure solid-state synthesis at a pressure of 6 GPa and 
1000℃[115]. They found that it was isostructural to polar 
BiFeO3, in a hexagonal R3c unit-cell structure with lat-
tice parameters of a = 5.545 Å and c = 13.695 Å and 
stable up to 400℃ at ambient pressure, above which it 
decomposes to BiFeO3 and other phases. The Bi and 
mixed Fe/Cr B-site cations are displaced from their ideal 
positions along the threefold symmetric direction by 
0.58 and 0.22 Å, respectively. These displacements give 
rise to a static polarization of 63 μC/cm2, calculated us-
ing the ionic charge model, along the hexagonal [001] 
direction. Bond valence sum calculations for the refined 
perovskite structure at room temperature give valences 
of +2.95, +3.10, +2.82, and −1.97 for the Bi3+, Fe3+, Cr3+, 
and O2− ion sites, respectively. The slight overbonding 
and underbonding of Fe3+ and Cr3+ are consistent with 
the difference in ionic radii of these two cation species. 
Owing to the disorder of Fe3+ and Cr3+ cations on the 
B-site in the present samples, Mössbauer and magneti-
zation measurements showed that the intrinsic magnet-
ism is dominated by antiferromagnetic exchange inter-
action and exhibits spin glass-like freezing below 130 K. 

According to the structural parameters obtained by 
Suchomel et al.[115], the equivalent pseudocubic lattice 
parameters in a rhombohedral unit cell are a = 3.932 Å 
and β = 89.7°. With a small in-plane lattice mismatch of 
0.7% and a likely rhombohedral tilt, it is expected a 
pseudomorphic growth of films on the SrTiO3 (001) 
substrate up to 300 nm thickness to stabilize metastable 
Bi(Fe1/2Cr1/2)O3

[116–118]. For the epitaxial Bi(Fe1/2Cr1/2)O3 
thin films, a tetragonal-like structure was experimentally 
revealed with lattice constants of a = b = 3.905 Å in 
plane and c = 3.965 Å out of plane. The electrical meas-
urements observed a ferroelectricity with dielectric po-

larization of 2.8 μC/cm2 at Emax = 82 kV/cm for one 300 
nm thick film at room temperature[116], 60 μC/cm2 along 
the pseudocubic [001] direction at 77.3 K[117]. However, 
similar to the case of BiFeO3, these measurements of 
electric and magnetic properties are also confused by the 
parasitic impurity phases and high leakage current of the 
as-prepared samples. 

With respect to Bi2FeCrO6 compound, even though 
some attempts have been performed to grow it in the 
form of thin film and bulk ceramics, which showed dis-
ordered and not pure samples, it is still a big challenge 
to develop proper preparation method to obtain metasta-
ble B-site ordered perovskite-structured Bi2FeCrO6. Re-
cent experiments conducted by one of the authors indi-
cate that R-type ferrimagnetic ordering with Curie tem-
perature higher than room temperature can be expected 
if the chemical ordering between Fe and Cr on the B site 
is increased[119,120]. 

5  Relationship between magnetic struc-
ture and crystal symmetry 
5.1  Superexchange theory 

According to Anderson[121], the superexchange interac-
tion in perovskite-type oxides can be separated into two 
contributions: (i) kinetic exchange which is due to the 
mixing of the ligand-field orbitals used to describe the 
spin quasiparticles; this term is proportional to b2/U and 
is always antiferromagnetic, and (ii) potential exchange 
which represents the direct exchange interaction be-
tween these ligand-field orbitals; this term is always 
ferromagnetic. Based on this separation, the following 
simple guidelines for estimating the sign and relative 
magnitude of superexchange interactions are obtained, 
with the same outcomes as from the Goodenough- 
Kanamori rules[26]: 

(i) Usually, the kinetic exchange is much stronger 
than the potential exchange and dominates, leading to 
the predominantly antiferromagnetic interactions. 

(ii) The kinetic exchange between eg electrons on dif- 
ferent ions connected by a 180° metal-oxygen-metal 
bond is much stronger than that between corresponding 
t2g electrons, since the former is mediated by dpσ bonds 
whereas the latter by weaker dpπ interactions. 

(iii) In certain situations the kinetic exchange van-
ishes by symmetry so that the remaining potential ex-
change leads to a small ferromagnetic coupling. This 
occurs for example for a 90° superexchange coupling 
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between t2g electrons and also in the case of a 180° cou-
pling between eg and t2g electrons.  

(iv) Completely filled manifolds with equal numbers 
of up- and down-spin electrons give no net contribution 
to the superexchange interaction. 

5.2  Effect of lattice distortion 

The Goodenough-Kanamori rules are derived on the 
basis of hypothesis of that the orbital occupation is static, 
and they work well in a wide range of the magnetism of 
correlated Mott insulators because a structural phase 
transition, driven by the Jahn-Teller coupling of degen-
erate orbitals to the lattice, lifts the degeneracy and fixes 
the orbital occupation well above the magnetic transi-
tion[122–124]. They stated that if there is large overlap be-
tween partly occupied orbitals at two magnetic ions, the 
superexchange interaction between them is strongly an-
tiferromagnetic (AF) because of the Pauli principle, 
whereas overlap between partly occupied and unoccu-
pied orbitals gives weakly ferromagnetic (FM) interac-
tion due to Hunds exchange[120]. In the archetypical case 
of 180° bonds through a single ligand ion, this translates 
into a complementary interdependence between spin 
order and orbital order[125]: ferro-orbital (FO) order 
supports strong AF spin order, while alternating orbital 
(AO) order supports weak FM spin order. The canonical 
example of this behavior is KCuF3, where weak FM 
(positive) spin correlations in the ab plane and strong AF 
(negative) correlations along the c axis are accompanied 
by AO order in the ab planes and FO order along the c 
axis. This happens typically for electrons in eg orbitals 
where large Jahn-Teller distortions favor C-type orbital 
order, as in KCuF3 and BiMnO3. 

The effect of lattice distortions on the magnetic be-
havior of perovskite-type manganites were ever exten-
sively studied for the binary systems Nd1−xMxMnO3, and 
the ternary systems (Bi1−xLax)0.5Ca0.5MnO3 and 
Bi0.5(Ca1−xMx)0.5MnO3, where M = Ca2+, Sr2+, Ba2+, 
Pb2+[126–128]. There exists a correlation between lattice 
distortions and magnetic behavior: (i) cubic and slightly 
distorted compounds exhibit a pure ferromagnetism; (ii) 
distortions from the cubic structure give reduced spon-
taneous moments and in some cases antiferromagnetism 
develops. That is to say, the ferromagnetic nature of the 
Mn3+-O2-Mn3+ and Mn3+-O2-Mn4+ interactions found in 
the nondistorted compounds is well agreed with the 
Goodenough rules. When the lattice becomes distorted 
away from cubic, the subtended angle in the Mn-O2-Mn 

linkage decreases from 180°, this fact disturbs the orbital 
orthogonality and results in an increase of the antiferro-
magnetic t2g-t2g interaction via σ-bond and in the occur-
rence of other superexchange antiferromagnetic interac-
tions which couple both the eg and t2g orbitals and the t2g 
and t2g orbitals via π-bond. 

In the case of Bi2FeCrO6, although the ferromagnetic 
coupling is expected for the 180° Cr3+d3-O-Fe3+ d5 bond 
from the Goodenough rule indicated in Figure 11, the 
antiferromagnetic coupling was illustrated to be stable 
ground state for the phases with lower symmetry than 
cubic. In the theoretical simulations of (111)-layer or-
dered Bi2FeCrO6 conducted by Spaldin et al.[26], it is 
found that the kinetic exchange between the eg electrons 
of the Fe3+ and the t2g electrons of the Cr3+ is drastically 
reduced and the net interaction becomes ferromagnetic 
in the cubic phase, whereas the nearest neighbor super-
exchange coupling between Fe3+ and Cr3+ becomes 
weakly antiferromagnetic in the relaxed structures with 
lower symmetry. It is the subtended Fe-O-Cr bond angle 
from 180°, which is caused by the off-center distortion 
necessary for ferroelectricity and/or octahedral rotation 
due to small tolerant factor, that enhances hybridization 
between Cr t2g and Fe eg states and thus leads to a non-
zero kinetic exchange between these orbitals, resulting 
in antiferromagnetic coupling. This transformation be-
tween the ferromagnetic ordering in the paraelectric cu-
bic phase and the ferrimagnetic one in the ferroelectric 
relaxed structure, predicted in term of Cr3+-O-Fe3+ bond 
angle, could lead to one possible kind of magnetoelectric 
coupling effect when the ferroelectric-paraelectric Curie 
temperature is lower than magnetic ordering temperature. 
Such kind of materials is being under research by the 
authors. 

5.3  Magnetic ordering temperature 

In the 1960s, Goodenough investigated those predomi- 
nant factors for Néel temperature in the perovskite 
structures and pointed out that a simple, localized-elec- 
tron antiferromagnet having one electron per localized 
orbital interacting via 180° superexchange with similar 
orbitals on z near-neighbor cations via an overlap inte-
gral Δ has a Néel temperature:  

2 2{ }( 1) /N t t e ekT z q b q b S S≈ + + , 
where qt, qe are inversely proportional to electrostatic 
energies associated with electron transfers; bt ~ε0Δt and 
be~ε0′Δe are the one-electron transfer integral of states  
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Correlation superexchange Delocalization superexchange 
Case Outer-electron configuration 

pσ pπ pσ pπ 
Sum 

Strength K 
(oxides) 

#1 

 

strong 
↑↓ 

weak 
↑↓ 

strong 
↑↓ 

weak 
↑↓ 

↑↓ ~750 

#2 

 

weak to moderate
↑↓ 

weak 
↑↓ - 

weak 
↑↓ 

↑↓ 300 

#3 

 

moderate 
↑↑ 

weak 
↑↓ 

moderate 
↑↑ 

weak 
↑↓ 

↑↑ ~400 

 

Figure 11  Three possible 180° cation-anion-cation interactions between octahedral-site cations. The pπ orbitals are not indicated in the diagrams for the 
cases 2 and 3[124]. 
 
having t2g and eg symmetry, respectively[129]. Accord-
ingly, dTN/dp>0, where p is the hydrostatic pressure and 
thus dTN/da0>0, where a0 is the cation-anion-cation 
separation, remains in the localized d electron systems 
including A3+FeO3 and A3+CrO3. This fact is attributed 
to changes in A-O covalent bonding that cause Δ to in-
crease with the more basic A cation for a given lattice 
parameter. For BiFeO3 and BiCrO3, the antiferromag-
netic coupling between the eg electrons on neighboring 
Fe sites due to the dpσ bonding is very much stronger 
than that between the t2g electrons on neighboring Cr 
sites, and thus results in BiFeO3 having a higher mag-
netic ordering temperature than BiCrO3. On the basis of 
the simulations for BiCrO3, Bi2FeCrO6 and BiFeO3, it 
was found that high magnetic ordering temperature can 
be achieved in the antiferromagnets or ferrimagnets by 
exploiting strong antiferromagnetic superexchange be-
tween eg electrons. Therefore, it is reasonably expected 
to combine d5 and d8 ions for multiferroic compounds to 
obtain the highest magnetic ordering temperature in the 
perovskite structure[26]. 

6  Prospects for the future 

From a practical point of view, it is very important and 
still a challenge to develop high temperature ferromag-
netic-ferroelectric multiferroic single-phased compounds. 

Although several mechanisms for coexistence of mag-
netic and ferroelectric ordering have been disclosed and 
extensively studied[11], it is unclear how to get high 
temperature single-phased ferromagnetic-ferroelectric 
multiferroicity yet. For instance, the magnetic ordering 
temperature of rare earth manganites in both hexagonal 
and orthorhombic structures is below 139 K[14,19,130]. 

Perovskite transition-metal oxides form a unique 
category of multiferroic materials and could exhibit 
ferroelectricity, ferromagnetism and multiferroicity. 
Through theoretical calculations of electronic structures, 
the electron exchange interaction and correlation are 
responsible for the stabilization of electric polarization 
and the formation of magnetic moment, it has been re-
vealed that the orbital hybridization (bonding) plays a 
central role in controlling ferroelectric and magnetic 
ordering[131]. For example, the antiferromagnetic super-
exchange is a result of energy lowering of occupied 
states due to its hybridization with the excited states, and 
the ferromagnetic double exchange comes from band 
broadening due to hybridization. The ferromagnetic 
double exchange mechanism is closely associated with 
metallic state with a positive temperature coefficient of 
resistivity while antiferromagnetic superexchange one 
associated with insulating state with a negative tem-
perature coefficient of resistivity[132]. The effective 
charge associated with displacement of ions, which is 
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closely related to the dielectric polarization and known 
as Born effective charge, is significantly enhanced by 
the orbital hybridization (bonding), as the present widely 
accepted theory for ferroelectric instability. Therefore, it 
is possible through thorough investigations on the orbital 
hybridization behaviors in the perovskite-type transition 
metal oxides to balance the coexistence of ferromagnetic 
and ferroelectric ordering in single-phased compounds, 
and to obtain both high ordering temperatures above 
room temperature by controlling hybridization intensity 
through controlling geometrical arrangement of at-
oms[20,120,129]. 

For the multiple-orbital transition-metal ions, the hy- 
bridization depends not only on the geometrical ar- 
rangement of atoms but also on the mode of orbital oc-
cupation or orbital ordering. Like in Jahn-Teller effect of 
the first order to lift energy level degeneracy and the 
second order for off-center displacements, orbital order-
ing and the lattice distortion are strongly coupled. In this 
way, magnetism, orbital ordering and lattice distortion 
are closely correlated, therefore perovskite-type transi-
tion metal oxides serve as an important playground for 
demonstrating the spin-orbital-lattice coupling effects 
and to develop novel high temperature ferromagnetic- 
ferroelectric magnetoelectric single-phased compounds. 
The ferroelectric, multiferroic and magnetoelectric ma-
terials treated in the field of dielectrics have to be robust 
insulators, so that a high field can be applied to reori-

enting the spontaneous polarization without causing 
conductivity. In practice, most of ferromagnetic materi-
als are metallic, but magnetic insulators tend to show 
antiferromagnetic coupling through superexchange in-
teraction between the magnetic ions. In future, ferro-
magnetic insulators are particularly desired to develop 
for multiferroic materials. The experimental studies on 
La1−xSrxMnO3 imply this feasibility for us beyond dou-
ble exchange mechanism[133]. Secondly, it is usually not 
able to synthesize perovskite-structured compounds un-
der ambient pressure when the structure tolerance factor 
less than 0.96. Like in the cases of BiFeO3, BiMnO3 and 
Bi(Fe1/2Cr1/2)O3, it is difficult to obtain very pure single 
phase even with high-pressure synthesis. Thirdly, mag-
netic transition metal ions tend to be fairly easy to oxi-
dize or reduce, and are usually associated with multiple 
valence states accompanied by anion nonstoichiometry. 
This fact increases the difficulties in synthesization and 
sintering process to obtain desired pure perovskite-type 
compounds. Therefore, it is important studying the con-
ductivity mechanism to distinguish between intrinsic 
Mott metal-insulator phase transition and extrinsic leak-
age current owing to the defects and impurity phases, de-
veloping novel method to synthesize metastable 
perovskite-type compounds, and developing novel 
characterization method and setups to probe ferroelectric 
polarization and its switching, in particular for poor in-
sulating samples. 
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