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In this article, studies on the magnetoelectric effects of multiferroic materials in high magnetic
fields, particularly pulsed magnetic fields, are discussed and results for some representative ma-

terials are presented. In the discussions on representative materials, the relationship between the
crystallographic symmetry and the linear magnetoelectric effect in CroOj5 is introduced. Then dras-
tic changes in polarization caused by magnetic transitions are discussed through a case study of
manganites with a perovskite-type structure. In addition, high field studies on the magnetoelectric
effects in BiFeQOgs, which is an exceptional multiferroic material, are presented and discussed in the

framework of the Landau-Ginzburg theory.
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1 Introduction

Recently, the studies that are classified with the keyword
multi ferroics have attracted much attention in the field
of solid state physics [1-3]. According to Schmid, who
coined the term in 1994 [4], a multiferroic state is defined
as a state in which “two or all three of the properties
of ‘ferroelectricity’, ‘ferromagnetism’, and ‘ferroelastic-
ity” occur simultaneously in the same phase”. Among the
various kinds of multiferroic materials, the materials that
exhibit both ferroelectricity and (anti)ferromagnetism
are of particular interest to many scientists. Among such
ferroelectric (FE) materials, materials whose ferroelec-
tricity is accompanied by a magnetic order have been
studied as ferroelectric magnets since the 1960s [5]. The

recent revival of research in this field is not merely
a renewal of terminology. Technical progress in micro-
scopic experimentation and crystal / thin-film growth in
the past several decades has enabled us to understand
the phenomena of multiferroicity in a more fundamental
manner and uncovered a new multidisciplinary research
field spanning the fields of magnetism and ferroelectrics.

If we search for research papers with the keyword
multi ferroic, we can see how quickly this research field
has developed, as shown by solid circles in Fig. 1 [6].
In particular, the number of publications dramatically
increased in 2003, a year in which two epoch making pa-
pers were published. The first one was on the magnetic
field control of electric polarization in TbMnOs [7]. Man-
ganites with perovskite-type structures have been exten-
sively studied after the discovery of colossal magnetore-
sistance (CMR) effects [8, 9]. The interaction among cou-
pled spin, charge, and orbital degrees of freedom in such
manganites results in a variety of unusual phenomena.
The discovery of gigantic magnetoelectric (ME) effects
in these well-known manganites naturally attracted the
attentions of many scientists in this research field. The
second paper reported the discovery of the coexistence
of large electric polarization and weak ferromagnetism
in BiFeOg thin films reported by Wang et al. [10]. The
magnitude of electric polarization observed in this study
was larger than that exhibited by standard ferroelectrics.
When the coexistence of switchable spontaneous polar-
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ization and magnetization at room temperature was dis-
covered, it was suggested that this phenomenon can be
possibly applied to the development of memory devices
with two degrees of freedom. This possibility stimulated
a large numbers of studies proposing other practical ap-
plications of the phenomenon.

Although the coexistence of magnetism and ferroelec-
tricity is an unusual state in solid, the scientific inter-
ests and applicability of this phenomenon are restricted
only by the emergence of the multiferroic state. The key
ingredient is the cross-coupling between two order pa-
rameters, i.e., the ME effect, which suggests the possible
existence of phenomena such as magnetic (electric) con-
trol of the static order in electric polarization (magnetic
moments) and/or magnon excitation by the electric field
components of terahertz light [11]. Here, it is important
to note that multiferroic materials do not necessarily ex-
hibit ME effects, and vice versa [12].

Research on ME effects in solids has preceded the dis-
covery of ferroelectric magnets (open circles in Fig. 1).
Pierre Curie is considered to be to propose the possi-
bility of ME effects, in 1894 [13]. It took more than
60 years for this effect to be observed in real materi-
als. Soon after Dzyaloshinskii [14] theoretically predicted
that CroO3 would exhibit ME effects, his prediction was
experimentally proven by two individual groups [15, 16].
For phenomenological understanding, a free energy ar-
gument based on the Landau-Ginzburg theory has been
quite effective.
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Fig. 1 Increase in the number of publications per year retrieved
by the keywords magnetoelectric and multiferroic from Web of
Science [6], Copyright (© 2011 Thomson Reuters.

In an infinite homogeneous medium without sponta-
neous magnetization and polarization, the series expan-
sion of free energy is given in terms of the ith component
of the magnetic field (H;) and the electric field (E;) un-
der the Einstein summation convention as follows [12,
17]:
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Here, F° is the free energy independent of E and H. The
second and third terms on the right hand side denote
the permeability and permittivity terms, as is usual in
magnets and dielectrics. The fourth term represents the
linear ME effect, which becomes finite only in crystals
that are odd under the symmetry operations of space
inversion and time reversal. The fifth and sixth terms
correspond to second-order ME effects. Because the ap-
plication of H breaks the time reversal symmetry, the
second order ME effect of 3, F; H;Hj can exist even
in crystals that are even under the time reversal oper-
ation. The situation is similar for the 7, term. The

biquadratic term can be finite in any crystal.

Usually, higher order terms are small, and hence, the
ME effects are dominated by the first order term if it
exists. According to Brown [18], the upper bound of «;
is given by

+ E,E;H.H; + --- (1)

aF; < €opto€iiftii (2)

According to this limitation, oy; is generally small.
Therefore, high magnetic fields are needed to determine
a; through the magnetic field dependence of the electric
polarization (P).

Symmetry arguments based on the group theory deter-
mine the forms of the ME tensors o;;, Bk, and ik, as
will be seen in Section 4.1. Conversely, by investigating
the form of the ME tensor in various configurations of P
and H, we can identify the possible magnetic symmetry
in an unknown magnetically ordered state. An example
of the argument on the unknown phase in high magnetic
fields is introduced in Section 4.2.

In multiferroic materials, in which spontaneous mag-
netic moment and electric polarization coexist, Eq. (1)
can be expressed as a series expansion of magnetization
M (or the antiferromagnetic vector L, which is defined
as the difference in the sublattice magnetization) and P
[5, 19]. In this case, the spatial derivative in the order pa-
rameter, which becomes finite in a spatially modulated
spin structure, plays a crucial role in breaking the spatial
inversion in the magnetic lattice. The argument for this
approach will be given in Section 4.3.

The purpose of this article is to examine the role of
the efficiency of high magnetic fields in studies on multi-
ferroics. In short, we focus on three representative com-
pounds, Cry0O3, RMnOgs (R denotes a rare-earth ion),
and BiFeOs, and present their ME effects, which were
mainly studied in pulsed magnetic fields. On the other
hand, many multiferroic materials have been studied in
high magnetic fields. Readers interested in particular ma-
terials can see reviews or original articles for delafossite
[20-27], cuprates [28-30], molibdates [31], RMn3O5 [32],
boracite [33], and an organic spin-Peierls material [34].
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2 Classification of multiferroic materials

Because there are a variety of multiferroic materials, it
is hard to treat them in the same framework. Here, we
classify them into the three groups.

The first group includes materials in which ferroelec-
tricity is derived from the magnetic order. Since the dis-
covery of gigantic magnetoelectric effect in ThMnO3 [7],
these spin-driven multiferroics have been the most ex-
tensively studied. With the formulation of theoretical
prescriptions that explain the generation of ferroelectric-
ity in spatially modulated spin system [35-37], research
on this class of materials was revived and many mate-
rials belonging to this class were newly discovered, e.g.,
RMHOg [7, 38], RMHQO5 [39}, NigVQOg [40], COCI‘204
[41], CuFeOy [21], MnWOy4 [42], LiCuz02 [43]. The gen-
eral form of the spin-driven polarization can be expressed
as follows [44, 45]:

P = Z{Pms(sz . Sj)eij —|—PSpeij X (Sz X S])
(4,4)
+P((e;; - i) Si — (eij - 5;)8;]} (3)

where S; and S; denote the spins at the adjacent sites i
and j, and e;; is the unit vector connecting these sites.
P™s_ PsPand PO are the coefficients. The first term on
the right hand side of Eq. (3) originates from exchange
striction as an inverse effect of the symmetric superex-
change interaction. This contribution becomes finite for
the long wavelength spin order that is commensurate
with the lattice. In some crystals with special symme-
try, lattice modulation caused by the exchange stric-
tion breaks the inversion symmetry, and hence, makes
the crystal polar. The second term is explained as an
inverse effect of the Dzyaloshinskii-Moriya (DM) inter-
action [37] or spin—current mechanism [35]. This anti-
symmetric term becomes finite in spatially modulated
noncollinear spin system. According to this scenario,
electric polarization caused by spin order is ubiquitously
observed in cycloidal magnets. The third term is the so-
called d—p hybridization mechanism [44-46]. The mixing
ratio in the metal-ligand bond depends on the spin—orbit
interaction, which in turn depends on the direction of the
spin.

In spin-driven multiferroic materials, direct coupling
between the spin and electric polarization guarantees
strong ME effects; on the other hand, the observed values
of electric polarization in such materials are marginal,
about two or three orders of magnitude smaller than
those in typical ferroelectrics. Because of the smallness
of the polarization, the thermodynamics of phase transi-
tions is mostly dominated by the magnetic term. In addi-
tion, because most of the spatially modulated spin states
are attributable to geometric frustration, the ordering
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temperatures are inherently low. These two characteris-
tics of spin-driven multiferroic materials make them un-
suitable for use in practical applications.

The second group becomes ferroelectric be-
cause of the charge ordering. LuFe;,O4 [47] and
Pr(Srp.1Cag.9)2MnsO7 [48] belong to this group. When
a certain type of charge order superimposes onto a cen-
trosymmetric lattice, the inversion symmetry is removed
by the charge disproportionation. The resultant electric
polarization in LuFe;O4 amounts to 17 uC/cm? even at
room temperature [47]. In addition, a significant change
in P at the Néel temperature of Ty = 250 K suggests
the presence of coupling between the spin system and
the dielectric system. Although there is theoretical sug-
gestion of ME effects in these materials [49], their poor
insulation, which is inevitable in this group of materials,
makes the experimental determination of the ME effect
difficult. It is expected that future experiments in high
magnetic fields will clarify the potential magnetoelectric
effects in these materials.

Here, we classify the remaining multiferroic materials
as belonging to the third group. Typical examples are
magnets that contain stereochemically active ions such
as Bi** and Pb?*. The representative material BiFeO3
is the most promising candidate for application because
it exhibits the coexistence of magnetic order [50-52] and
a huge reversible polarization larger than 100 uC/cm? in
the form of both thin films and bulk crystals at room
temperature [10, 53, 54]. Because there is a significant
difference between the ordering temperatures (ferroelec-
tric Curie temperature Trgp ~ 1100 K and magnetic
Tn = 600-643 K [50, 51]), whether significant cou-
pling between magnetism and ferroelectricity exists is a
nontrivial issue. High field studies of the ME effects in
BiFeO3 will be described in detail in Section 4.3.

3 Experimental

As mentioned in the previous section, spin-driven fer-
roelectricity is frequently realized in geometrically frus-
trated magnets. Application of pulsed high magnetic
fields is known to induce various magnetic transitions in
these systems, which have been studied mainly through
the measurement of magnetization and electron spin res-
onance (ESR). In addition, recent progress in the fab-
rications of light sources enabled us to perform X-ray
or neutron diffraction measurements in high magnetic
fields even if these fields are pulsed fields, whose very
nature provides a limited duration for conducting such
experiments [23, 55-58]. Although these experiments are
also quite effective for studying multiferroics, here, we
describe only the technical aspects of the measurement
of ME effects, which are only applicable for multiferroic
materials.
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There are two ways of measuring the magnetic field
dependence of electric polarization: the first involves
the measurement of the electric potential at the sam-
ple surface as a function of applied magnetic fields,
and the second involves the detection of the polariza-
tion/depolarization current (I4) that corresponds to the
time derivative of the polarization (dP/d¢) in chang-
ing magnetic fields. The latter method is well compat-
ible with measurements in pulsed fields. A schematic of
the experimental system is illustrated in Fig. 2(a). At
IMGSL-ISSP, we can generate magnetic fields of up to
70 T utilizing non-destructive magnets driven by a ca-
pacitor bank, whose profiles are shown in Fig. 2(b) [59].
Because the field-sweep ratio in pulsed fields are approx-
imately five orders of magnitude faster than those in the
fields of superconducting magnets, the enhanced dP/dt
(=dP/dH x dH/dt) enables us to accurately determine
the ME effects. The I is captured by a fast analog-digital
converter through a voltage drop in the shunt resistor
connected in series with the measurement circuit [see Fig.
2(a)] and is numerically integrated to calculate the P. By
mounting the sample on a rotational probe, we can apply
magnetic fields to the sample from arbitrary directions.
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Fig. 2 (a) Schematic illustration of the measurement system
for magnetoelectric effects in pulsed fields. (b) Typical profiles of
pulsed magnetic fields for short- and mid-pulse magnets installed
at IMGSL-ISSP.

However, the following points must be noted before
conducting measurements in pulsed fields. First, to mea-
sure the ME effects, we usually have to cool the sample
down in the presence of external magnetic and electric
fields in order to polarize the ferroelectric domains be-
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fore the measurements are taken. Because this procedure
cannot be used for conducting measurements in pulsed
fields, we have to be careful about the presence of pos-
sible domains. Second, in experiments involving pulsed
fields, we can only detect the change in P from the initial
value. Appropriate determination of the offset is required
for some experiments. Third, performing fast field sweeps
cause the induced voltage in finite loops in the electric
wiring, which should be removed through the appropri-
ate comparative experiments. Fourth, for some materials
that have large spin angular momenta, fast field sweeps
in pulsed fields result in heating of the sample due to the
magnetocaloric effect in the quasi-adiabatic magnetiza-
tion process. If we pay sufficient attention to these points,
our ME effect measurements [60-62] are expected to be
highly accurate and in reasonable agreement with those
obtained in steady fields [21, 63-65] over a wide range of
magnetic field.

4 Examples of the ME effects

4.1 CI‘203

We now present the argument of ME effects in actual ma-
terials, starting with that of CroOs. As mentioned pre-
viously, CroOs3 is the material in which ME effects were
observed for the first time [15, 16]. This material has the
corundum structure, which belongs to the space group
of R3c in the paramagnetic phase as shown in Fig. 3.
The unit cell contains four Cr ions that form honeycomb
layers in the ab-plane. Each chromium is sandwiched by
oxygen triangles of different sizes. The magnitude rela-
tion between the upper and lower triangles is reverse for
the adjacent chromium ion along the c-axis; hence, the
chromium sites are classified into two different oxygen

Fig. 3 Crystal structure of Cr2O3. The dotted line represents
the unit cell. The thick arrows denote the chromium spins in the
antiferromagnetic state.
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environments, as marked by + and — in Fig. 3. When
the crystal is cooled to below 307 K, the chromium spins
order antiferromagnetically as shown by thick arrows in
Fig. 3, or toward their opposite direction in each site.
The Cr ions in each magnetic sublattice experience the
same ligand field. In this antiferromagnetic state, the si-
multaneous inversion of space and time (IR) becomes
the symmetry element, so that first-order ME effect can
be finite.

From the symmetry point of view, an individual sym-
metry operation can be described as a three-fold rota-
tion axis around the c-axis (C3), a two-fold rotation axis
orthogonal to the C5 (Us), and the spatiotemporal in-
version (I R). Because the equation M = &F has to be
invariant for these symmetry operations,

CylaCs=a and Uy'al, =a

and thus,
a11 0 0
a=| 0 ay 0 (5)
0 0 Q33

Therefore, to determine the ME tensor of Cry0g3, it is
sufficient to measure the two elements of the matrix &. A
similar argument is applicable for general magnets. The
forms of the ME tensor for each magnetic point group
are tabulated in Ref. [66] and Ref. [67].

In the case of CryOgs, the ME effect expressed by Eq.
(5) can be intuitively interpreted as follows. If we apply
an electric field along the c-axis, the field will shift all
the cations up or down. Thus the ligand field becomes
inequivalent for each magnetic sublattice. The magnetic
moments of these two sublattices need not to be canceled,
and hence, magnetization emerges along the c-axis in the
presence of a parallel electric field. When we apply the
electric field normal to the c-axis, the principal axes of
crystalline field are tilted, which makes the up and down
spins noncollinear. As a result, in-plane magnetization is
induced by E.

Although the ligand arrangement around the
chromium ions can be modified by FE, the microscopic
origin of the axial ME effect in this material has been
a controversial topic. Rado and Folen first ascribed the
origin of this ME effect to the electric field dependence
of the anisotropy constant [68, 69], whereas Date et al.
insisted that this ME effect originates from the change
in the intrasublattice exchange interaction [70]. In ad-
dition, Alexander and Shtrikman mentioned that an
applied electric field can change the g-factor [71]. Al-
though several experiments on ESR were performed to
determine which factor is responsible for the axial ME
effect in CryO3 [70, 72, 73], the issue remains unsettled.
In addition, recent theoretical studies proposed novel
approaches to this issue [74, 75], which should be tested
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in future experiments. For example, multifrequency ESR
in high magnetic fields is expected to be resolving this
issue.

The application of high magnetic fields is known to
induce a spin-flop transitions [76, 77]. Foner studied the
ME effects in magnetic fields up to 10.5 T generated by a
Bitter magnet and observed steep changes in the electric
polarization at this transition field [78]. This ME effect
can be seen more clearly in the P—H curves as shown in
Fig. 4(b) [79]. Above the transition field of ~ 7 T, the
P, linearly changes as a function of the H applied nearly
parallel to the c-axis, which indicates the change in the
non-zero matrix elements in the ME tensor.
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Fig. 4 (a) Axial ME effects in CraO3 studied in dc magnetic
fields 78], Copyright © 1963 The American Institute for Physics.
(b) Magnetic field dependence of electric polarization in pulsed
magnetic fields at 150 K [79], Copyright © 1999 International Aca-
demic Publishing Company (IAPC) “Nauka/Interperiodica”.

In the spin-flopped phase, there are two possible
spin configurations, which have different spin orienta-
tion within the ab-plane: spins lying in the mirror plane
or parallel to the twofold axis [29]. Because these two
phases belong to different magnetic point groups (2/m’
and 2'/m, respectively), we can determine the actual
symmetry from the form of the ME effects in the high
field phase. Although there are several studies on the ME
effects in a high magnetic field, the results appear to be
inconclusive [29, 78, 80, 81]. In the high field state, a
small misalignment of the magnetic field may make a fi-
nite contribution to the electric polarization. Therefore,
systematic studies on ME effects in precisely rotatable
magnetic fields are expected to provide conclusive data.
Although, here, we are not going in more detail for this
transition, a phenomenological argument can be seen in
a literature [79].

4.2 (Eu,Y)MnOsj

Although Cry03 exhibits significant linear ME effects,
it does not exhibit spontaneous electric polarization in
zero field, i.e., it is not multiferroic. When magnetic or-
der coexists with spontaneous electric polarization, the
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cross-correlation between magnetism and dielectrics ex-
hibits dramatic non-trivial changes in the physical prop-
erties. In this section, we will introduce the ME effects
in orthorhombic RMnQOj3 as an example of such multifer-
roic materials (R denotes a rare-earth ion). As mentioned
in the introduction, many recent studies on multiferroic
materials were sparked by the discovery of the gigantic
ME effects in ThMnOs5 [7].

Manganites with a perovskite-type structure have
been extensively studied owing to their extraordinary re-
sponse to external perturbation, e.g., CMR effects [8,
9]. In contrast to the CMR materials, which are all
mixed-valence compounds, RMnQOg is a single-valence
compound; all Mn spins in RMnOj3 are trivalent. The
absence of mobile electrons that mediate ferromagnetic
double-exchange interaction makes the system an insu-
lating antiferromagnetic system.

The perovskite lattice of RMnQOg is orthorhombically
distorted as illustrated in Fig. 5, and belongs to the
Pbnm space group. This orthorhombic distortion be-
comes more significant with a smaller-sized R ion. Be-
cause of the Jahn—Teller effect, the MnOg octahedra are
deformed and arranged alternately in the ab-plane; this
results in the ordering of the e, orbitals of Mn 3d elec-
trons. Corresponding to the orbital order, the antiferro-
magnetic second neighbor interaction (J2) plays a sub-
stantial role with respect to the ferromagnetic nearest
neighbor interaction (J;) (Fig. 5). A change in the ionic
radius of the R ions modifies the balance between J; and
Ja, and in turn, alters the magnetic ground states [82].

Below Ty ~ 42 K, the Mn spins in TbhMnOj3 form
a sinusoidally modulated collinear spin structure with
the modulation vector directed along the b-axis. Further
cooling changes the spin state to the cycloidal one at
around 27 K, at which temperature ferroelectricity sets
in. Because the Tb spins order at significantly lower tem-
perature (~7 K), the occurrence of ferroelectricity can be
ascribed to the Mn-spin system.

» R Mn O

o

a

Fig. 5 Crystal structure of RMnO3 in the ab-plane of the Pbnm
notation. Lobes denote the orbital order.

As is usual in frustrated magnets, the application of a
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magnetic field is effective in altering the nearly degener-
ated spin states. In the case of TbMnQOs3, the application
of H along the b-axis induces a magnetic transition ac-
companied with the flop of P from the c- to the a-axis,
as shown in Fig. 6(a) [7]. The appearance of the po-
larization flop is significantly modified by the change in
the R ion even at temperatures higher than the ordering
temperatures of the spins in the R ions [83]. Therefore,
the presence of highly anisotropic spin moments in the
R ions complicates the system, which makes the funda-
mental understanding of the origin of this phenomenon
difficult.
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Fig. 6 (a) Temperature dependence of electric polarization par-
allel to the ¢ (upper) and a-axis (lower) in various magnetic
fields [7], Copyright (© 2003 Nature Publishing Group. (b) Mag-
netic field dependence of P//a (upper) and P//c¢ (middle) in
Eup.505Y0.40s MnO3 at several temperatures. The lower panel
shows differential susceptibility for H//a-axis [64], Copyright ©
2006 The American Institute for Physics.

Therefore, Eu;_,Y,MnOg is the appropriate system
for studying this phenomenon because both Eu®t and
Y3+ ions are nonmagnetic [64, 65, 84, 85]. The average
ionic radius of the R site becomes almost the same as
that of Tb for = ~ 0.4, whereas the observed flop in
P takes place from the a- to the c-axis in the magnetic
field along the a-axis [Fig. 6(b)], contrary to the flop from
P//cto P//a by H//bin TbMnOs. Recent magnetic and
structural studies on EuggYo.4MnOj3 revealed that H-
induced flop in P is caused by a flop of the rotational
axis in the cycloidal spin structure from the c- to the
a-axis, which agrees with the intuitive interpretation of
a reduction in the Zeeman energy [65]. According to the
inverse-DM model [35, 37], this spin flop scenario is com-
patible with the change in the spin-driven polarization
from P//a to P//c.

On the other hand, the application of a high magnetic
field reveals a different aspect of this system, which con-
trasts with these intuitively imaginable ME effects. On-
cecooled in zero field, EuMnOg3 shows a successive mag-



392

netic transition from the sinusoidal to the canted an-
tiferromagnetic (CAFM) structure. Although both the
phases are paraelectric, the application of a magnetic
field H//b of about 20 T causes a magnetic transition
to the high-field phase in which electric polarization
emerges along the a-axis as shown in Figs. 8(a) and (b)
[62, 86]. In addition, the application of further field in-
duces additional transition to a non-polar phase [62]. The
latter transition is slightly unclear in the magnetization
measurements, whereas it is well defined in the polar-
ization measurements, as seen in Figs. 7(a) and (b). In
the field-induced ferroelectric phase, the nonlinear profile
of the P-H curve cannot be expressed by a linear ME
effect as a function of H, showing remarkable contrast
with that in the spin-flop phase of Cry0Os.
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Fig. 7 Magnetic field dependence of (a) P//a and (b) magneti-
zation in EuMnOs. (c) and (d) are the P,—H}, and My—H), curves
for Eug.6Y0.4MnOgs. Data in (a) and (d) were vertically offset for
clarity [62], Copyright © 2009 The American Physical Society.

This transition reminds us of the field-induced transi-
tion from paraelectric CAFM phase to a cycloidal P//a
phase in GdMnOg [83, 87]. This cycloidal P//a phase
can be induced in zero field by substituting Tb for Gd
[83]. Similarly, in EuMnOs, the cycloidal P//a phase is
realized in zero field by partially substituting Y for Eu.
Therefore, the question naturally arises as to whether
the field-induced P//a phase observed in EuMnOjs is
continuously connectable to the cycloidal P//a phase of
Eup.6Y0.4MnOs in zero field. Figures 7(c) and (d) show
the P-H and magnetization curves of Eug¢Y.4MnOs3
up to 55 T [62]. The results show the presence of a phase
transition from the low-field P//a (P,-I) phase to the
high-field P//a (P,-1I) phase. The similarity between the
profiles of the P—H and the M—H curves implies that the
high-field P//a phases in EuMnOgs and Eug ¢Y(.4MnOs
share the same origin.

The transition from the P,-I phase to the P,-II phase
cannot be accounted for by the same scenario as that for
H//a at low field. In H//a, the spin-rotational axis flops
from the c¢- to the a-axis so as to gain Zeeman energy,
which results in a change in polarization from P//a to
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P//c [65]. An analogous argument suggests the change
in the spin-rotational axis to the b-axis. The resultant
proper screw spin structure, however, cannot be respon-
sible for the emergence of the electric polarization within
the framework of the inverse-DM model.

In the field range of the P,-II phase, it is very difficult
to determine the spin structure microscopically using the
currently available experimental techniques. In this sit-
uation, model calculations are expected to predict the
most plausible spin arrangement. As for the system of
RMnO3, Mochizuki et al. developed a model, which can
reasonably reproduce the magnetoelectric phase diagram
in the temperature and composition plane in zero-field
[88, 89]. The Hamiltonian is given as

H - Hex + Hsia + HDM + HZeeman (6)

where
T,y b
Heszlzsi-stthsi-sj
g (i.5)
+Je ZS - S;

m—DZSwEZ
HDM—Zd
:NBZSi'H

Here, the first term represents the superexchange in-
teractions: the ferromagnetic nearest neighbor inter-
action in the ab-plane (J; < 0), the antiferromag-
netic second-neighbor interaction along the b-direction
(J2 > 0), and the antiferromagnetic interaction along the
c-axis J. (Fig. 5). The second term denotes the single-ion
anisotropy, where &;, n;, and (; are the directional vec-
tors of the local axes of the i-th MnOg octahedron. The
third term corresponds to the DM interaction in which
the DM vectors d;; are defined on the Mn(¢)-O-Mn(j)
bonds. The fourth term denotes the Zeeman coupling.
This model can reproduce the phase diagram as shown
in Fig. 8 with an appropriate set of parameters [62].

First, with the adopted set of parameters, the theo-
retical result in Fig. 8(b) reproduces the transition from
the sinusoidal to the cycloidal state upon cooling in zero
field. In this theoretical result, application of H//b to the
cycloidal P//a phase (I;) induces successive transitions
to the other P//a phase (II,) and to the paraelectric
phase (IIl,); these transitions are similar to the exper-

21+zy

2
- Sm)

(S; x 8,) 9)

HZeeman (]'0)

imentally observed transitions from the P,-I phase to
the P,-II phase and the paraelectric phase, as exhibited
in Fig. 8(a). According to the calculated result, the P,-I
phase shows a cycloidal (or conical in the presence of Hy)
spin structure with the spin rotational axis parallel to the
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c-axis, which is consistent with the emergence of P//a by
the inverse-DM effect. The spin structure in the II; phase
becomes a fan-type one with sinusoidally modulated spin
a components as shown in Fig. 8(d). The point here is
that the spin modulation vector becomes commensurate
(gp = 0.25) with the lattice period in phase II,. As was
pointed out by Arima et al. [87], the occurrence of a com-
mensurate modulation that breaks the b'-glide symmetry
operation in Pbnm crystal makes the crystal polar with
P/la.

Let us look more closely into the magnetoelectric state
of phase II;. The arrangement of the spin a components
(Sy) in phase IT, at T = 0 is shown in Fig. 8(f). The S,
shows eight-times periodicity along the x and y bonds
in the figure with the sign of (++++————). Such a
long period spin order is compatible with the emergence
of the net electric polarization caused by the symmet-
ric exchange-striction mechanism. In the present case,
the ferromagnetic (antiferromagnetic) arrangement be-
tween two neighboring Mn spins in the ab-plane favors
the larger (smaller) Mn—O-Mn bond angle to gain the
exchange energy. Consequently, this magnetic order will
modify the oxygen location from the solid to the dotted
circles in Fig. 8(f). In the zigzag Mn—O-Mn—O- chain
along the x-axis, the oxygen ions between positive and
negative spin a components always shift in the —y direc-
tion. On the other hand, in the chain along the y-axis,
net displacement of the oxygen ions takes place in the +x
direction. These two contributions eventually give rise to

(a) - (b) -
60 39 Experiment S Calculation
FE(P.) 4
'\7/ ((};yclolidal)
4() B PE c-plane -
sinusoidal/e  em %3 00-00-~-0.__
K p . £
b 20 * ¥ Phase 1],
] ase 111,
FE(P,-1 o Phase
sycloual | O 1{ FECIa & 8 F
(ab-plane) ];1; rﬁx
60 0 10 20 30 40 50 60

o /T

Fig. 8 (a) Experimental and (b) theoretical T—H phase diagram
of Eugp.4Y0.6MnOs for H//b. (c)—(e) Spin configurations of phases
I,-1I1I,. Both I, and II, are ferroelectric with P//a, but their ori-
gin is different. Other phases are paraelectric (PE). (f) Blue (red)
arrows represent positive (negative) spin a components. Displace-
ments of the oxygen ions due to the spin alignment are also shown
by gray arrows. Reproduced from Ref. [62], Copyright (© 2009 The
American Physical Society.
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the net polarization P//a, as observed for phase II,. The
¢ components of the local polarizations, if any, are nec-
essarily canceled out because of the presence of a mirror
plane between the two MnOs planes.

On further increasing Hj, the system enters into phase
11T, and a CAFM emerges; this CAFM does not coin-
cide with the ferroelectricity in both the inverse-DM or
the symmetric exchange mechanism [see Fig. 8(e)].

As seen above, the magnetic control of the electric po-
larization in orthorhombic RMnOg is dominated by the
magnetic energy, which is expressed in Eq. (6). Mag-
netic field-induced transitions result in changes in mag-
netic symmetry; these changes appear as changes in the
parasitic polarization, which are caused by several micro-
scopic mechanisms as described in Eq. (3). This situation
is commonly seen in most spin-driven multiferroic mate-
rials. The change in P is the effective indicator for spec-
ifying the symmetry of the unknown magnetic phases
in these frustrated magnets observed in high magnetic
fields. Recently developed techniques for diffraction mea-
surements in high magnetic fields are expected to play a
crucial role in clarifying the exact spin arrangement in
the future [23, 55-58].

4.3 BiFeOgs

As mentioned in a previous section, the thermodynam-
ics of the spin-driven multiferroic materials is dominated
by the magnetic terms in the free energy expression.
The overwhelming dominance of magnetic energy is a
consequence of the smallness of the electric polarization
in most multiferroic materials. If multiferroic materials
were to have a sizable electric polarization comparable
with those in standard ferroelectrics, we would have been
able to see the other aspects of the multiferroics. In this
context, BiFeOg3 is a unique multiferroic material that
exhibits significant switchable polarization.

BiFeOgs has a highly distorted perovskite-type struc-
ture, as illustrated in Fig. 9. The Fe ions are octahedrally
coordinated by six O ions. The neighboring FeOg octa-
hedra rotate in opposite directions around the [111] axis

[001];,
11111

[100],
Fig. 9 Crystal structure of BiFeOs.
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of the pseudocubic cell ([111].). In addition, the relative
displacement of Bi, Fe, and O makes the crystal a non-
centrosymmetric R3c crystal in which the electric polar-
ization emerges along the [111]. axis, i.e., the c-direction
of the hexagonal cell ([001],), approximately below 1100
K. In particular, the largest relative displacement be-
tween Bi and O is caused by the stereochemically active
6s electrons in Bi ions and results in the significant elec-
tric polarization.

On the other hand, the S = 5/2 spins in Fe?*" ions
order antiferromagnetically at Ty = 600-643 K [50, 51].
The ordering pattern is close to that in a G-type anti-
ferromagnet in which all the adjacent spins become an-
tiparallel. A detailed investigation of the spin structure
revealed that the spins form a cycloidal structure with a
periodicity of 62 nm [90].

Because there is an eight-fold degeneracy along the
[111] direction in the cubic crystal (including the sign),
it is not easy to obtain single FE domain crystals. This
fact makes the accurate estimation of P difficult. Teague
et al. reported that the spontaneous polarization is larger
than 6.1 uC/cm? at room temperature from the unsatu-
rated P—E hysteresis loop [91].

Recently, it was observed that BiFeOg thin films ex-
hibit a huge switchable polarization; this discovery has
suggested new possible practical applications for this ma-
terial [10]. Apart from multiferroicity, the existence of
large switchable polarization in a lead-free compound
is an attractive property by itself. Moreover, this film
simultaneously exhibits spontaneous magnetization at
room temperature; this behavior contrasts with that of
bulk crystals, which exhibit the cycloidal antiferromag-
netic state. The difference in the magnetic ground state
may originate from the stress from the substrate, whereas
the existence of huge switchable polarization is a com-
mon feature for bulk crystals and thin films. Crystals
consisting of single ferroelectric and ferroelastic domains
can be grown from the BizO3/B203/Fe;03 flux [92]. Re-
cent experiments in these monodomain crystals have re-
vealed that the existence of switchable polarization ex-
ceeding 100 uC/cm? is part of the intrinsic nature of bulk
crystals [53, 54].

Although large polarization and magnetic order coex-
ist in BiFeOs at room temperature, whether they have
a strong cross-correlation is a non-trivial issue, which
should be examined experimentally. Studies conducted
in high magnetic fields have played an important role in
obtaining the answer to this question. The first high-field
study of the ME effects in BiFeO3 was reported by Popov
et al. in 1993 [93]. As shown in Fig. 10(a), they observed
moderate variation in longitudinal electric polarization,
together with a steep change at approximately 20 T ap-
plied along the [100]. direction. The change in polariza-
tion is about 20 uC/m? along the cubic axis, which is
less than 1/1000 of the spontaneous polarization in zero
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field. The steep change in P is accompanied with a small
jump in M, as shown in Fig. 10(b) [94], indicating the
presence of magnetic transition at this field. The linear
extrapolation of the high-field M—H curve (the dotted
line) indicates the presence of a finite ferromagnetic com-
ponent in the high-field phase. On the basis of the results
of the experiments on multifrequency ESR for fields up
to 25 T, the high-field state is reasonably explained as a
CAFM state [Fig. 10(c)] [95].

E;

(a)

10 =2
I
~ H
g 0 5 .
g -5 R P g
& -107 B
| 5 |
—15 ————————— ¥ () . : . : .
0 5 10 1520 25 = 0 5 10 15 20 25
UoH /T UoH /T
© 400 (@ 5
= 3001 Ay 26 e 42K
3 VAL VT S [110]
> é O o, C
5’ 200 // 2291000
g L 2204 ¥ o° A
S 100 O 1837 v
bt
= 0 ; . - - 16 BREE R s s s
0 5 10 15 20 25 0 20 40 60 80100120
UH /T 0y /(%)

Fig. 10 (a) Longitudinal magnetoelectric effect of a BiFeOgs
crystal along the [100]c direction at 10 K [93], Copyright
© 1993 International Academic Publishing Company (IAPC)
“Nauka/Interperiodica”. (b) Magnetization curve at 10 K [94],
Copyright © 2004 Kluwer Academic. White circles represent ex-
perimental data. (¢) Electron spin resonance frequency as a func-
tion of magnetic field at 4.2 K [95], Copyright © 2004 The Amer-
ican Physical Society. (d) Angular dependence of transition field.
The circles and the dashed line represent the experimental data
and the results calculated using Eq. (13) [99], Copyright © 2010
The Physical Society of Japan.

Phenomenological explanation for this transition is
given in the framework of the Landau—Ginzburg theory
[95-97]. The free-energy density in this system can be
expressed as

F=—yP(1uVol. + 1,V — 1.Vl — 1.V,1,)

+AD (V) = Kul2 - %XLHi

T,Y,z

(11)

where | = (sinf cos ¢, sinfsin ¢, cosf) is a unit antifer-
romagnetic vector, and 7, A, and K, are constants rep-
resenting the magnetoelectric coupling, exchange stiff-
ness, and single-ion anisotropy, respectively. The terms
x1 and H | denote, respectively, the susceptibility and
effective field perpendicular to I; H, includes the effec-
tive field produced by the Dzyaloshinskii-Moriya inter-
action. If we neglect the third and the fourth terms, this
equation gives the following two stable solutions:

¢ = arctan(qy/qz), 0 = ¢z + qyy

p=7/2, 0 =m/2 (12)
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The first solution represents the cycloidal state with
propagation vector ¢ = (¢s,¢y) and |q| = (vP.)/(24),
whereas the second one corresponds to the homogeneous
antiferromagnetic state. When the other terms are intro-
duced perturbatively, the two minimum energy solutions
change to the deformed cycloidal state and the CAFM
spin state. When the anisotropy is less dominant, the
cycloidal state in a zero field is stabilized because of the
presence of a large P.

The application of a high magnetic field stabilizes the
CAFM state. The field-induced transition takes place at
[95, 98]

—2ms sin@H
H. ()= —————
(On) X1 cos2 0y
2\/m§ sin? 0y + x L acos? Oy
+ 5 (13)
X1 cos? O
o ('YPz)z K,
a=— + 5 (14)

where 6 is the angle of the applied magnetic field with
respect to the [001], axis, and ms denotes the ferromag-
netic moment in the CAFM state.

The angular dependence of the transition field was re-
cently determined by magnetic torque measurements in
a monodomain crystal of BiFeOg [99]. The results shown
in Fig. 10(d) are reasonably reproduced using ms = 0.3
emu/g, a = 6.8 x 10° erg/cm?, and y; = 4.7 x 107
[100], as shown by the dashed line in Fig. 10(d). The
qualitative and quantitative agreement in the profile of
H.(0) indicates the relevance of this phenomenological
model to express the field-induced transition.

On the basis of this phenomenological model, the
change in the magnetic and dielectric order in BiFeOgs
can be explained through the schematic illustration
shown in Fig. 11. Starting from the high-temperature
limit (a), net electric polarization caused by the ionic
displacement (Py) emerges at Tpr ~ 1100 K (b). On

wiete N = f S| e [

(b)gg;ifrm '\ ¥ / / f /«!—Pd

Ol THATHIATELA

oren AL AV AV

(€) H < He M’x HI
FE, WFM ) ) .

Fig. 11 Schematic drawings for each magnetic and dielectric
phase. Thick and thin arrows represent electric polarization and
magnetic moment, respectively. (a) paraelectric (PE) and param-
agnetic (PM) state, (b) ferroelectric (FE) PM state, (c) FE and
G-type antiferromagnetic state, (d) FE and cycloidal spin state,
and (e) field-induced canted antiferromagnetic state [99], Copy-
right (© 2010 The Physical Society of Japan.
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further cooling, spins in the Fe ions order at Ty ~ 600—
643 K. Here, the G-type antiferromagnetic state (c) is not
realized because of the ME coupling between the large
P4 and the spin system. In the realized state (d), the
reported cycloidal spin structure [90] will generate finite
electric polarization parallel or antiparallel to the [001]y
direction through the inverse-DM effect; the polarization
can be expressed as

P, = ZPSpeij X (Sz X S])
(i.7)

(15)

The application of H causes a transition to the CAFM
state (e), in which the spin system does not induce any
P,, [given by Eq. (15)]. From the P,, measurements, we
can evaluate the magnitude of PP, which characterizes
the strength of ME coupling in this material.

Figure 12 shows the magnetic field dependence of P in
a monodomain crystal of BiFeOj3 at various temperatures
[99]. In this experiment, the electrodes were formed on
the as-grown surfaces of the dendritic crystals, which are
normal to the principal axes of the cubic lattice [001]..
Therefore, the measured P is the projection on the cubic
principal axis, which corresponds to 1/ /3 of the magni-
tude of P//[001],. To remove the possible contribution
of the ME effects in the CAFM state, we define P, as
the difference in P at zero field as shown by the arrow
in Fig. 12. The P, observed in the monodomain crys-
tal is one order of magnitude larger than those reported
earlier [93, 96], and is comparable to that in other mul-
tiferroic materials. In addition, the evaluated value of
P*P in BiFeOj is comparable to that in TbhMnOgz [99].
Therefore, the ME effect in BiFeO3 cannot be regarded
as being insignificant.

g P, [200 uC/m?
b=y S00K
—=

J .
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,_j 200 K
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_‘/ 100 K

- —
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Fig. 12 Magnetic field dependence of electric polarization in a
monodomain crystal of BiFeO3 [99], Copyright (© 2010 The Phys-
ical Society of Japan.

As seen above, the presence of a magnetic phase tran-
sition at around 20 T is explained phenomenologically as
the change from the cycloidal to the CAFM state, which
is accompanied with the change in parasitic polarization
P,,. However, there are several unresolved problems that
should be studied.



396

First, ME effects in the low-field phase show different
profiles with changing temperature; the profile changes
from being almost linear at 77 K to quadratic above 350
K and shows an additional fine structure in the interme-
diate temperature range of 200-300 K (Fig. 12). These
changes in the P-H curves below H. may be related
to the deformation of the cycloidal spin structure [101,
102]; however, this issue remains a subject of controversy
[103] and is expected to be clarified through systematic
study of the ME effects together with microscopic mea-
surements, such as neutron diffraction, in high magnetic
fields.

Second, the ME effects in the CAFM phase remain
unclear. Although several experimental reports have
demonstrated finite ME effects in the high-field CAFM
phase, their profiles are not consistent with each other
[93, 96, 99]. Further careful and systematic study of the
ME effects in monodomain crystals is expected to pro-
vide conclusive data for the ME effects in the CAFM
state; these data will be crucial in the practical appli-
cation of thin films. In addition, Lisenkov et al. pre-
dicted the occurrence of another phase transition from
the CAFM phase in a magnetic field of 70 T on the
basis of first principles calculation [104]. Although the
predicted transition field is not easy to generate, it is
currently achievable in some of the high-field facilities in
the world [59, 105, 106].

5 Summary

The magnetoelectric effect is the phenomenon that di-
rectly reflects the symmetry of the underlying magnetic
order. Because this effect is usually weak, a high mag-
netic field is needed to extract it in a discernible form.
The application of high magnetic fields sometimes in-
duces phase transitions. In most multiferroic materials,
the thermodynamics of these phase transitions is domi-
nated by magnetic energy because of the smallness of the
electric polarization. In this case, multiferroicity plays a
crucial role in determining the magnetic symmetry of the
induced phase, which is done through the measurement
of magnetoelectric effects. On the other hand, when a
large polarization exists, as is in the case of BiFeQOg, the
spin order is modified through the magnetoelectric effect.
The overall relationship between two order parameters
in a magnetic phase diagram remains unclear. The topic
of multiferroic materials encompasses a wide range of
issues in condensed matter physics. Further studies us-
ing high magnetic fields are expected to yield significant
breakthroughs in this research field.

Acknowledgements The author is grateful to Y. Yamasaki, Y.
Onose, M. Mochizuki, N. Furukawa, Y. Tokura, M. Azuma, and
Y. Shimakawa for close collaborations and to H. Kuwahara, M.
Mochizuki, A. Pyatakov for their careful reading of this manuscript

Masashi Tokunaga, Front. Phys., 2012, 7(4)

and fruitful comments on it. Some of the studies reported in this
review are supported by a Grant-in-Aid for Scientific Research on
priority Areas (Grant No. 451) from Ministry of Education, Cul-
ture, Sports, Science and Technology.

References and notes

M. Fiebig, J. Phys. D: Appl. Phys., 2005, 38: 123

S.-W. Cheong, Nature Mater., 2007, 6(1): 13

T. Kimura, Annu. Rev. Mater. Res., 2007, 37(1): 387

H. Schmid, Ferroelectrics, 1994, 162(1): 317

G. A. Smolenskii and I. E. Chupis, Usp. Fiz. Nauk, 1982,

137(1): 415 [Sov. Phys. Usp., 1982, 25: 475]

Web of Knowledge, http://isiknowledge.com/

T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima, and

Y. Tokura, Nature (London), 2003, 426(6962): 55

8. C. N. R. Rao and B. Raveau (Eds.), Colossal Magnetoresis-
tance, Charge Ordering and Related Properties of Manganese
Oxides, Singapore: World Scientific, 1998

9. Y. Tokura (Ed.), Colossal Magnetoresistive Oxides, Amster-
dam: Gordon and Breach Science Publishers, 2000

10. J. Wang, J. B. Neaton, H. Zheng, V. Nagarajan, S. B. Ogale,
B. Liu, D. Viehland, V. Vaithyanathan, D. G. Schlom, U. V.
Waghmare, N. A. Spaldin, K. M. Rabe, M. Wuttig, and R.
Ramesh, Science, 2003, 299(5613): 1719

11. A. Pimenov, A. A. Mukhin, V. Yu. Ivanov, V. D. Travkin,
A. M. Balbashov, and A. Loidl, Nat. Phys., 2006, 2(2): 97

12.  W. Eerenstein, N. D. Mathur, and J. F. Scott, Nature (Lon-
don), 2006, 442(7104): 759

13.  P. Curie, J. Phys. (France), 1894, Colloq. 3 (Ser. III): 393

14. 1. E. Dzyaloshinskii, Zh. Eksp. Teor. Fiz., 1959, 37: 881 [Sov.
Phys. JETP, 1960, 10: 628]

15. D. L. Astrov, Zh. Eksp. Teor. Fiz., 1960, 38: 984 [Sov. Phys.
JETP, 1960, 11: 708]

16. U. V. Folen, G. T. Rado, and E. W. Stalder, Phys. Rev. Lett.,
1961, 6(11): 607

17. K. Siratori, K. Kohn, and E. Kita, Acta Physiol. Pol., 1992,
81: 431

18. W. F. Brown Jr., R. M. Hornreich, and S. Shtrikman, Phys.
Rev., 1968, 168(2): 574

19. 1. Sosnowska and A. Zvezdin, J. Magn. Magn. Mat., 1995,
140-144: 167

20. Y. Ajiro, T. Asano, T. Takagi, M. Mekata, H. A. Katori, and
T. Goto, Physica B, 1994, 201: 71

21. T. Kimura, J. C. Lashley, and A. P. Ramirez, Phys. Rev. B,
2006, 73(22): 220401(R)

22. N. Terada, Y. Narumi, K. Katsumata, T. Yamamoto, U.
Staub, K. Kindo, M. Hagiwara, Y. Tanaka, A. Kikkawa,
H. Toyokawa, T. Fukui, R. Kanmuri, T. Ishikawa, and H.
Kitamura, Phys. Rev. B, 2006, 74(18): 180404(R)

23. N. Terada, Y. Narumi, Y. Sawai, K. Katsumata, U. Staub,
Y. Tanaka, A. Kikkawa, T. Fukui, K. Kindo, T. Yamamoto,
R. Kanmuri, M. Hagiwara, H. Toyokawa, T. Ishikawa, and
H. Kitamura, Phys. Rev. B, 2007, 75(22): 224411

24. H. Mitamura, S. Mitsuda, S. Kanetsuki, H. A. Katori, T.
Sakakibara, and K. Kindo, J. Phys. Soc. Jpn., 2007, 76(9):
094709

25. T. T. A. Lummen, C. Strohm, H. Rakoto, A. A. Nugroho,

and P. H. M. van Loosdrecht, Phys. Rev. B, 2009, 80(1):

012406

AR S

N o



26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Masashi Tokunaga, Front. Phys., 2012, 7(4)

T. T. A. Lummen, C. Strohm, H. Rakoto, A. A. Nugroho,
and P. H. M. van Loosdrecht, Phys. Rev. B, 2010, 81: 224420
T. Nakajima, S. Mitsuda, S. Kanetsuki, M. Yamano, S.
Iwamoto, Y. Yoshida, H. Mitamura, Y. Sawai, M. Tokunaga,
K. Kindo, K. Prokes, and A. Podlesnyak, Phys. Rev. B, 2010,
81(1): 014422

H. Wiegelmann, A. A. Stepanov, I. M. Vitebsky, A. G. M.
Jansen and P. Wyder, Phys. Rev. B, 1994, 49: 10039

H. Wiegelmann, A. G. M. Jansen, J. P. Rivera, H. Schmid, A.
A. Stepanov, and I. M. Vitebsky, Physica B, 1995, 204(1-4):
292

H. Wiegelmann, I. M. Vitebsky, A. A. Stepanov, A. G. M.
Jansen, and P. Wyder, Phys. Rev. B, 1997, 55(22): 15304
B. K. Ponomarev, Ferroelectrics, 2002, 280(1): 95

A. M. Kadomtseva, S. S. Krotov, Yu. F. Popov, and G. P.
Vorob’ev, Low Temp. Phys., 2006, 32: 709

A. M. Kadomtseva, Yu. F. Popov, G. P. Vorob’ev, A. P. Py-
atakov, S. S. Krotov, K. I. Kamilov, V. Yu. Ivanov, A. A.
Mukhin, A. K. Zvezdin, A. M. Kuz’'menko, L. N. Bezmater-
nykh, I. A. Gudim, and V. L. Temerov, Low Temp. Phys.,
2010, 36: 511

F. Kagawa, S. Horiuchi, M. Tokunaga, J. Fujioka, and Y.
Tokura, Nat. Phys., 2010, 6(3): 169

H. Katsura, N. Nagaosa, and A. V. Balatsky, Phys. Rev.
Lett., 2005, 95(5): 057205

M. Mostovoy, Phys. Rev. Lett., 2006, 96(6): 067601

I. A. Sergienko, C. Sen, and E. Dagotto, Phys. Rev. Lett.,
2006, 97(22): 227204

T. Goto, T. Kimura, G. Lawes, A. P. Ramirez, and Y. Tokura,
Phys. Rev. Lett., 2004, 92(25): 257201

N. Hur, S. Park, P. A. Sharma, J. S. Ahn, S. Guha, and S.-W.
Cheong, Nature (London), 2004, 429(6990): 392

G. Lawes, A. B. Harris, T. Kimura, N. Rogado, R. J. Cava, A.
Aharony, O. Entin-Wohlman, T. Yildrim, M. Kenzelmann, C.
Broholm, and A. P. Ramirez, Phys. Rev. Lett., 2005, 95(8):
087205

Y. Yamasaki, S. Miyasaka, Y. Kaneko, J.-P. He, T. Arima,
and Y. Tokura, Phys. Rev. Lett., 2006, 96(20): 207204

K. Taniguchi, N. Abe, T. Takenobu, Y. Iwasa, and T. Arima,
Phys. Rev. Lett., 2006, 97(9): 097203

S. Park, Y. J. Choi, C. L. Zhang, and S.-W. Cheong, Phys.
Rev. Lett., 2007, 98(5): 057601

C. Jia, S. Onoda, N. Nagaosa, and J. H. Han, Phys. Rev. B,
2006, 74(22): 224444

C. Jia, S. Onoda, N. Nagaosa, and J. H. Han, Phys. Rev. B,
2007, 76(14): 144424

T. Arima, J. Phys. Soc. Jpn., 2007, 76(7): 073702

N. Ikeda, H. Ohsumi, K. Ohwada, K. Ishii, T. Inami, K.
Kakurai, Y. Murakami, K. Yoshii, S. Mori, Y. Horibe, and
H. Kit6, Nature (London), 2005, 436(7054): 1136

Y. Tokunaga, T. Lottermoser, Y. Lee, R. Kumai, M. Uchida,
T. Arima, and Y. Tokura, Nat. Mater., 2006, 5(12): 937

M. Naka, A. Nagano, and S. Ishihara, Phys. Rev. B, 2008,
77(22): 224441

G. A. Smolenskii, V. A. Isupov, A. I. Agranovskaya, and N.
N. Krainik, Sov. Phys. Solid State, 1961, 2: 2651

P. Fischer, M. Polomska, I. Sosnowska, and M. Szymanski,
J. Phys. C, 1980, 13: 1931

For a review, see G. Catalan and J. F. Scott, Adv. Mater.,
2009, 21: 2463

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.
70.

71.

72.

73.

74.
75.

76.
7.
78.
79.

80.

397

V. V. Shvartsman, R. Haumont, and J. Kreisel, Appl. Phys.
Lett., 2007, 90(17): 172115

D. Lebeugle, D. Colson, A. Forget, and M. Viret, Appl. Phys.
Lett., 2007, 91(2): 022907

Y. H. Matsuda, Y. Ueda, H. Nojiri, T. Takahashi, T. Inami,
K. Ohwada, Y. Murakami, and T. Arima, Physica B, 2004,
346347: 519

H. Nojiri, K. Takahashi, T. Fukuda, M. Fujita, M. Arai, and
M. Motokawa, Physica B, 1998, 241243: 210

S. Yoshii, K. Ohoyama, K. Kurosawa, H. Nojiri, M. Mat-
suda, P. Frings, F. Duc, B. Vignolle, G. L. J. A. Rikken,
L.-P. Regnault, S. Michimura, and F. Iga, Phys. Rev. Lett.,
2009, 103(7): 077203

H. Nojiri, S. Yoshii, M. Yasui, K. Okada, M. Matsuda, J.-S.
Jung, T. Kimura, L. Santodonato, G. E. Granroth, K. A.
Ross, J. P. Carlo, and B. D. Gaulin, Phys. Rev. Lett., 2011,
106(23): 237202

K. Kindo, S. Takeyama, M. Tokunaga, Y. H. Matsuda, E.
Kojima, A. Matsuo, K. Kawaguchi, and H. Sawabe, J. Low
Temp. Phys., 2010, 159: 381

H. Mitamura, S. Mitsuda, S. Kanetsuki, H. A. Katori, T.
Sakakibara, and K. Kindo, J. Phys.: Conf. Series, 2006, 51:
557

H. Mitamura, H. Nakamura, T. Kimura, T. Sakakibara, and
K. Kindo, J. Phys.: Conf. Series, 2009, 150: 042126

M. Tokunaga, Y. Yamasaki, Y. Onose, M. Mochizuki, N.
Furukawa, and Y. Tokura, Phys. Rev. Lett., 2009, 103(18):
187202

K. Taniguchi, N. Abe, H. Sagayama, S. Ohtani, T. Takenobu,
Y. Iwasa, and T. Arima, Phys. Rev. B, 2008, 77(6): 064408
K. Noda, M. Akaki, T. Kikuchi, D. Akahoshi, and H. Kuwa-
hara, J. Appl. Phys., 2006, 99: 085905

Y. Yamasaki, S. Miyasaka, T. Goto, H. Sagayama, T. Arima,
and Y. Tokura, Phys. Rev. B, 2007, 76(18): 184418

T. H. O’Dell, The Electrodynamics of Magneto-Electric Me-
dia, Amsterdam: North-Holland, 1970

R. R. Birss, Symmetry and Magnetism, Amsterdam: North-
Holland, 1966

G. T. Rado, Phys. Rev. Lett., 1961, 6(11): 609

G. T. Rado and V. J. Folen, J. Appl. Phys., 1962, 33(3): 1126
M. Date, J. Kanamori, and M. Tachiki, J. Phys. Soc. Jpn.,
1961, 16(12): 2589

S. Alexander and S. Shtrikman, Solid State Commun., 1966,
4(3): 115

E. B. Royce and N. Bloembergen, Phys. Rev., 1963, 131(5):
1912

E. Kita, K. Siratori, and A. Tasaki, J. Phys. Soc. Jpn., 1979,
46(3): 1033

J. Ifiguez, Phys. Rev. Lett., 2008, 101(11): 117201

M. Mostovoy, A. Scaramucci, N. A. Spaldin, and K. T. De-
laney, and A. Tasaki, Phys. Rev. Lett., 2010, 105(8): 087202

S. Foner, Suppl. J. Appl. Phys., 1962, 33(3): 1289

S. Foner, Phys. Rev., 1963, 130(1): 183

S. Foner, J. Appl. Phys., 1963, 34(4): 1246

Yu. F. Popov, A. M. Kadomtseva, D. V. Belov, G. P.
Vorob’ev, and A. K. Zvezdin, Zh. Eksp. Teor. Fiz., 1999,
69: 302 [JETP Lett., 1999, 69: 330]

Yu. F. Popov, Z. A. Kazei, and A. M. Kadomtseva, JETP
Lett., 1992, 55: 235



398

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Masashi Tokunaga, Front. Phys., 2012, 7(4)

J. Ohtani and K. Kohn, J. Phys. Soc. Jpn., 1984, 53(11):
3744

T. Kimura, S. Ishihara, H. Shintani, T. Arima, K. T. Taka-
hashi, K. Ishizaka, and Y. Tokura, Phys. Rev. B, 2003, 68(6):
060403(R)

T. Kimura, G. Lawes, T. Goto, Y. Tokura, and A. P. Ramirez,
Phys. Rev. B, 2005, 71(22): 224425

V. Yu. Ivanov, A. A. Mukhin, V. D. Travkin, A. S. Prokhorov,
A. M. Kadomtseva, Yu. F. Popov, G. P. Vorob’ev, K. L.
Kamilov, and A. M. Balbashov, J. Magn. Magn. Mat., 2006,
300(1): €130

J. Hemberger, F. Schrettle, A. Pimenov, P. Lunkenheimer, V.
Yu. Ivanov, A. A. Mukhin, A. M. Balbashov, and A. Loidl,
Phys. Rev. B, 2007, 75(3): 035118

A. M. Kadomtseva, Yu. F. Popov, G. P. Vorob’ev, V. Yu.
Ivanov, A. A. Mukhin, and A. M. Balbashov, Sov. Phys.
JETP., 2005, 81(11): 590

T. Arima, T. Goto, Y. Yamasaki, S. Miyasaka, K. Ishii, M.
Tsubota, T. Inami, Y. Murakami, and Y. Tokura, Phys. Rev.
B, 2005, 72(10): 100102(R)

M. Mochizuki and N. Furukawa, J. Phys. Soc. Jpn., 2009,
78(5): 053704

M. Mochizuki and N. Furukawa, Phys. Rev. B, 2009, 80(13):
134416

I. Sosnowska, T. Peterlin-Neumaier, and E. Steichele, J.
Phys. C, 1982, 15: 4835

J. R. Teague, R. Gerson, and W. J. James, Solid State Com-
mun., 1970, 8(13): 1073

F. Kubel and H. Schmid, J. Cryst. Growth, 1993, 129(3-4):
515

Yu. F. Popov, A. K. Zvezdin, G. P. Vorob’ev, A. M. Kadomt-
seva, V. A. Murashev, and D. N. Rakov, Zh. Eksp. Teor. Fiz.,
1993, 57: 65 [JETP Lett., 1993, 57: 69]

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Yu. F. Popov, A. M. Kadomtseva, A. K. Zvezdin, G. P.
Vorov’ev, and A. P. Pyatakov, Magnetoelectronic Phenom-
ena in Crystals, edited by M. Fiebig, Boston: Kluwer Aca-
demic, 2004

B. Ruette, S. Zvyagin, A. P. Pyatakov, A. Bush, J. F. Li, V.
I. Belotelov, A. K. Zvezdin, and D. Viehland, Phys. Rev. B,
2004, 69(6): 064114

A. M. Kadomtseva, A. K. Zvezdin, Yu. F. Popov, A. P. Py-
atakov, and G. P. Vorob’ev, JETP Lett., 2004, 79(11): 705,
and references therein

A. G. Zhdanov, A. K. Zvezdin, A. P. Pyatakov, T. B. Kosykh,
and D. Viehland, Phys. Sol. State, 2006, 48: 88

A. P. Pyatakov and A. K. Zvezdin, Eur. Phys. J. B, 2009, 71:
419

M. Tokunaga, M. Azuma, and Y. Shimakawa, J. Phys. Soc.
Jpn., 2010, 79(6): 064713

Z. V. Gabbasova, M. D. Kuz’'min, A. K. Zvezdin, I. S.
Dubenko, V. A. Murashov, D. N. Rakov, and I. B. Krynetsky,
Phys. Lett. A, 1991, 158: 491

A. V. Zalesskii, A. K. Zvezdin, A. A. Frolov, and A. A. Bush,
JETP Letters, 2000, 71(11): 682

A. V. Zalessky, A. A. Frolov, T. A. Khimich, A. A. Bush,
V. S. Pokatilov, and A. K. Zvezdin, Europhys. Lett., 2007,
50(4): 547

R. Przenioslo, A. Palewicz, M. Regulski, I. Sosnowska, R.
M. Ibberson, and K. S. Knight, J. Phys.: Condens. Matter,
2006, 18(6): 2069

S. Lisenkov, I. A. Kornev, and L. Bellaiche, Phys. Rev. B,
2009, 79(1): 012101

S. Crooker and N. Samarth, Int. J. Mod. Phys. B, 2009,
12-13: 2575

S. Zherlitsyn, T. Herrmannsdorfer, B. Wustmann, and J.
Wosnitza, IEEE Trans. Appl. Super., 2010, 20: 672



