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Origin of the giant linear magnetoelectric effect in perovskitelike multiferroic BiFeO3
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In this article the mechanism of the linear magnetoelectric (ME) effect in the rhombohedral multiferroic
BiFeO3 is considered. The study is based on the symmetry approach of the Ginzburg-Landau type, in which
polarization, antiferrodistortion, and antiferromagnetic momentum vectors are viewed as ordering parameters.
We demonstrate that the linear ME effect in BFO is caused by reorientation of the antiferrodistortion vector in
either electric or magnetic field. The numerical estimations, which show quantitative agreement with the results
of the recent measurements in film samples, have been performed. A possibility of significant enhancement of the
magnetoelectric effect by applying an external static electric field has been investigated. The considered approach
is promising for explaining the high values of the ME effect in composite films and heterostructures with BFO.
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I. INTRODUCTION

Magnetoelectric (ME) effect opens up wide prospects for
practical applications of multiferroic materials in various fields
of nanoelectronics, microwave electronics, and optoelectron-
ics [1–6]. Intense investigation of the magnetoelectric effect
dates back to the 2000s, with the advent of perspective
film oxide perovskite multiferroics ABO3. The pseudocubic
multiferroic BiFeO3 (BFO) stands out among other materials,
since it has both ferroelectric and magnetic ordering at
room temperature [7,8]. However, for a long time the linear
magnetoelectric effect in BFO was not found. The bismuth
ferrite is an antiferromagnet with the structure, which is not
fully G type, but shows a cycloidal spin structure with a period
of 62 nm [9,10]. Canting of the Fe3+ sublattices leads to a weak
local magnetization, which averages to zero over a period
of the spin cycloid structure [11]. Due to the spin cycloid
structure, the volume average of the linear magnetoelectric
effect also equals to zero. Therefore, first only the quadratic
ME effect had been observed, and the value of the obtained
magnetoelectric susceptibility tensor elements of the order
of 10−19 sA−1 had been found [12]. In 2003, the article
[13] by Wang et al. was published, in which a giant value
of magnetoelectric coefficient of an order of 3 V/(cm Oe)
was found in heteroepitaxially constrained thin BFO films,
and the interest in the bismuth ferrite was revived. The spin
cycloid structure can be destroyed and the linear ME effect
can be recovered by applying an external magnetic field
of a large magnitude [14–17] and using chemical doping
[18,19]. In recent years, more experimental studies have been
conducted, which indicate the giant magnetoelectric effect,
enhanced in composites and multilayer heterostructures based
on BFO [20–23]. Latest studies report the value of the linear
magnetoelectric coefficient of approximately 4.2 V/(cm Oe)
in BiFeO3 films and 24 V/(cm Oe) in composite films with
BFO [24]. However, the origin of the large values of the ME
effect observed by numerous experiments in BFO remains
unexplained, and the attempts to provide theoretical grounding
to it have failed.
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Pioneering works introduced an atomisticlike approach,
where first the value of the intrinsic ME coefficient of the
order of 10−2 V/(cm Oe) was obtained [25], which was close
to experimental values [26] known at that time, but is much
lower than the values observed in the recent experiments. As
well, in [27], using a similar method, it was concluded that the
magnetoelectric properties of BFO can be explained without
resorting to the linear ME coefficients. In light of the latest
experiments it has become evident that these results need
reconsideration. To the best of our knowledge, there are no the-
oretical publications that consider the linear ME effect in BFO
and give the value of the ME coefficient close to experimental.

In our study we provide theoretical background and explain
the large value of the intrinsic linear ME coefficient of BFO
in the absence of the cycloidal antiferromagnetic phase. As
it was mentioned, this situation can be achieved using high
magnetic fields, epitaxial films with strain �10−2 [28] or
by chemical doping. The obtained value of the linear ME
coefficient is close to the maximum measured value in recently
published articles [24]. We demonstrate that the antiphase
oxygen octahedra rotation is responsible for occurrence of
magnetoelectricity in BFO. Our approach is based on the
symmetry representation of the thermodynamic potential in
the Ginzburg-Landau approach. We use an invariant expansion
of the thermodynamic potential in powers of the ordering
parameters, namely antiferrodistortion (�), polarization (P),
and antiferromagnetic (L) vectors. In Fig. 1 the rhombohedral
perovskite-type doubled unit cell is shown with corresponding
illustrations of order parameters. The doubling of the unit
cell of the crystal structure occurs due to the antiphase
rotation of the oxygen octahedra, which surround the Fe3+

ions (antiferrodistortion). Displacement of oxygen and iron
ions within the double cell is responsible for the spontaneous
polarization [29] (see Fig. 1).

II. ANTIFERRODISTORTION AND MAGNETOELECTRIC
TENSOR

There are two alternative ways to derive the tensor of the
linear magnetoelectric effect α̂ (the magnetoelectric tensor):
either using the definition αij = 4π δPi

δHj
or the definition αji =
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FIG. 1. Bismuth ferrite rombohedrally distorted perovskite cell
doubled by antiparallel rotation of oxygen octahedra.

4π δMi

δEj
, where M = (M1 + M2)/2 is the magnetic moment per

formula unit, and M1 and M2 are the magnetic moments of
the two iron atoms in the aligned unit cell (see Fig. 1). In our
work, we find the tensor α̂ through modulation of the magnetic
moment M in the external electric field E. Due to weak
ferromagnetism of bismuth ferrite, the spontaneous magnetic
moment can be expressed as M = χ⊥HD , where χ⊥ is the com-
ponent of the magnetic susceptibility, which is perpendicular to
the antiferromagnetic vector L = (M1 − M2)/2 (see Fig. 1),
and HD is the Dzyaloshinskii field. The latter is defined by

the expression HD = D × L, where D is the Dzyaloshinskii
vector [30]. The direction of the Dzyaloshinskii vector
coincides with the direction of the antiferrodistortion vector
� [31]. Later, it was shown [32] that this dependency can be
written as D = K�, where K = MS/(χ⊥�0M0), MS denotes
the equilibrium magnetization, M0 is the magnetic moment of
one iron atom in the unit cell, and �0 is the magnitude of the
AFD vector in the equilibrium state. All the physical values
mentioned can be determined from experiment. Therefore,
using the equations above and introducing the normalized
antiferromagnetic vector l = (M1 − M2)/2M0, we express the
magnetoelectric tensor with the following formula:

αji = 4πMS

�0
εinm

δ�n

δEj

lm. (1)

Thus we have shown that the mechanism of the occurrence
of the ME effect can be interpreted using the change of the
AFD vector � in the external electric field. Namely, one has
to find the value of the tensor of the electric susceptibility of
the antiferrodistortion ηij = δ�i/δEj in order to obtain the
magnetoelectric tensor from (1).

III. THERMODYNAMIC POTENTIAL AND LINEAR
MAGNETOELECTRIC EFFECT IN BiFeO3

In order to obtain the expressions for the components
of the ME tensor we introduce the ferroelectric part of
the thermodynamic potential 	st (�,P,E). In the coordinate
system Ox ‖ [001], Oy ‖ [010], Oz ‖ [100] the ferroelectric
part of the thermodynamic potential has following form [33]:
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where a1, b1, aij , bij , and tij are parameters that are defined
later in the article.

The dependencies of the equilibrium order parameters �0

and P0 on the applied static external magnetic and electric
fields (H0,E0) are found by minimization of the thermody-
namic potential of the crystal 	 using the variational equations
δ	(H0,E0)/δP = 0 and δ	(H0,E0)/δ� = 0. After that, we
consider the small deviation of the external electric field:
E = E0 + δE. In the linear approximation the polarization
can be naturally represented as P = P0 + κ̂δE, where κ̂ is the
electric susceptibility tensor, and P0 = P(H0,E0) is the equi-
librium polarization. We introduce the same representation
for the AFD vector: � = �0 + η̂δE, �0 = �(H0,E0) is the
equilibrium antiferrodistortion vector. Below we consider the
bismuth ferrite in the absence of external fields (unperturbated
crystal), (E0,H0) = (0,0). In this case the equilibrium ordering
parameters P0, �0 ‖ (1,1,1). Now we consider the variation
of the thermodynamic potential due to the deviation of the
external electric field. We introduce three tensors Aij = δ2	

δPiδPj
,

Bij = δ2	
δ�iδPj

, and Cij = δ2	
δ�iδ�j

, which describe the quadratic

form of the expansion of the thermodynamic potential at
the point of equilibrium. The variational equations may be
rewritten as the following:

Aij δPj + Bij δ�j = − δ2	

δPiδEj

δEj ,

Bij δPj + Cij δ�j = − δ2	

δ�iδEj

δEj .

(3)

The three introduced tensors have similar structure, namely
Aij = A1δij + A2(1 − δij ) (δij is the Kronecker symbol),
where

A1 = 2a1 + (
4a11 + 4

3a12
)
P 2
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2
3 t11 + 4

3 t12
)
�2
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3a12P
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3 t44�
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TABLE I. Numerical values of the parameters in thermodynamic potential (2) of BFO, which have been used in calculations.

a1(J m/C2) a11(J m5/C) a12(J m5/C4) b1(J/m3) b11(J/m3) b12(J/m3) t11(J m/C2) t12(J m/C2) t44(J m/C2)

−8.05 × 107 5.22 × 107 6.87 × 107 −3 × 108 1.3 × 109 1.9 × 109 −2.6 × 108 −2.5 × 108 5 × 107

Given that δ2	/δPiδEj = −δij and δ2	/δ�iδEj = 0, we
obtain the following expressions for tensors of the linear
expansion:

κik = �−1
ij Cjk, ηik = �−1

ij Bjk, (5)

where �̂ = ÂĈ − B̂2.
Note that the magnetoelectric tensor (1) can be expressed

using tensor η̂, for which is true ηij = δ�i/δEj . We find
the last tensor using (5), and transfer to the “rhombohedral”
coordinate system with Ox ‖ [112̄], Oy ‖ [11̄0], Oz ‖ [111].
In this system the tensor η̂ has the diagonal form,

η̂ =
⎛
⎝

η⊥ 0 0
0 η⊥ 0
0 0 η‖

⎞
⎠, (6)

where η⊥ and η‖ characterize the electric susceptibility of the
AFD vector in the longitudinal and the transverse directions
in relation to the unit vector eP = P0/P0. These components
are defined by the following equations:

η‖ = ((μ1 − ν1) − (μ2 − ν2))(B1 + B2)

(μ1 − ν1)(μ1 − ν1 + μ2 − ν2) − 2(μ2 − ν2)2
,

(7)

η⊥ = ((μ1 − ν1) + 2(μ2 − ν2))(B1 − B2)

(μ1 − ν1)(μ1 − ν1 + μ2 − ν2) − 2(μ2 − ν2)2
,

where μ1 = A1C1 + 2A2C2, μ2 = A1C2 + A2C1 + A2C2,
ν1 = B2

1 + 2B2
2 , ν2 = 2B1B2 + B2

2 . For reference we present
the expression for the tensor η̂ in the pseudocubic coordinate
system:

ηij = η1δij + η2(1 − δij ), (8)

where η1 = 1
3 (η‖ + 2η⊥) and η2 = 1

3 (η‖ − η⊥).
Thus, we obtained the magnetoelectric tensor in the

coordinate system Ox̃ ‖ [11̄0], Oỹ ‖ [112̄], and Oz̃ ‖ [111]
using the definition of η̂ and (1):

α̂ = 4π
MS

�0

⎛
⎝

0 η⊥lz −η⊥ly
−η⊥lz 0 η⊥lx
−η‖ly η‖lx 0

⎞
⎠. (9)

This tensor depends linearly on the components of the vector l,
and its diagonal elements are equal to zero. It corresponds to
the ME tensor from [14], where the approach was based on
symmetry properties of the rhombohedral ferroelectric phase
of the BFO, if we take a1 = 0 and a4 = −a2 = η⊥, a3 = η‖.
The difference is due to the fact that a1 is proportional to
li in the second or higher degree, and in our calculations we
assume elementary cells, which are rhombohedral, to be cubic.
The difference is small, because the rhombohedral angle is
approximately 89.3◦.

According to expression (9) for the ME tensor, the ME
energy depends on l also linearly. It can be shown that beyond
the linear approximation some of the components of the tensor
(9) are no longer equal to zero. In the case of BiFeO3 these

are components α11 and α22. The situation is similar for
magnetoelectric tensor in well-known magnetoelectric Cr2O3

where α33 = 0 in linear approximation. However, α33 differs
from zero in the third-order approximation in respect to l
[34]. Usually these moments are small, because they arise
when perturbation theory of higher order is used. In this
connection, a consideration of the magnetic anisotropy energy,
which is linear in respect to E, becomes an important issue. In
BiFeO3 these effects have been studied both experimentally
and theoretically [35,36]. In these works the influence of
an external electric field E upon magnon spectra has been
studied and the influence of the magnetic anisotropy on
properties of the spin cycloid has been analyzed theoretically.
However, the magnetoelectric effect has not been considered
in these studies. It can be shown that taking into account
the electric-field-induced magnetic anisotropy leads to the
magnetoelectric effect in third or higher order in respect to
l. This question should be a matter of further consideration.

Our numerical calculations are based on the thermodynamic
potential (2) with parameters ai , bi,aij ,bij , and tij , which
are present in Table I. The values of these parameters have
been selected [37] to fit to the available experimental data
[11,38] and ab initio calculations [39]. The values of the
ME tensor can be estimated as α‖ = 4π MS

�0
|η‖| and α⊥ =

4π MS

�0
|η⊥|. We assume that MS = H 0

Dχ⊥,H 0
D ≈ 1.4 × 105 Oe

is the magnitude of the Dzyaloshinskii field in the equilibrium,
χ⊥ ≈ 5 × 10−5, and �0 = 0.21, and obtain α⊥ ≈ 2.2 × 10−3

(in Gaussian units), or 0.67 V/(cm Oe), and α‖ ≈ 3.27 × 10−2

(in Gaussian units), or 9.81 V/(cm Oe) (with accuracy up to
the components of the normalized vector l,|l| ≈ 1). The order
of the magnitude of the last value is consistent with the value of
the linear magnetoelectric effect α ≈ 1.4 × 10−2 (in Gaussian
units), present in [24]. It is more than an order of magnitude
greater than the value of the ME coefficient α‖ ≈ 1.24 × 10−3

in the well-known multiferroic Cr2O3 [40,41], but is less than
the effect in TbPO4 giving 720 ps/m (T = 1.50 K) [2].
We should note that the obtained result is suitable for a
single-domain sample, while for a multidomain sample the
ME effect would be smaller.

IV. CRITICAL ENHANCEMENT OF MAGNETOELECTRIC
EFFECT NEAR PHASE TRANSITION

As an illustration of applications of our approach for
investigation of mechanisms of enhancement of the linear
ME effect, let’s consider the following idea. Due to (1)
and (9) the giant values of the ME effect are expected to
occur when the derivatives of the AFD vector with respect
to the electric field are experiencing critical behavior. In
particular, the studies of the electric-field-induced structure
and magnetic changes in BFO [27,37] have shown that at
certain magnitudes of the external electric field a reorientation
of the antiferromagnetic structure occurs. In the vicinity of the
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FIG. 2. Dependence of the ME coefficient α on the external
electric field, which is applied in [001] direction. (Inset) Dependence
of the �⊥ on the applied external electric field.

critical fields the derivatives of the AFD vector components
may approach infinity, which, in turn, leads to an unlimited
increase of the magnetoelectric effect in theory. The BFO
films in experiments are often oriented perpendicularly to
[001] [28,42,43], therefore as an example we consider the
case of a phase transition in E ‖ [001].

In the external electric field E ‖ [001] there are three critical
points, namely Ecr1,Ecr2, and Ecr3, at which phase transitions
occur [33,37]. Here we present an example of analysis of
the asymptotic behavior of the ME tensor near Ecr3 (see the
insertion in Fig. 2). At the large values of the electric field
(E > Ecr3) polarization is aligned with the direction of the
electric field (P = P‖), and the AFD vector consists only
of the perpendicular component �⊥. We assume that �⊥ is
parallel to the [110] direction, which is not the only direction
due to symmetry. In this case the thermodynamic potential
in the coordinate system Ox ‖ [001],Oy ‖ [010],Oz ‖ [100]
acquires the following form:

	(�,P,E) = α1P
2
‖ + α11P

4
‖ − P‖E001 + β1�

2
⊥

+ (2β11 + β12)�4
⊥ − t12P

2
‖ �2

⊥. (10)

At Ecr3 a phase transition of the second order occurs:
The expression standing in front of the term �2

⊥ changes
its sign, and the coefficient in front of �4

⊥ remains positive.
Solving the minimization problem in the approximation of the
small value of �⊥, we obtain the following expressions near

the equilibrium point: P‖ ≈ P 0
‖ + γP �E001,�⊥ ≈ γ�

√
�E001
Ecr3

,

where P 0
‖ ≈ 1.1 C/m2,γP ≈ −1.69 × 10−9 C2/(J m), γ� ≈

0.21 rad, the deviation of the electric field magnitude from

the critical value is �E001 = Ecr3 − E001,Ecr3 ≈ 9.81 × 107

V/m. For estimation of the ME tensor components using (1),
we introduce the magnetoelectric coefficient α, which is
proportional to the elements of the tensor α̂ with accuracy
up to the components of the vector l. The following expression
indicates the unlimited growth of the ME effect:

α ∝ ∂�⊥
∂E001

= − γ�

2
√

Ecr3
× 1√

Ecr3 − E001
. (11)

The same asymptotic behavior may be obtained near other
critical points. In Fig. 2 is shown the dependence of the
magnetoelectric coefficient α on the electric field E001. Thus
we have shown that the search of the similar setups, when
the derivatives of the AFD vector with respect to the electric
field components become considerably large, may lead to
significantly enhanced results for the magnetoelectric effect
in BFO.

In order to ensure that the system is thermodynamically
stable [44] the next condition must be satisfied:

αij < 4π
√

χiiκjj , (12)

where χ̂ and κ̂ are magnetic and electric susceptibility tensors
correspondingly. For the upper boundary of the value of the
αij , at which the condition (12) is still satisfied, approximate
estimation gives the order of 10−1 Gaussian units. This sets
the limit to the external electric fields in our approach (the
limitation area is denoted by gray filling in Fig. 2).

V. CONCLUSION

In conclusion, we have shown that the nature of the
magnetoelectric effect in BiFeO3 lies in the orientation change
of the AFD vector in the external electric field. We note that
the developed model for the magnetoelectric interaction in
BFO indicates the prospect of the ME effect enhancement.
The enhancement mechanism may lie in the softening of the
mode of the reorientation of the antiferrodistortion vector, for
example, under the elastic stresses in film heterostructures.
Also, our investigations have shown that in the presence of the
external electric field of critical magnitude (at which phase
transition of the second order occur), the giant ME effect
may be observed. Our study may be relevant, in particular,
for explanation of recent experimental observations of the
growth of the ME effect in thin-film heterostructures with BFO
[13,21,22,24,45], and for the search for tools of enhancement
of the linear magnetoelectric effect in BFO.

ACKNOWLEDGMENTS

This work was supported by the Russian Foundation for
Basic Research (Grants No. 16-02-00494 A and No. 14-29-
08216 ofi_m) and 5-100 Initiative, Moscow Institute of Physics
and Technology (MIPT).

[1] T. Birol, N. A. Benedek, H. Das, A. L. Wysocki, A. T. Mulder,
B. M. Abbett, E. H. Smith, S. Ghosh, and C. J. Fennie, Curr.
Opin. Solid State Mater. Sci. 16, 227 (2012).

[2] J.-P. Rivera, Eur. Phys. J. B 71, 299 (2009).
[3] M. Fiebig, J. Phys. D: Appl. Phys. 38, R123 (2005).
[4] N. A. Spaldin and M. Fiebig, Science 309, 391 (2005).

[5] H. Schmid, Ferroelectrics 162, 317 (1994).
[6] A. P. Pyatakov and A. K. Zvezdin, Usp. Phys. Nauk 55, 557

(2012).
[7] W. Eerenstein, N. D. Mathur, and J. F. Scott, Nature (London)

442, 759 (2006).
[8] G. Catalan and J. F. Scott, Adv. Mater. 21, 2463 (2009).

094435-4

http://dx.doi.org/10.1016/j.cossms.2012.08.002
http://dx.doi.org/10.1016/j.cossms.2012.08.002
http://dx.doi.org/10.1016/j.cossms.2012.08.002
http://dx.doi.org/10.1016/j.cossms.2012.08.002
http://dx.doi.org/10.1140/epjb/e2009-00336-7
http://dx.doi.org/10.1140/epjb/e2009-00336-7
http://dx.doi.org/10.1140/epjb/e2009-00336-7
http://dx.doi.org/10.1140/epjb/e2009-00336-7
http://dx.doi.org/10.1088/0022-3727/38/8/R01
http://dx.doi.org/10.1088/0022-3727/38/8/R01
http://dx.doi.org/10.1088/0022-3727/38/8/R01
http://dx.doi.org/10.1088/0022-3727/38/8/R01
http://dx.doi.org/10.1126/science.1113357
http://dx.doi.org/10.1126/science.1113357
http://dx.doi.org/10.1126/science.1113357
http://dx.doi.org/10.1126/science.1113357
http://dx.doi.org/10.1080/00150199408245120
http://dx.doi.org/10.1080/00150199408245120
http://dx.doi.org/10.1080/00150199408245120
http://dx.doi.org/10.1080/00150199408245120
http://dx.doi.org/10.3367/UFNe.0182.201206b.0593
http://dx.doi.org/10.3367/UFNe.0182.201206b.0593
http://dx.doi.org/10.3367/UFNe.0182.201206b.0593
http://dx.doi.org/10.3367/UFNe.0182.201206b.0593
http://dx.doi.org/10.1038/nature05023
http://dx.doi.org/10.1038/nature05023
http://dx.doi.org/10.1038/nature05023
http://dx.doi.org/10.1038/nature05023
http://dx.doi.org/10.1002/adma.200802849
http://dx.doi.org/10.1002/adma.200802849
http://dx.doi.org/10.1002/adma.200802849
http://dx.doi.org/10.1002/adma.200802849


ORIGIN OF THE GIANT LINEAR MAGNETOELECTRIC . . . PHYSICAL REVIEW B 93, 094435 (2016)

[9] I. Sosnowska, T. P. Neumaier, and E. Steichele, J. Phys. C: Solid
State Phys. 15, 4835 (1982).

[10] I. Sosnowska and A. Zvezdin, J. Magn. Magn. Mater. 140, 167
(1995).

[11] A. Kadomtseva, A. Zvezdin, Y. Popov, A. Pyatakov, and G.
Vorobev, JETP Lett. 79, 571 (2004).

[12] C. Tabares-Munoz, J. P. Rivera, A. Bezinges, A. Monnier, and
H. Schmid, Jpn. J. Appl. Phys. 24, 1051 (1985).

[13] 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 299, 1719 (2003).

[14] Y. F. Popov, A. K. Zvezdin, G. P. Vorob’ev, A. M. Kadomtseva,
V. A. Murashev, and D. N. Rakov, JETP Lett. 57, 69 (1993).

[15] Y. F. Popov, A. M. Kadomtseva, G. P. Vorob’ev, and A. K.
Zvezdin, Ferroelectrics 162, 135 (1994).

[16] Y. F. Popov, A. M. Kadomtseva, S. S. Krotov, D. V. Belov, G. P.
Vorobev, P. N. Makhov, and A. K. Zvezdin, Low Temp. Phys.
27, 478 (2001).

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

[18] G. Le Bras, D. Colson, A. Forget, N. Genand-Riondet, R.
Tourbot, and P. Bonville, Phys. Rev. B 80, 134417 (2009).

[19] Z. Gabbasova, M. Kuz’min, A. Zvezdin, I. Dubenko, V.
Murashov, D. Rakov, and I. Krynetsky, Phys. Lett. A 158, 491
(1991).

[20] F. Bai, J. Wang, M. Wuttig, J. Li, N. Wang, A. P. Pyatakov, A.
K. Zvezdin, L. E. Cross, and D. Viehland, Appl. Phys. Lett. 86,
032511 (2005).

[21] S. Prosandeev, I. A. Kornev, and L. Bellaiche, Phys. Rev. B 83,
020102(R) (2011).

[22] M. Lorenz, V. Lazenka, P. Schwinkendorf, F. Bern, M. Ziese, H.
Modarresi, A. Volodin, M. J. V. Bael, K. Temst, A. Vantomme,
and M. Grundmann, J. Phys. D: Appl. Phys. 47, 135303 (2014).

[23] A. Kumar, J. F. Scott, and R. S. Katiyar, Appl. Phys. Lett. 99,
062504 (2011).

[24] M. Lorenz, G. Wagner, V. Lazenka, P. Schwinkendorf, H.
Modarresi, M. J. Van Bael, A. Vantomme, K. Temst, O. Oeckler,
and M. Grundmann, Appl. Phys. Lett. 106, 012905 (2015).

[25] I. A. Kornev, S. Lisenkov, R. Haumont, B. Dkhil, and L.
Bellaiche, Phys. Rev. Lett. 99, 227602 (2007).

[26] J.-P. Rivera and H. Schmid, Ferroelectrics 204, 23 (1997).
[27] S. Lisenkov, I. A. Kornev, and L. Bellaiche, Phys. Rev. B 79,

012101 (2009).
[28] D. Sando, A. Agbelele, D. Rahmedov, J. Liu, P. Rovillain, C.

Toulouse, I. Infante, A. Pyatakov, S. Fusil, E. Jacquet et al.,
Nature Mater. 12, 641 (2013).

[29] J. H. Lee and R. S. Fishman, Phys. Rev. Lett. 115, 207203
(2015).

[30] I. Dzialoshinskii, Sov. Phys. JETP 5, 1259 (1957).
[31] C. Ederer and N. A. Spaldin, Phys. Rev. B 71, 060401(R)

(2005).
[32] A. K. Zvezdin and A. P. Pyatakov, EPL 99, 57003 (2012).
[33] A. F. Popkov, N. E. Kulagin, S. V. Soloviov, K. S. Sukmanova,

Z. V. Gareeva, and A. K. Zvezdin, Phys. Rev. B 92, 140414(R)
(2015).

[34] D. V. Belov, G. P. Vorob’ev, A. M. Kadomtseva, Y. F. Popov,
and A. K. Zvezdin, JETP Lett. 58, 579 (1993).

[35] R. de Sousa, M. Allen, and M. Cazayous, Phys. Rev. Lett. 110,
267202 (2013).

[36] M. Cazayous, Y. Gallais, A. Sacuto, R. de Sousa, D. Lebeugle,
and D. Colson, Phys. Rev. Lett. 101, 037601 (2008).

[37] N. Kulagin, A. Popkov, S. Solovev, K. Sukmanova, and A.
Zvezdin, Phys. Solid State 57, 933 (2015).

[38] U. Nagel, R. S. Fishman, T. Katuwal, H. Engelkamp, D.
Talbayev, H. T. Yi, S.-W. Cheong, and T. Rõom, Phys. Rev.
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