Physics of the Solid State, 2022, Vol. 64, No. 9

05

Mechanisms of magnetoelectric effects in oxide multiferroics with

a perovskite praphase

© ZV. Gareeva'?, A.K. Zvezdin®*, N.V. Shulga', T.T. Gareev?, X.M. Chen>

!Institute of Molecule and Crystal Physics, Subdivision

of the Ufa Federal Research Centre of the Russian Academy of Sciences,

Ufa, Russia
2 Bashkir State University,
Ufa, Russia

3 Prokhorov General Physics Institute of the Russian Academy of Sciences,

Moscow, Russia

4Lebedev Physical Institute, Russian Academy of Sciences,
Moscow, Russia

> Laboratory of Dielectric Materials, Zhejiang University,
Hangzhou, People’s Republic of China, 310027

E-mail: gzv@anrb.ru

Received April 29, 2022
Revised April 29, 2022
Accepted May 12, 2022

Magnetoelectric effects are discussed in multiferroics with the perovskite structure: bismuth ferrite, rare-
earth orthochromites, and Ruddlesden—Popper structures belonging to the trigonal, orthorhombic, and tetragonal
syngonies. The influence of structural distortions on magnetic and ferroelectric properties is studied, possible
magnetoelectric effects (linear, quadratic, inhomogeneous) in these materials are determined, and expressions for the
linear magnetoelectric effect tensor are given. Macroscopic manifestations of the inhomogeneous magnetoelectric

effect in multiferroic nanoelements are considered.

Keywords: multiferroics, magnetoelectric effect, perovskites, symmetry.

DOI: 10.21883/PSS.2022.09.54175.43HH

1. Introduction

The development of information technology and spin-
tronics stimulates the search and development of new
materials with effective functional properties. In this
respect, multiferroic structures are promising, in which
several types of orders are implemented. Magnetoelectric
components based on multiferroics are planned to be
used as buffer elements of logic devices, the principle
of operation of which is based on magnetoelectric and
spin-orbital communication (MESO), magnetic memory of
arbitrary access (MRAM)as well as elements of neural
network technologies [1-4]. In this connection, the need
to search for optimal conditions for the implementation of
magnetoelectric effects and the integration of multiferroics
qualities with topological properties of materials arises.

Magnetoelectric materials include a large group of single-
phase multiferroics — compounds with ABO3; — perovskite
praphase, among which the best known multiferroics are
bismuth ferrite (BiFeOs), rare earth orthoferrites (RFeOs3)
and orthochromites (RCrOs) [5] also, topological insula-
tors BixMn;_xTe;, in which the magneto-electric effect
(MEE) [6] has been recently discovered, can be considered
as contenders for perovskite multiferroics; layered structures
of the Ruddlesden—Popper (RP) [7-10] type are attracting
increasing interest due to the discovery of high-temperature
ferroelectric properties [10] in them. There are significant

differences in the manifestation of FE properties in the
materials listed, which is due to the different degree
of distortion of the structure of the perovskite and the
difference in the symmetry groups corresponding to the
specific crystal structure. The degree of distortion of the
crystalline structure affects the magnetic and ferroelectric
properties of the multiferroics. In this regard, identifying
the mechanisms responsible for the interaction of the
crystallographic, ferroelectric and magnetic subsystems of
the ABOs type is an important task, which is necessary for
the successful implementation of instruments and devices,
MEE-based.

The purpose of this study is to highlight the main
mechanisms of MEE in ABO3; — multiferroics of various
symmetries, focusing on crystallographic distortions; con-
sider the implementation conditions of linear, quadratic and
inhomogeneous MEE, analyze spin-orbital effects, micro-
magnetic structures and polar states in multiferroic films of
limited size.

2. Magnetoelectric effects
in multiferroics of perovskite structure

In this section, using group-theoretic analysis methods,
we analyze the crystal structure, the ferroelectric and
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magnetic properties of materials with perovskite structure
(BiFeOs3, RCrO3, Caz_xRFe,07).

2.1. Bismuth ferrite BiFeO3 is one of the most famous
high-temperature multiferroics, the temperature of ferro-
electric and magnetic ordering in it are Tc = 1083 K,
Ty = 643K [11,12]. BiFeOs crystallizes in the symmetry
group R3c, the main crystallographic distortions of ABO;
perovskite are as follows: (i) displacement of Bi and Fe ions
along the (111) axis, (ii) deformations of oxygen octahe-
drons of FeOg and (iii) anti-rotation of oxygen octahedrons
around the (111) axis. It is the presence of these types
of distortions that accounts for BiFeOs’s ferroelectric and
magnetic properties. Thus, according to the estimates
made in work [13], the value of spontaneous ferroelectric
polarization is related to distortions of the form (i), (ii) and
can be calculated by the formula

_de
Y
where € — elementary charge, V — volume of the
unit cell, {gi — displacement of Bi ions corresponding
to (i) distortion, o1 and o3 — displacement of oxygen
ions corresponding to (i) — distortion. Note that this
simple estimate is well supported by experimental mea-
surements [14,15]. In magnetic relation, BiFeOs is a weak
ferromagnet with antiferromagnetic ordering of the G-type,
whereby the occurrence of the resulting magnetization is
associated with the rotation of oxygen octahedrons [16], its
magnitude can be calculated by formula [17]:

Py (3¢si — 4%o1 — 2%03). (1)

Vpa? Voa? &
M=-2QxL+—r

= o mxo) ()

n=1

where V) — constant, a — lattice parameter, J — exchange
constant, np — unit vector oriented along one of the
crystallographic axes (100).

BiFeOs’s symmetry allows the existence of linear mag-
netoelectric effect (MEE), in particular linear electric
polarization dependence on magnetic field, as well as the
existence of spatially-modulated structures, stabilized b they
Dzyaloshinskii-Moriya interaction (DMI). The dependence
of electric polarization on the magnetic field is expressed
through the MEE tensor «;j [12], the magnitude of which
in monocrystals and bismuth ferrite films is still the subject
of active scientific discussions. This is due not only to
a fundamental physical interest in the subject, but also to
the prospects of practical use of BiFeO; crystals and films
with high values of ¢jj. In this regard, we will focus on
some recent research results, focusing on the correlation of
the ferroelectric and magnetic properties of BiFeOs; with
structural distortions of perovskite, which is also to be
expected in the magnetoelectric coupling factor a;;.

The linear MEE mechanism in BiFeOs; has been the-
oretically investigated, in particular in work [18], where
it has been shown that the value of the linear MEE
tensor is dependent on structural distortion, including the
sensitivity of the distortion parameter of order €2y to an
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external electric field (E), which is determined by dielectric
susceptibility tensor

n. 0 0
n=10 n. 0], (3)
0 0 T[”
where n, and n; — tensor components 7, determine

dielectric receptivity parameter €2 to electric field oriented
perpendicular and along the direction of spontaneous elec-
tric polarization Ps || (111). In this case, the linear MEE
tensor expressed through the tensor components of the 7,
has the appearance of

HO 0 nil; —nily
a)*” =dmy 2ol 0 b, ()
0
mly mbc 0
where x; — transverse magnetic susceptibility
(xL ~5-107%), HY — value of the Dzyaloshinskii

field (HY ~ 1.4-10° Oe), Qy — the axial vector of the
distortion order parameter, the direction coincides with
the axis direction (111), and its magnitude is 11°—149;
Li, i =X,y,Z — components of the antiferromagnetic
vector. Considering that |L| = 1, we give an estimate of
the MEE tensor components [18] a; ~ 0.67 V/(cm- Oe),
aj ~9.81V/(cm-Oe), which is consistent with the
results of experimental studies of the MEE properties
of BiFeO-based heterostructures BiFeO; [19]. Note that
such a result is possible in film structures of BiFeOs,
in which the strict deformation leads to the suppression
of the space-modulated structure of cycloidal type [20],
which is the main magnetic state of BiFeO;, whereas in
BiFeO3; monocrystals the linear MEE cannot be realized
due to the presence of a spin cycloid, since in this case
the average value of (L) =0, which leads to zeroing of
the components of «;j tensor, as seen from formula (4).
The alternative to BiFeOs-containing heterostructures is
BiFeOs-ceramic, which also manages to implement linear
MEE by substituting rare earth ions for Bi ions. Researches
in this direction are conducted, since 1990, up to the
present day, the received results specify the possibility of
realization of MEE in compositions of Bij_xRyFeOs with
rare-earth ions (R= Gd, Dy, La, Lu) [20-27]. Below
we will focus on the results of a paper in which the
appearance of MEE in R-doped single crystals BiFeOs3
is explained by reduced symmetry. In works [13,20-
25] it has been shown that a series of structural phase
transitions, accompanied by a decrease in symmetry, is
observed when the concentration of rare-earth X ions
changes, from trigonal R3c (C$,) to thombic Pn2a; (C5,)
(C§,—C1—DS—D3—C5,) [13,25], and as was shown in [28],
to Pbnm (R3c—Pna2;—Pbnm).  Experimental studies
performed in [28] indicate the appearance of magnetization
and an increase in magnetoelectric coefficient value o
in Biggy—xLaxLug 1sFeO3 ceramics to 2mV/(cm-Oe),
however, we note that the physical mechanisms responsible
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for the appearance of the magnetoelectric properties in
these structures are not fully elucidated.

As shown in [29-31], in the presence of magnetically
active f-ions (Gd,Dy, Tb) in structures with Pbnm sym-
metry, MEE can arise due to antiferromagnetic (center-
asymmetric) ordering of rare-earth ions, which is de-
termined by the antiferromagnetic vector 1 of the rare
earth ions, whose components are classified by irreducible
representations of the symmetry group Pbnm (Day,) [33,34].
In the case of replacement of Bi ions by La ions, as shown
in [25], the magnetoelectric properties of Bij_yxLayxFeOs
may be due to a quadratic MEE, which partially helps to
explain the smaller value of the MEE coefficient obtained
in [28] compared to the experimental values avg [19).

2.2. Rare earth orthochromites and orthoferrites
(RCrO3 and RFeOs) are low-temperature multiferroics
(Tc ~ 130—250K) with weakly pronounced magnetoelec-
tric properties, nevertheless the possibility of the realization
of MEE in these materials is of great scientific interest.
RCrO3; and RFeOs crystallize in non-polar symmetry group
Pbnm, the mechanisms of the appearance of MEE are
actively discussed in the literature. In accordance with the
results of experimental studies [35-37], also see the citations
in [38], in rare-earth orthoferrites and orthochromites there
is MEE realized under certain conditions. Thus, work [30]
gives data on the linear MEE (az; ~ 2.4-10"2esu) that
was experimentally observed in DyFeOs; at temperatures
below the antiferromagnetic ordering temperature of
Dy** (Ty ~ 4K) ions. In this case, as mentioned above,
one of the physical mechanisms responsible for the
magnetoelectric effect is the antiferromagnetic ordering of
rare-earth ions (Dy>*), which are classified according to the
same irreducible representations as the electric polarization
vector components; this mechanism was theoretically
investigated in [29]. Experimental studies [35-37] indicate
the appearance of ferroelectric properties of orthochromites
(YCrO3, RCrOs with various rare earth ions) after polishing
crystals in the electric field, which leads to the appearance
of electric polarization, the process is accompanied by
spin-reorientation phase transitions, which points to the
magneto-electric nature of the effect. Below we discuss
a general approach to the analysis of the magnetoelectric
properties of orthochromite and orthoferrite single crystals
based on the consideration of crystallographic distortions
and the symmetry analysis of the structural, magnetic, and
ferroelectric order parameters. The main crystallographic
distortions of ABOj3 perovskite leading to structures of the
form RCrO; (RFeOj;) include the rotation of CrOg (FeOg
oxygen octahedrons around crystallographic direction [110],
as well as the displacements of the R** and O?~ ions
(§q» 9= R,0) relative to their centrosymmetric positions
in the ABO; perovskite structure. As was shown in [38],
a dipole moment is induced in the vicinity of Cr’* ions,
which results from displacements of oxygen ions (§q). In
the frame of the dot charge model, the value of dipole

moment dq = grq is determined by the radius vector
; 8 5 6
I= 1=

ERGERE R

expressed through distortion (¢, where q = R**,0>7). In
the absence of external influences, the dipole moments form
an antiferroelectric structure, so in crystals with a symmetry
group of Pbnm no electrical polarization occurs and as a
result, ferroelectric and magnetoelectric effects are absent.

In RCrO; (RFeO;3, 3 types of magnetic exchange-bonded
structures I't(Ac, Gy, C;), T'2(Fx, Gz, Cy), I's(Fz, Ay, Gx)
are implemented, with weak ferromagnetism on the back-
ground of antiferromagnetic ordering of G-type. The
components of the ferromagnetic vector M depend on the
axial distortion parameter of order Qy. In orthopherrites and
orthochromites, the vector Qy, is oriented along the b — axis
of the crystal ({(010)), its value is determined by the angle
of rotation of oxygen octahedra.

I ¢

M= (axszbsz, aynybny, azyszsz)- (5)

As a result of RFeOs; heat treatment or RCrO; electro-
polishing by an electric field, there is a decrease in sym-
metry to Pnma, in this case, the antiferroelectric structure
of dipole moments is broken, which leads to the emergence
of spontaneous electrical polarization and the emergence of
MEE, which has been experimentally observed in work [35-
37]. The MEE tensor can be calculated [31], using the table
of irreducible representations of the Pnma group

a1Gx(9:Gy — 9yG;) a0z a30x

o= a0z a1Gx(9zGy — 9yG;) augy|.
a4Qy azgx ax0z

(6)

where Gj, gi — the antiferromagnetic vector components

of the Cr3*-sublattice and R3**-sublattice, respectively.

2.3. Ruddlesden—Popper structures are layered structures
derived from perovskites with the general chemical formula
An;1BnCany1, in which A>* and B-positions contain A+ and
B* — valence cations, and in C — C2~ anions, mainly
oxygen anions (O?~), where N — number of octahedral
perovskite layers. Situations with n=1 and n= oo are
the extreme cases of RP. At n=1, a 2D structure of the
form A,BOy consisting of perovskite cells ABO; separated
by AO layers is realized; at n = oo RP is an infinite series
of perovskite cells. In recent years, the Ruddlesden—Popper
(RP) structures have attracted considerable attention due to
the discovery in them of ferroelectric properties that can
be implemented at room temperatures, and the prospects
of high-temperature MEE [10,39]. When temperature
changes in RP structures, there are phase transitions from
the tetragonal 14/mmm phase to orthorhombic through a
series of intermediate phases. In the temperature range
T < Tn < Trr (Tn ~ 134K) antiferromagnetic (AFM) or-
dering of G- or C-type is realized in the Caz;Mn,O7
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compounds, in work [8] it was shown that exchange-bonded
structures of the form (GxF,G;), (FGyA;), (ACyF;) can
be formed in them. It can be shown that in these structures
symmetry allows linear MEE, and the tensor aiR}_P has the
form of

713Gz 0 Gy
aiijp =] 0 113G, Vsz . (7)
r4Gx  14Gy  p5G;
Note that experimental studies of

[1 —x](CaySri_y)1.15Tb1 3sFe207  [39] structures have
confirmed the presence of linear MEE in these materials at
certain concentrations of 0.0 < x < 0.30, y = 0.563.

3. Inhomogeneous magnetoelectric
effects in multiferroic nano-elements

In this section we will briefly discuss inhomogeneous
magnetoelectric effects that can be realized in multiferroic
systems of restricted geometry. To do this, we consider
a nano-element, which is a film of multiferroic, the sym-
metry of which allows the existence of a inhomoheneous
magnetoelectric effect, and due to spin-orbital bond with
the orienting substrate in the system, the interaction of the
Dzyaloshinskii-Moriya interaction occurs. The energy of
such a system is

F— j d2r (A(Bﬂma)z + Fine + Foui — K2

1
—EMSm-Hm—MSm-H), (8)

where A — exchange interaction constant, K — magnetic
anisotropy constant, a,u =X,Y¥,2z, m=M/Ms — unit
magnetization vector, Hy, — magnetostatic field, H —
external magnetic field (we will consider the situation when
the field H is oriented along the normal to the film surface).
Fre = yP[M(VM) — (MV)M] — magnetoelectric energy,
y — parameter of non-uniform magnetoelectric interaction,
Fomr — Dzyaloshinskii-Moriya energy. In the case under
consideration Fpyp has the form

(e o

where the t — thickness of the nano-element. Electrical
polarization is calculated by formula

P =pxe[(MV)M — M(VM)]. (10)

The Dzyaloshinskii-Moriya interaction at the interface
(DMI) can lead to the stabilization of inhomoheneous
magnetic structures of different topology. The type of
magnetic structure depends on a combination of geometric
factors (nano-clement size), internal parameters of the
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system (A, K,Ms, D) and external influences. = When
parameters change, there are transitions between magnetic
states. Electrical polarization is realized in the vicinity of the
inhomoheneous magnetization distribution in accordance
with the concept of non-homogeneous MEE.

As an example, consider a nano-element with dimensions
a x a x tnm? and material parameters: A=2.9 - 10712 J/m,
K=1-10J/m3, —0.5<D <0.5mJ/m?. Possible types of
micromagnetic configurations arising due to the action
of the magnetic field H = (0,0, H), calculate using the
package OOMMEF [40], the size of the lattice 5 x 5 x 3 nm?.
Figure (a) shows examples of four topological micromag-
netic structures, which are realized in a nano-element
with a size of a =50nm, t =30nm at D = 0.6 mJ/m?
during re-magnetization process. Note that the initial
state in |H| > 16kOe field is a homogeneous state in
which the magnetization vector M = (0, 0, M) is uniformly
distributed across the nano-element volume.

Consider first the demagnetization process, during which
phase transitions are observed between the micromagnetic
states of different topology (see figure, part a). Here is a
brief description of these conditions and the conditions un-
der which they are observed. The range of 0 < H < 16kOe
fields implements state 1: (V+) — vortex positive polarity,
magnetization vector in the center of the vortex V+ is
oriented towards the direction of the magnetic field. In
the range of —10 < H < 0kOe fields in the nano-element
state 2 is realized: (DW+) — system of two vortices V-,
separated by 180° domain boundary, oriented on the left-
diagonal nano-element. Further demagnetization leads to
state 4: (V-) — a vortex with opposite polarity, which exists
in the range of H < —10kOe, at saturation we get a uniform
magnetized state of M = (0, 0, —My).

The situation is similar when the nano-element is
magnetized. When increasing the magnetic field size,
the following transitions occur: a homogeneous state of
M= (0,0, —Ms) — state 4 vortex V- with negative
polarity (—16 < H < 0kOe), further state 3: (DW-) 180°
domain boundary oriented by right diagonal nano-element
(0 < H < 10), then state 1: vortex V+ (H > 10kOe)
and transition to homogeneous state M = (0, 0, Mg). Due
to the heterogeneous magnetoelectric effect in the vici-
nity of the heterogeneous magnetization distribution in
states 1, 2, 3, 4, there is an electrical polarization of
P(r,). As a result, in the nano-element, along with
the micromagnetic structures, forms polar ferroelectric
structures in which the distribution of the vector P(r;)
is determined by the magnetic state. The magnitude of
polarization, the number and properties of polar structures
are determined by the topology of the magnetic texture,
which in turn depends on the internal parameters of
the system (magnetic anisotropy, Dzyaloshinskii-Moriya
constant), geometrical factors (the shape of the sample,
transverse and longitudinal dimensions), as well as external
influences (magnetic or electric field). The change in the
external magnetic field causes a change in the value of
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a — micromagnetic states (1, 2, 3, 4), implemented in the nano-element when changing the magnetic field; b — electric polarization
dependence graph from magnetic field, D = 0.6 mJ/m?, a = 50 nm, t = 30 nm.

the total electric polarization of p = & >~ P(r;) (see Figure,
i

part b).

Finally, we note several works on the study of MEE in
multiferroic films. In Terfenol-D — containing composite
structures [41,42], have been experimentally observed by
the MEE, with hysteresis dependencies of the piezoelectric
coefficients on the magnetic field being similar to the
calculated polarization variation. Ref [43] presents the
results of experimental studies on the effects of DMI
(Dzyaloshinskii-Moriya interactions at interface) on the
magnetoelectric properties of SryIrO4/SrTiO; (BaTiOs)
(Ruddlesden—Popper structures on a pair/ferroelectric sub-
strate), with the magnitude of the magnetoelectric coeffi-
cient and electric polarization in these structures regulated
by DMI. Experimental study of magnetoelectric effects
in the array of nano-dots in the composite structure of
ferromagnetic-piezo-electric [Pt/Co/Ta];, taking into account
DMI is performed in work [44]. The magnetoelectric
effect is experimentally studied in the films of ferrite
garnets [15,45], but in the absence of DMI. Nevertheless, the
presented results indicate the characteristic features of polar
states, which depend and are determined by the topology of
magnetic inhomogeneities.

4. Conclusion

In work the magnetoelectric properties of multiferroics
with the perovskite structure are investigated. The in-
stability of the structure of ABO;3; of the perovskites
to the replacement of A, B-cations results in a wide
variety of magnetic structures that differ in symmetry of
crystalline structure, magnetic and ferroelectric properties.
The examples are multiferroics of different symmetries
(trigonal — BiFeOs, orthorhombic — RCrO; and RFeOs,
tetragonal — Ruddlesden—Popper). This allows to illus-
trate the influence of crystallographic distortions on the
magnetic and ferroelectric properties of multiferroics. It
is shown that in RCrO3; and RFeO; the ferroelectric polar-
ization (Ps ~ 0.04uC/cm?) can arise due to the destruc-
tion of the anti-ferroelectric structure of dipole moments
formed in the neighborhood of Cr and Fe ions, unlike
BiFeOs, in which the spontaneous electric polarization
(Ps ~ 50—100 uC/cm?) allowed by symmetry is realized.
The components of the tensors of the linear magnetoelectric
effect of the considered multiferroics are calculated, the
possibility of implementing a linear magnetoelectric effect
in Ruddlesden-Popper structures is shown. The article
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considers manifestations of inhomogeneous magnetoelectric
effect in multiferroics structures of restricted geometry,
shows the possibility of occurrence of polar states of
different type at magnetization of such structures. Hysteresis
dependencies of electric polarization and magnetization
have been plotted, allowing to detect the switching of states
in devices based on magnetoelectric nano-elements.
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