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Chemical compositions and basic properties of smart materials (ferroics, biferroics, mul-
tiferroics) are introduced in this paper. Single phase and composite ferroelectromagnetics are
characterized in detail. Multiferroic ferroelectromagnetics are materials which are both ferro-
magnetic/ferrimagnetic/antiferromagnetic and ferroelectric/ferrielectric, antiferrolectric in the
same phase. As a result they have a spontaneous magnetization which can be switched by an
applied magnetic field, a spontaneous polarization which can be switched by an applied elec-
tric field, and often there is some coupling between those fields. The physical mechanisms of
the coupling process were analyzed. In the case of the ferroelectromagnetics in general the
transitions method d electrons, which are essential for magnetism, reduce the tendency for
off-center ferroelectric distortion. Such materials have all the potential applications of both
their parent ferroelectric and ferromagnetic materials.

Keywords: smart materials, ferroics, multiferroics, ferroelectromagnetics, ferroelectroelas-
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1. Introduction

The development in mainly fields of technique is possible thanks to the search and
production of new materials and the investigation of their properties. The investiga-
tions of smart materials is particularly important for electronics, informatics, electro-
acoustics, optoelectronics etc.

Smart materials are defined broadly as materials that can be altered or controlled by
an external stimulus. They can be grouped into several basic categories including piezo-
electrics, electrostrictive materials, magnetostrictive materials, shape memory alloys,
optical fibers etc. (Fig. 1).

What is smart about them is that, instead of having fixed properties, they can change
their properties in a predesigned way in order to serve for a useful purpose [1].
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Fig. 1. Smart materials and structures.

Members of the family of products containing smart materials can be used in a va-
riety of applications and in diverse industries such as automation, process control sys-
tems, robotics, material processing, aerospace, and automotive, electronics, defenses
and medical technologies and biotechnologies. Adaptive learning can also be incorpo-
rated in the device of applications called actively smart structures by the use of fast,
real-time, information processing arrangements involving neural networks [2].

Ferroics and multiferroics (biferroics) deserve special attention among the smart
materials (Fig. 1).

Ferroic crystals are crystals which involve at least one phase transition which changes
the directional symmetry of the crystal. In the science of crystals, study of changes of
symmetry as a function of temperature, pressure, etc. is a very developed subject. When
a crystal changes its symmetry, it is a process of going from one phase to another one.
It is called a phase transition entailing a change of symmetry [3].

The term ferroic materials (ferroics) is a general term covering ferromagnetics, fer-
rimagnetics / antiferromagnetics, ferroelectrics / ferrielectrics / antiferroelectrics and
ferroelastics / ferrielastics / antiferroelastics [3]. These three types of ferroics are called
primary ferroics.

Ferroic materials exhibit a hysteresis (Fig. 2).
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Fig. 2. Typical hysteresis loops for ferroelectrics P(E), ferromagnetics M (H) and ferroelastics n(o) [3].

There are several common features among materials exhibiting the properties of fer-
romagnetism, ferroelectricity and ferroelasticity, the most notable being the occurrence
of a domain structure (a consequence of spontaneous breaking of symmetry), and the
resultant hysteresis behaviour. A. AIZU (1969) [4] therefore coined the general term
ferroics materials (ferroics) for all such materials. Although ferro has been used for
coining the word ferroic, it has nothing to do with the presence or absence of iron in
a ferroic material.

Apart from the domain structure, a second important feature of ferroics is the high
value of certain response functions of the material that can acquire in the vicinity of the
ferroic phase transition.

A third significant feature is the very large temperature dependence of certain macro-
scopic properties in the vicinity of the ferroic phase transition.

Furthermore, if there is a strong coupling between these properties and other prop-
erties, then the latter also behave in a similar way [1].

These four features form the basis of a large variety of device applications of ferroics
(Fig. 3).

In the ferroic materials science, the important notion of prototype symmetry is in
the context of ferroic phase transitions. The symmetry of any ferroic phase of a material
can be regarded as derived by a small distortion of the prototype symmetry. For example
the symmetry of the cubic phase (1" > T ) of the paraelectric BaTiOg is the proto-
type for its tetragonal ferroelectric — ferroelastic phase occurring at room temperature
(T, <Tcp).

Ferroelastics are the least well-known ones in the family of ferroics. Let us remind
therefore the basic properties of these materials.

Ferroelasticity must be a mechanical or elastic analogue of ferromagnetism and fer-
roelectricity. A ferroelastic material has a spontaneous strain and a concomitant domain
structure the consequence of which is the observed hysteresis when the bulk sponta-
neous strain is plotted as a function of the applied directional stress. A ferroelastic
crystal contains two or several stable states of orientation with no mechanical stress.
It is possible to change reversibly from one state to another by applying a stress (o) in
the defined directions. There exist a strain — stress elastic hysteresis with spontaneous
strain (ns) and a coercive stress (o). Transition from a ferroelastic phase to a higher
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Fig. 3. Various applications of ferroics.

temperature phase, termed paraelastic, occurs by an increase in symmetry and a change
in the crystalline system [4].

If such a coupling FE — FES occurs, the spontaneous strain (775) may be modified by
applying an electric field (£) and the spontaneous polarization (Fs) may be modified
applying a mechanical stress (o). This leads to a set of four hysteresis cycles: P(E),
n(o), n(E) and P(o) — Fig. 4.

Ferroics are of grate importance in the family of smart materials. Among them are
the most smart multiferroics and biferroics.

The term multiferroics has been coined to describe materials in which two or all
three of ferromagnetism, ferroelectricity and ferroelasticity occur in the same phase [5].
This means that they have a spontaneous magnetization (M) which can be reoriented
by an applied magnetic field (), a spontaneous polarization (F;) which can be reori-
ented by an applied electric field (£), and a spontaneous deformation (7;) which can be
reoriented by an applied stress (o).

Biferroics are materials in which two ferroic states occur in the same phase [6].
Materials with simultaneous ferroelectric and magnetic ordering are called ferroelec-
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Fig. 4. Hysteresis loops for ferroelastoelectric FESE (ferroelectric FE — ferroelastic FES phase with cou-
pling) [4].

tromagnetics, those with simultaneous ferroelectric and those with mechanical ordering
— ferroelectroelastics; when and with simultaneous ferromagnetic and mechanical or-
dering occurs simultaneously they are called ferromagnetoelastics [7].

This work is focused on ferroelectromagnetic multiferroics, which are simultane-
ously ferroelectrics and ferromagnetics (FE + FM — FEM).

2. Ferroelectromagnetics

2.1. The magnetoelectric (ME) effect

Magnetoelectricity is a property product and needs a biphasic surrounding to ex-
hibit the behavior. The primary magnetoelectric (ME) materials become magnetized
when placed in an electric field and electrically polarized when placed in an magnetic
field. In the secondary effect, the permeability or permittivity change is expected. The
history of the ME effect dates back to as early as 1894, when P. Curie stated that it
would be possible for an asymmetric molecular body to polarize directionally under the
influence of a magnetic field. Later, L.D. Landau and E. Lifshitz (1958) showed by
symmetry considerations that a linear ME can occur in magnetically ordered crys-
tals. Subsequently, I.LE. Dzyaloshinskii (1960), on the basis of a theoretical analysis,
predicted the existence of the ME effect in antiferromagnetic CroO3. This was con-
firmed by D.W. Astrov (1960) by measuring the electric field induced magnetization and
later by G.T. Rado and V.J. Folen (1961) by the detection of the magnetic field-
induced polarization.
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The primary requirement for the observance of the ME effect is the coexistence of
magnetic and electric dipoles.

The magnetoelectric (ME) effect is characterized by a variation of the electrical po-
larization (P) in response to an external magnetic field (H), or an induced magnetization
(M) by an external electric field (E) [8]:

P=XFEp 4+ xXPMpg (1)
M=XMHg+ xMER, (2)

where X ¥ —electric susceptibility tensor, X — magnetic susceptibility tensor, X 5 M —

2
ME 07

— mixed magnetoelectric susceptibility tensor;

7t §E5H,
5P
EM __
X2 = 3)
M
XME —
S 4)

 — thermodynamic potential.
The following equation in the vicinity of the phase transition point (T¢cg = Toy =
Tc) 1s in force:

Since the discovery of the ME effect in the compound Cro03 in 1950 s, extensive
attention has been drawn to it, in the earlier time to ferroelectromagnetic (FEM) com-
pounds (single-phase FEM) and recently mainly to ferroelectric — ferro-/ferrimagnetic
composites [9]. However, the observed ME effect for most of the FEMs is too weak
to be applicable, however it has been found that a number of ferroelectric — ferro-
/ferrimagnetic composite structures show an significant ME output qualified for poten-
tial applications. Generally, for the composite structure, the ME effect originates from
a product the magnetostrictive effect from the magnetostrictive phase with the piezo-
electric effect from the piezoelectric phase in the composites. It is well established that
the ME effect is remarkably dependent on the dc magnetic bias field H, [7] onto which
an ac magnetic signal H is imposed. With increasing the bias H, magnetoelectric cou-

pling coefficient
dE )
ap = | -7 (6)
(7).,

first increases and ten drops down slowly after reaching its maximum. Nevertheless, the
dependence of the ME effect on the bias field H, is rarely considered in theoretical ap-
proaches. For instance, the phenomenological theory proposed recently to explain the
ME effect at the microwave frequency for laminate ferroelectric/ferromagnetic compos-
ites does not take into account this dependence in a reasonable manner.
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Ferroelectromagnetic materials exhibiting the ME effect can be classified into two
classes: single phase and composites.

2.2. Single-phase FEM

2.2.1. General characteristics

Single phase materials exhibiting the ME effect have an ordered structure and re-
quire the presence of FE / FIE / AFE and FM / FIM / AFM states. These materials
should show two phase transitions [9]:

FE/FIE/AFE ~<Z, PE, (7)
FM/FIM/AFM 22/, pyp. (8)

In single-phase ferroelectromagnetics, the ME effect arises due to the local interac-
tion between the ordered magnetic (FM / FIM /AFM) and ordered electric (FE / FIE /
AFE) sublattices. The conditions for the occurrence of ferroelectric and magnetic prop-
erties in the same material, often accompanied by ferroelasticity, imply:

o the presence of adequate structural building blocks permitting ferroelectric type
ionic movements;

e magnetic interaction pathways, usually of the super exchange type;

o the fulfillment of symmetry conditions.

One simple inference from this is that it is possible to synthesized ferroelectromag-
netics by replacing diamagnetic ions by paramagnetic ones on the B-site of oxyoctahe-
dral ferroelectric perovskites ABO3. G.A. SMOLENSKII and V.A. IOFFE in 1958 [8]
synthesized the FE — AFM perovskite ceramic Pb(Fe; /5 Nb; /2)03 (PEN). Later the
growing of single crystals of PFN at the presence of a weak spontaneous magnetic mo-
ment (W-FM) in ferroelectric phase below 7' = 9 K was confirmed (D.N. ASTROV
etal., 1968 [10]).

Ferroelectromagnetic multiferroics are rare materials being both ferromagnetics and
ferroelectrics in the same phase. N.A. HILL and A. FILIPETTI [5] show that their
scarcity results from transition metal d electrons, which are essential for magnetism
destabilizing the off-center ferroelectric distortion. By studying some known multifer-
roics (BiMnO3, YMnO3) authors [5] identify the unconventional driving forces which
can cause ferromagnetism and ferroelectricity to occur simultaneously (identify the
chemistry behind the additional electronic or structural driving forces that must be
present for FE and FM to occur simultaneously).

In ferroelectrics (e.g. in prototypical perovskite structures such as BaTiO3) the spon-
taneous polarization (Fs) is achieved by the of-center distortion of small transition metal
cations (e.g. Ti*T) at the center of the octahedron of oxygen anions. The existence or
absence of such an off-center distortion is determined by a balance between short range
repulsions between adjacent electron clouds, which favor the non-ferroelectric symmet-
ric structure, and additional bonding considerations, which might stabilize the ferroelec-
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tric phase. It is now widely accepted that the ferroelectricity in conventional perovskite
structure oxides is favored because of ligand field stabilization in which the formally
filled oxygen 2p states donate electron density into the formally empty d states of the
transition metal cations as it moves off-center. Clearly, vacant transition metal d states
in an appropriate energy range are required for such stabilization to occur [11].

The occurrence of magnetic spin polarization is subject to an opposite requirement —
there must be filled transition metal d states. According to the E.C. Stoner model (1933)
[5] the fundamental driving force for local spin polarization is the exchange energy,
which is minimized if all the electrons have the same spin. Opposing the alignment of
spins is the increased band energy involved in transferring electrons from the lowest
band states (occupied equally with up-and down-spin electrons) to band states of higher
energy. The exchange effect predominates the band energy only in narrow bands, such
as those arising from d electrons, which have a high density of states at the Fermi energy.

The existence of ferroelectricity (which requires empty d orbitals) should be in-
consistent with the occurrence of spin polarization (which requires filled d orbitals).
Spin-polarization means any kind of a local moment, whether ordered ferro- or antifer-
romagnetically, or not at all.

In the last few decades the FEM effect has been found in numerous single-phase
materials (compounds and solid solutions) of various types of crystalline structures:

e perovskites (ABO3), e.g. [12-16];
e bismuth layer perovskite-like oxides (Ay—1BioBnOsm+3), €.g. [17-20];
e boracites (Me3B7013X), e.g. [8, 10];
e RMnOs-type (R =Y, Ho, Er, Yb, Tu, Lu, Sc) hexagonal manganites, e.g. [8, 10,
21];
Ba Me F4 -type (Me = Mn, Fe, Co, Ni) hexagonal fluorites, e.g. [8, 10];
e hexagonal BaTiOs-type compounds, [e.g. 8, 10];
e tungsten—bronze-type niobiate compounds (e.g. BagNbgFeOsp, SrgNbgFeOsy),
e.g. [19, 20];
e other compounds and solid solutions (e.g. FeS, Cu(HCOO), - 4H»0,
Li(Fey /oTa; /2) O2F), e.g. [3, 10].

2.2.2. Phase transitions in single-phase multiferroics

With the rapidly increasing interest in the study of structural phase transitions,
the need for a simple representation of the dielectric, elastic, magnetic, and symme-
try properties involved becomes acute. K. A1zU [22, 23] and L.A. SHUVALOV [24]
have recognized and enumerated the various possible phase transitions in terms of their
point groups.

For discontinuous (first-order) type of ferroelectric transitions, there is no neces-
sary symmetry for the compatibility between high- and low-temperature phases. How-
ever, for all continuous (or quasi-continuous) transitions there are symmetry restrictions
which can be probed by the group theory via a Landau free-energy analysis. A con-
cise description of the method is given by R. BLINC and B. ZEKS [25] and here it will
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suffice to state that all the possible ferroelectric states derivable from a particular higher-
symmetry configuration by a quasi-continuous phase transition can be enunciated, to-
gether with the number of possible ferroelectric domains (with different but equivalent
orientations of spontaneous polarization), for each lower-symmetry phase. All the pos-
sible ferroelectric point groups which can result from the 32 paraelectric point groups
are given in Table 1. A simplified but more general representation which includes mag-
netic as well as dielectric and elastic properties of materials has been introduced by
E.T. KEVE and S.C. ABRAHAMS [26]. Its simplicity, and the fact that it can include
recognition of coupling between properties, makes the latter particularly suitable for
discussion in the context of coupled phase transitions.

Each phase of a crystal is represented by a triplet of symbols followed by the point
group of that phase [20].

The first symbol refers to the dielectric state of the crystal as follows:

F — for actual or potential ferroelectric in which the spontaneous polarization P can
be reversed or reoriented either experimentally or conceptually (i.e. including
pyroelectric);

A — for antiferroelectric, characterized by the existence of ordered local dipoles in the
structure but of a net zero polarization (i.e. including antipolar);

m — for piezoelectric, encompassing all piezoelectric materials except those charac-
terized by F or A;

P — for paraelectric, characterized by zero net polarization and containing no ordered
local dipoles in the structure.

The second symbol refers to the elastic state of the crystal as follows:

F — for ferroelastic, characterized by the existence of a net spontaneous strain 7,
which can be reoriented either experimentally or conceptually;

A — for antiferroelastic, defined by the existence of a single stable mechanical state
in which the unit cell contains an equal number of opposite local spontaneous
strains with a zero resultant;

P — for paraelastic, encompassing all other crystals with a single stable mechanical
state and zero net strain.

The third symbol refers to the magnetic state in the normally accepted terminology
as follows:

F — for ferromagnetic, characterized as possessing a non-zero net magnetic moment
M; (i.e. including ferrimagnetisms, weak ferromagnetism, etc.);

A — for antiferromagnetic;

P — for a lack of magnetic order (i.e. paramagnetic or diamagnetic).

In multiferroic materials the possibility of any pair of ferroelectric, ferroelastic,
and ferromagnetic order parameters being coupled always exists. When this occurs,
the strongly coupled properties are denoted by a subscript ¢ on both property sym-
bols. The possibility that all three order parameters are strongly coupled in a ferroelec-
tric, ferroelastic, ferromagnetic phase cannot be discounted. The emphasis in this work
is obviously on ferroelectric transitions and most of the examples (Table 2) are taken
from [26].
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Table 1. Place of ferroelectrics in the crystal family.

Symbols Non-centric crystal classes
Symmetry No Centro—- . ) Polar
classes class | Krentz |Schoenflies In.t erna- | symmetric PleZ(,)_ PII‘O'— neutral
tional crystals | electrics | electrics crystals
Triclinic L r & H - X . -
2 C C 1 X - - -
3 L; Cy 2 - -
Monoclinic 4 P, C m — —
5 | L;C Can 2/m x - - -
6 | L:P, Cay 2mm - x —
Orthorhombic 7 Lg Li Do 222 — — X
8 Lg Lf,C Dop, mmm X — — —
9 Al Sy 4 — — X
10 L Cy 4 - x -
1 | LiC 4/m X - - -
Tetragonal 12 AﬁLf, Doy 42m — — X
13 | LiP, Ci Amm - X —
14 | LiL; Dy 422 - - X
15 | LiL:C Dap, |4/mmm X — — —
16 L3 Cs 3 - x x -
17 L3C Se/C'3; 3 X — — —
Trigonal 18 Lﬁ P, Csy 3m — X —
19 | L3L; Ds 322 - - X
20 | LiLiC Dsg 3m X — — —
21 | L3P, Csn 6 - -
22 |LiL;P.| Dsy 6m2 - -
23 LS Cs 6 - X -
Hexagonal 24 Léc Cshn 6/m X — — —
25 | L8P, Céev 6mm - X -
26 | LSL; Dg 622 - - X
27 | LS L}QIC Den, 6/mmm X — —
28 | L3L3 T 23 - x - x
29 | L3L3C Ty m3 X - - -
Cubic 30 | A4, T, 43m - X -
31 | LiLy O 432 - - -
32 | LiL,C| O m3m X - - -
_ 20 _ _
The sum total 11 - 10 11
32
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Table 2. Characteristic examples of the phase transitions in multiferroics.

No | Materials Phase transitions
1.|BaTiO3 PPP (m3m) - (FcFcP (4mm) - F.F.P (mm2) - F.F.P (3m)
2. | KH2PO, PP (42m) - F.F.P (mm2)
3.|Cd2(M0Oy4)3 PP (42m) - F.F.P (mm2)
4.|Ks Fe2tFel™ Fis |PPP (4mmm) - F.E.P (mm2)
5.|NasW309F5 PPP - F.F.P
6. | BasNasNb19Os39 PPP (4/mmm) - FPP (4mm) - FFP (mm2)
7.|BagSr5_.Nb1gOsp |PPP (#/mmm) - nPP (ZZm) - FPP (4mm)
8.|PbsCrsFig PPP (4/mm) - FPP (4mm)
9.|PbsAl3Fi9 PPP (4/mm) - PPP (4/m) - PFP (2/m) - AFP (4/m) - FFP (4mm)
10. | Pbs(Cro,9Alo,1)3F19 | PPP (4/mm) - PPP (4/m) - PFP (2/m) - FFP (4mm)
11.| BaCoF4 PPP (mmm) - FPP (mm2) - FFA (2) PPP (mmm) - FPP (mm?2) - FAA (mm?2)
12. | RbFeF4 PPP (4/mmm) - PFP (mmm) - PFA (mmm)
13. | KoNiFy PPP (4/mmm) - PE.A. (mmm)
14. | KFeFs3 PPP (m3m) - PE.A. (3m)
15.|{Mn304 PPP (4/mmm) - PF.F. (m)

2.3. Composite ferroelectromagnetics

The choice of single-phase multiferroics exhibiting coexistence of strong ferro- /
ferrimagnetisms and ferroelectricity is limited.

The ferroelectric — ferro- / ferrimagnetic composite exhibits responses that are not
available in the individual component phases.

If new ferroelectromagnetic composites and the conditions of their production are
designed, the researcher should pay attention to the following problems.

No chemical reaction should occur between the ferroelectric and ferro- / ferrimag-
netic materials during the high—temperature sintering process. A chemical reaction may
reduce the piezoelectric and / or magnetostrictive properties of each phase.

The resistivity of the magnetostrictive phase should be as high as possible. If the
resistivity of a magnetostrictive phase is low, the electric poling becomes very difficult
due to the leakage current. Furthermore, the leakage current reduces the ME properties
of the composites. When the ferrite particles make connected chains, the electric re-
sistivity of the composites is reduced significantly because of the low resistivity of the
ferrite. Therefore, good dispersion of the ferrite particles in the ferroelectric matrix is
required in order to sustain sufficient electric resistivity of the composite.

Mechanical defects such as pores at the interface between the two phases should not
exist in the composite in order to achieve a good mechanical coupling.

The basic ideas underlying composite ferroelectromagnetic ceramics can be classi-
fied into three categories: (a) sum properties, (b) product properties and (c) combination
properties (Fig. 5).
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Fig. 5. Composite properties: a) sum properties, b) product properties, and ¢) combination properties [9].

Depending on the application, the appropriate properties of the individual phases
can be invoked to design a composite which will have a sum property or a product
property. These concepts are of fundamental importance.

A sum property (Fig. 5a) of a composite is a weighted sum of the contributions
from the individual component phases proportional to the volume of weight fractions
of these phases in the composite (physical quantities like density and resistivity are sum
properties).

A product property (Fig. 5b) is reflected in the composite structure but is absent in
the individual phases. In a biphasic composite material, if one phase exhibits a property
A—B (application of an independent variable A resulting in an effect B) with a pro-
portionality tensor dB/dA = X (may be a constant or dependent on A or B) and the
second phase exhibits a property B—C with a proportionality tensor dC/dB =Y, then
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the composite will exhibit a property A—C (product property of the composite) which
is absent in either of the initial phases. The proportionality tensor dC/d A is the product
of the proportionality tensor of the phases, i.e. dC/dA = (dC/dB) (dB/dA) = YX.

A combination property (Fig. 5c¢) of a composite takes place in the following situa-
tion. In certain cases, the averaged value of the output, B*, of a composite does exceed
the magnitude of end components B; and Bs. This enhanced output refers to an effect
B/C which depends on the two parameters B and C. Suppose that A and C follow con-
vex and concave type sum effects, respectively. The combination value B/C will exhibit
a maximum at an intermediate ratio of the phases.

All these properties (Fig. 5a, b, c) can be exploited to yield the requisite effect for
the desired application.

In composite ferroelectromagnetics magnetoelectric (ME) the effect is realized by
using the concept of product properties [8]. A suitable combination of two phases can
yield the desirable property such as a combination of piezomagnetic and piezoelectric
phases or a combination of magnetostrictive and piezoelectric phases. The ME effect can
be realized also by coupling the thermal interaction in pyroelectric-pyromagnetic com-
posites. Most ferromagnetic materials show a magnetostrictive effect, however
a piezomagnetic effect has not been observed in these materials. This means that in
these materials the strain caused by a magnetic field is not linearly proportional to the
field strength but is related to the square of the magnetic field strength. This makes the
product property, the magnetoelectric effect in the piezoelectric-magnetostrictive com-
posites, a nonlinear effect unlike the single phase materials where the magnetoelectric
effect is a linear effect over a wide range of the of the magnetic or electric field values.
Also the magnetoelectric effect in these composites shows hysteresis behavior. This
makes the applications of such composites difficult in linear devices. Linearity in such
composites is achieved by applying a bias magnetic field across them so that the mag-
netoelectric effect over a short range around this bias can be approximated as a linear
effect. The hysteresis nature of this effect can be used in memory devices, for which
there is no necessity of a bias magnetic field.

The ME effect obtained in composites is more than a hundred times larger than that
of single-phase ME materials (such as Co203).

A strong ME effect in a composite can be observed if the following conditions are
fulfilled [9]:

e two individual phases should be in equilibrium;

e mismatching between grains should not be present;

o the magnitude of the magnetostriction coefficient of the piezomagnetic or magne-
tostrictive phase and the magnitude of the piezoelectric coefficient of the piezo-
electric phase must be greater;

e the accumulated charge must not leak through the piezomagnetic or magne-
tostrictive phases;

o the strategy for poling of the composites must be determinated.

At present many various ferroelectromagnetic composites are received, among other
things e.g.:
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e BaTiO3 — Ni(Co, Mn)Fe>O4; BaTiO3 — CoFe;O4; BaTiO3 — Ni Fe2Oy4; BaTiOg
- LiFe5Og;

[} Bi4Ti3012 — COF6204;

e P/ZT (Pb(Zr00.52Tio,48)03) — Terfenol-D (Tbo,gDy0.7FCL9);

e PZT4 (20 %) — CoFe203(80 %); PZT (80 %) — NiFex04 (20 %);

e SrTiO3 (or BaTiOs, BisSrTaOg) — LaFeOs (or LaCrOs, (La, Sr) MnOg).

Various ferroelectromagnetic composites are produced by different methods and
forms, among other things e.g. [27]:

e bulk ceramics (x [%] ferro- / ferrimagnetic powders in (1-x) [%] ferroelectric
matrix);

e multilayer geometry consisting of alternating layers of the ferroelectric phase,
e.g. perovsikite BaTiO3, and the ferro- / ferrimagnetic phase e.g. spinel CoFeoO4
(a thin film — on — substrate geometry);

e a heterostructure consisting of nanopillars of the ferro- / ferrimagnetic phase em-
bedded in a ferroelectric matrix (a thin film — on — substrate geometry);

e a laminated structure made by using piezoelectric and magnetostrictive mate-
rials (by sandwiching and bonding a PZT ceramic disk between two layers of
Terfenol-D disks or a ferroelectric single crystal disc (e.g. Pb(Mg; ;3Nbj /3)O03 —
PbTiO3 (PMN — PT), Pb (Zn; /3 Nby3)O03 — PbTiO3 (PZT — PT)) between two
discs of Terfenol-D).

The ferroelectromagnetic composites are manufactured by using various processes,
e.g. [28]: a high — advanced ceramic technology (bulk ceramic composites), rf sputter-
ing, the sol-gel process, pulsed laser deposition (thin film and multilayer composites).

The ferroelectromagnetic composites consist of two different phases: the ferroelec-
tric phase and ferro- / ferrimagnetic phase. These phases can not be mutually indepen-
dent, but they have to be coupled. This coupling is set between order parameters of the
electric (Ps) and magnetic (M) systems.

In ferroelectromagnetics, the temperature dependent magnetic measurements illus-
trate the coupling between two order parameters, which is manifested as a change in the
magnetization at the ferroelectric Curie temperature (1 ). In case of the multiferroic
multilayer (for example ferroelectric BaTiO3 with a perovskite-type structure and ferro-
/ ferrimagnetic CoFe,0,4 with a spinel-type structure [27]), the thermodynamic analy-
ses show that the magnetoelectric coupling in such a structure can be understood on
the basis of the strong elastic interaction between the two phases. In other cases (e.g. in
single-phase multiferroics), the problem becomes considerably more complicated and
more difficult.

H. ZENG et al. [27] proposed that composite piezoelectric and magnetostrictive
phases can be electromagnetically coupled via the mediation of stress. When the mag-
netoelectric coupling is purely by elastic interaction, the effect in a multilayer structure
of a substrate will be negligible due to the clamping effect of the substrate. This system
shows a strong coupling of the order parameters trough the heteroepitaxy of the two lat-
tices (e.g. BaTiO3 — CoFe2O,). This approach is general. At the present technologists
have been able to create similar structures of other spinel — perovskite systems, such as
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bismuth ferrite or cobalt ferrite / lead titanate, etc. This enlarged significantly the family
of the ferroelectromagnetic materials.

H. TABATA et al. [29] constructed ferroelectric and / or ferromagnetic superlat-
tices by a layer—by—layer successive deposition technique with a laser MBE. An ideal
hetero — epitaxy can be obtained due to the similar crystal structure of the perovskite
type ferroelectrics (BaTiO3, StTiO3, Bi-based layered compound) and ferro- or antifer-
romagnetics (LaFeOs, LaCrOgs, (La, Sr)MnO3). In both superlattices, the strain effect
plays an important role in deterring their ferroelectromagnetic properties.

J.L. PRIETO et al. [30] presented a new working configuration for magnetostric-
tive — piezoelectric magnetic sensors. Magnetostrictive — piezoelectric sensors are very
interesting because of their good characteristics such as their high sensitivity, great fre-
quency response, easy construction, law cost etc. The sensor, like the traditional mag-
netostrictive — piezoelectric sensor, was made by interfacing a highly magnetostrictive
ferromagnetic material with a piezoelectric support thought a viscous fluid. In this oper-
ating mode, the excitation was caused using a current flowing through the ferromagnetic
sample, and the piezoelectric support detects the size of changes of the ferromagnetic
material. The sensitivity of this magnetic sensor is really good, but it can be easily in-
creased taking into account the following points:

e the mechanical coupling between the ferromagnetic and piezoelectric materials
must be improved;

o the size of the ferromagnetic material compared to the piezoelectric support must
increase to a comparable size (or even larger) to obtain a larger effect;

e alternative configurations can improve the characteristics.

Despite the very good characteristics of the actual sensor, it would be very inter-
esting to develop a magnetic sensor without a coil in order to open up the possibility
of a planar or integrated device. The more promising planar or integrated technologies
could be (1) the magnetotranzistor, (2) a bimetallic compound, (3) magnetoresistance
or magneto — impedance, (4) other interesting devices of the Lorentz force, (5) Hall
sensors and even flux-gate in the planar technology. J.L.. PRIETO ef al. [31] presented
a new planar technology of magnetic sensors.

T. UENO et al. [32] described the principle of a magnetic force control by an inverse
magnetostrictive effect of the magnetostrictive material and a device, which is a com-
position of a giant magnetostrictive rod and a stack piezoelectric actuator fabricated
to realize the principle practically. The magnetic force control is based on the inverse
magnetostrictive effect of Terfenol-D coupled via strain with the piezoelectric actua-
tor and the variation of the voltage applied to the piezoelectric actuator is converted
to the variation of the magnetic force via a magnetic circuit in the device. The advan-
tage of zero power consumption and heat generation of the device in a steady-state
operation was also confirmed by the comparison of the device with the electromag-
net.

In the paper of Y.X. LIN et al. [33], the significant effect of a dc magnetic bias field
on the magnetoelectric coupling in a magnetoelectric composite structure has been stud-
ied using the finite-element method. It has been demonstrated that the dc bias effect of
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the magnetoelectric coupling is ascribed to the nonlinear response of the magnetostress
coupling in the magnetostrictive materials to the applied dc bias field. A numerical
calculation of the Terfenol-D (Tbg 3 Dyq.7 Fel.g)—epoxy / Pb (ZI’O.52Ti0.48)03 (PZT)-
epoxy composite structure has revealed that the magnetostress coupling coefficient first
increases rapidly and then fall slowly down with an increasing bias field. A significant
effect of the bias field on the magnetoelectric yield has been demonstrated too. A rough
consistency between the numerical calculation and the experiments has been given.

Composite ferroelectromagnetics, which display simultaneous magnetic and elec-
tric ordering, have recently stimulated much scientific and technological interest [29].
The coexistence of magnetic and electric subsystems engenders the material with the
product property, thus allowing an additional degree of freedom in the design of actua-
tors, transducers and storage devices.

3. Conclusions

Ferroics form an essential subgroup of smart (or functional) materials whose physi-
cal properties are sensitive to changes at external conditions such as temperature, pres-
sure, electric and magnetic field. Ferroelectric, ferromagnetic and ferroelastic materials
are the best — known examples of ferroics that are principally distinguished by two main
characteristics:

o Firstly, their property specific order parameters (e.g. polarization, magnetization,
or self—strain, for ferroelectrics, ferromagnetics and ferroelastics, respectively),
spontaneously assume nonzero values below a threshold temperature oven in the
absence of an applied stimulus. Thus these substances are usually high-energy —
density materials that can be configured to store and release energy (electrical,
magnetic and mechanical) in well-regulated manners, making them highly useful
as sensor and actuators.

e Secondly, ferroics (as a general class of materials) exhibit hysteresis in their stim-
ulus —response behaviour: e.g. polarization versus the applied electric field, mag-
netization versus the applied magnetic field and strain versus the applied stress.

By definition, for a material to be ferroelectromagnetic multiferroic it must be si-
multaneously ferromagnetic and ferroelectric. Therefore, its allowed physical, structural
and electronic properties are restricted to those which occur both in ferromagnetic and
in ferroelectric materials.

The first ferroelectromagnetic material to be discovered (E. ASCHER et al., 1966
[34]) was a weakly ferromagnetic nickel iodine boracite NizB7O13J. The latter was
followed by the synthesis of many more ferroic, biferroic and multiferroic single-phase
compounds and by the production of magnetoelectric composites.

Specific device applications which have been suggested for such materials include
multiple state memory elements, electric field controlled ferromagnetic resonance de-
vices, and transducers with magnetically modulated piezoelectricity.
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Exciting developments can be expected in the area of smart materials and structures
in the near future. Investigations of ferroic and multiferroic materials can thus pay rich
dividends.
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