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Introduction

Materials that possessing at least two ferroic orders, among ferroelectricity, ferromag-
netism and ferroelasticity, are called multiferroic materials. They are attractive systems
due to the possible giant cross coupling between these three orders. Indeed, a ferromag-
netic material show a spontaneous magnetization M that can be controlled by applying
a magnetic eld H (blue part in Figure 1). Similarly, the electric spontaneous polariza-
tion P of a ferroelectric material can be controlled by applying an electric eld E (pink
part in Figure 1). In the case of multiferroic magnetoelectric (ME) materials, the cross
coupling occurs between two ferroics orders (magnetic and electric one) and it can give
rise to a large direct and/or converse ME e ect. Indeed, thanks to an e cient direct ME
e ect, it becomes possible to control the electric polarization P by a magnetic eld H and
respectively thanks to an e cient converse ME e ect, it becomes possible to control the
magnetization M by an electric eld E (grey part in Figure 1). This coupling e ect opens
fascinating possibilities for a new generation of devices targeting new smart multi-states
memories, magnetic sensors, actuators, transformers and also spintronic systems.

It is important to underline that the interplay between magnetism and electricity
was well-known already in 1888 when Rontgen observed the appearance of a magnetic
moment in a dielectric material moving in an electric eld [163] *. The reverse e ect was
then reported by Wilson in 1905 [213], who observed an electric polarization appearing
in a dielectric material moving in a magnetic eld. In 1926, the term "magnetoelectric"
was introduced by Debye [36]. However, the e ect was successfully observed only in 1960
after the prediction of Dzyaloshinskii [39] of a magnetoelectric e ect in the chromium
oxide (Cr,03) compound which was con rmed by Astrov experiments. [11].

In 1966 the group of Ascher and Schmidt in Geneva [10] discovered multiferroicity
also in nickel-iodine boracite materials. Since then, the number of researches upon in-
trinsic multiferroics compounds have increased signi cantly (section 1.3.1). However, the
research on this topic is saturated because the magnetoelectric coupling has been often
found to be weak and to happen at low temperature (i.e. below room temperature).

In the 1990s, with the occurring of the spintronics industry, the possibility o ered by
the multiferroic materials of the electric control of the magnetization triggered again the
attention upon the multiferroics systems. This renewing interest shifted the researches of
the scienti ¢ community from the single phase (or intrinsic) multiferroic materials to the
arti cial multiferroics compounds. Thanks to their high ME coupling at high tempera-
ture, these arti cial multiferroics become a hot topic in the last decades. This success

1Please note that the bibliography is ordered by the rst author’s family name.
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Figure 1. Multiferroic materials display a coexistence of magnetic and electric ferroic
orders. The coupling between these di erent orders provides an opportunity to control
the magnetic properties by an external electric eld and vice versa.

is witnessed by a large number of published works. In these composite structures, two
(or three) phases are arti cially coupled together (e.g. the piezoelectric phase/material
can be coupled to a magnetostrictive one). In these arti cial ME composites, showing
physically separated phases, both direct ME and converse ME coupling can be mediated
through di erent physical mechanism: (a) the strain, (b) the charge carrier and (c) the
spin exchange [204]. Among them, the strain-mediated ME coupling attracting a lot of
attention since it opens novel potential applications in new generation of devices willing
to be more e cient and lower power consumption.

This train-mediated e ect is based on the elastic coupling between the two phases
allowing the control of magnetic behaviors in ME composites by an electric eld. In this
frame, a steady growth of new ideas for novel nanostructures have been developed in order
to improve the strain-mediated ME e ect. For practice applications, these composites
have to satisfy several requirements: they have to display large ME coupling at room
temperature, should be easy to fabricate and consist of cheap chemical elements and
compounds. Moreover, the composite nanostructures must be suitable for fabrication at
micro- and nano-scale sizes without loss of functionality, in order to be easily integrated
at chip/wafer level. Some of these requirements have been already ful lled, many other
still remain to be solve.

Following the developing of these strain-mediated ME composites, exible PVDF-
polymer-based multiferroic composite have attracted a lot of interest during the past ten
years [103] [105] [108] [155] [159]. Several research groups have been developing these
systems as they open the hope for a new exible technology, able to cover any kind of
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surface and being eco-friendly. Many di erent arti cial structures can be studied: bi-
dimensional heterostructures, nano-particulate composites including nanoparticles inside
the PVDF matrix, ect. These new arti cial materials open new challenges, among others:
(i) Optimizing ferroelectric phase of the PVDF as function of the nano-inclusions and
the fabrication method; (ii) Understanding the e ect of the nano-inclusions on the local
physical properties of the composites; (iii) Studying the e ect of the quality of the interface
between the organic PVDF phase and the inorganic nano-inclusion on the ME coupling;
(iv) Characterizing the mechanical properties of the ME nanostructures.

In this frame, the main goal of this work is to investigate the magnetic behavior of
ME composites system presenting di erent type of nanostructure and to control it by the
elastic properties of the materials via an electric eld application.

This manuscript is divided into ve Chapters:

Chapter 1. State of the art: This chapter will brie y describe the theoretical
background of materials used in ME multiferroic composites (including magnetic
and ferroelectric/piezoelectric systems) and the principle of the ME e ect. A state
of the art in single-phase and composite multiferroics is reviewed shortly. In par-
ticular, an overview on electric control of magnetic properties by strain-mediated
e ect is presented in three main types of composites structure depending on the
dimensionality of the interface between the two phases (so-called 2-2, 0-3 and 1-
3 types). Finally, several factors that may a ect the ME coupling in multiferroic
composites are discussed. Two main potential applications of electric control of
magnetic behavior in multiferroic composites are also reported.

Chapter 2. Experimental technique and micromagnetic simulation: Ex-
perimental techniques use to characterize the samples and micromagnetic simulation
method used in this thesis are discussed here.

Chapter 3. Electric control of magnetic domain in 2-2 type ME compos-
ites: The ME 2-2 type based on a magnetostrictive Im/ exible substrate/actuator
heterostructure is studied by a standard Magnetic Force Microscopy (MFM). The
magnetic domain and local magnetic moments orientation is controlled by using
an in situ external electric eld. The results are then compared to the magnetic
domain behavior observed under the in situ external magnetic eld.

Chapter 4. 0-3 type ME particulate nanocomposites based on PVDF:

In this part, the ME nanocomposite 0-3 type structure with magnetic nanoparticles
embedded in an electro-active polymer (PVDF) substrate is studied. The e ects of
nano-inclusions on the electro-active phase and the piezoelectric response of PVDF
are studied by using the Piezoelectric Force Microscopy (PFM). Moreover, we stud-
ied the stain-mediated e ect on the magnetic behavior of nanoparticles by studying
the ME structure under di erent temperatures/elastic conditions. We performed
the magnetic measurement vs. temperature by using a Quantum Design MPMS
SQUID-VSM.
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Chapter 5. Optimizing ferromagnetic properties of anisotropic nanopar-
ticles toward 1-3 type ME nanocomposite:

The magnetic properties of cobalt nanowires are investigated by both experiment
and simulation techniques. Firstly, we studied the magnetic properties of cobalt
nanowires by using the experimental characterization in order to analysis the e ect
of the morphology and the growing faults in their crystal structure. Moreover, the
magnetic behavior of this cobalt anisotropic nanoparticles have been investigated
as function of their organizations and interactions inside a non-magnetic media.
By using micromagnetic simulation based on nite element method, this cobalt
nanoparticles assembly have been studied for di erent arrangement. Their mis-
alignment e ect is discussed as well as the macroscopic magnetic properties of the
nanoparticles assembly.

Finally, a general conclusion and perspective will be presented.

You will nd at the end of the manuscript four Appendices (From A to D).



Chapter 1

State of the art

1.1 Generalities on Ferroic Materials: theoretical back-
ground on ferromagnetism and ferroelectricity

1.1.1 Magnetic materials

The origin of magnetism was rstly understood by using a model of free atoms. Each
atom presents a magnetic dipole moment. This magnetic dipole moment is created by the
revolution of unpaired electron around the nucleus (orbital angular momentum) and the
spinning around their own axis (spin angular momentum) [123]. The atomic magnetic
moments interact with their neighbors producing a network of ordered magnetic moments.
Di erent interactions between those moments are possible and can give place to several
magnetic ordered materials. Indeed, in some materials there are no collective interaction
among the atomic magnetic moments, whereas in other materials very strong interactions
can happen. Base on these latter and on the response of the materials to an external
magnetic stimulus, we can classi ed them into ve groups: diamagnetics, paramagnetics,
ferromagnetics, antiferromagnetics and ferrimagnetics (see Figure 1.1).

Diamagnetic materials cannot be represented by a network of magnetic moments since
in their atomic structure there are no unpaired electron. When these materials are ex-
posed to a magnetic eld, a negative magnetization is produced (see the Figure 1.2).
Unlike diamagnetic materials, paramagnetic materials have a network of random disor-
dered magnetic moment. The interactions between them are very weak and lead to a
random order (Figure 1.1). Paramagnetic materials respond to the external eld by a
linear increasing magnetization (see Figure 1.2). Nevertheless, when removing eld, the
magnetization returns back to zero like in the case of the diamagnetic materials.

Ferromagnetic materials present strong interactions between the atomic magnetic mo-
ments. This interaction, so called exchange interaction, leads to a parallel alignment of the
magnetic moments giving rise to a large net magnetization (which is called spontaneous
magnetization) even in the absence of an applied magnetic eld [123]. Two distinct pe-
culiarities of ferromagnetic materials are: (i) the spontaneous magnetization and (ii) the
presence of a critical temperature called Curie temperature. The spontaneous magnetiza-
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Figure 1.1: Network of ordered magnetic moments in di erent magnetic materials.
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Figure 1.2: Magnetic response of di erent kind of magnetic materials.

tion tends to align to a preferred direction, which is associated with the magnetocrystalline
anisotropy (see section 1.1.3). Although the exchange interaction in ferromagnetics is very
large, thermal energy can eventually overcomes the exchange one and thus destroying the
ferromagnetic order. This occurs at the critical temperature called the Curie temperature
(Tc). Below the Curie temperature, the magnetic moments are ordered (ferromagnetic
phase) and above it, disordered state occurs (paramagnetic phase). In ferromagnetic ma-
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terials, in order to minimize the total magnetic energy, the magnetic moments tend to
form small regions (called magnetic domains) where the magnetic moments are aligned
parallel to each other [183]. The region between domains oriented di erently is called
domain wall. When a ferromagnetic materials is bring into a magnetic eld, magnetic
domains inside the materials tend to align toward the direction of the external stimu-
lus. Removing the magnetic eld, a remanent magnetization is observed that can be
very close to the one observed in the full oriented network. This behavior is described
by the hysteresis characterization of the materials and will be discussed deeply in the
Section 1.1.2. Ferromagnetic materials have a larger range of application, in information
recording, permanent magnet and magnetic sensors.

Both of antiferromagnetic materials and ferrimagnetic one present a spontaneous mag-
netization, which is similar to the ferromagnetic systems. However, the strong interactions
between the magnetic moments arrange them in this case in an anti-parallel con guration
(see Figure 1.1). Thus in the case of antiferromagnetic materials, the total net spon-
taneous magnetization is zero and can be increased by the applied external eld as for
paramagnetic materials. In ferrimagnetic materials, the magnetic moments oriented in
opposite directions are not equal. This bring to the fact that, although the spontaneous
magnetization is also zero, the magnetic moments aligned in one direction are not balanced
by the ones aligned in the opposite direction. Thus they present a total magnetization
that behaves like the ferromagnetic network (see Figure 1.3).

1.1.2 Magnetic hysteresis loop

The magnetic properties of a ferromagnetic materials are studied by measuring their
magnetization under the application of an external magnetic eld (M-H curve). The
typical M-H hysteresis loop is shown in Figure 1.3 and it is characterized by:

The saturation magnetization (Ms) representing the maximum magnetization that
can be obtained under the application of a magnetic eld.

The remanent magnetization (M,) being the magnetization presented by the mate-
rial after removing the applied magnetic stimulus.

The coercive eld (Hc) being the intensity of the applied magnetic eld required to
reduce the magnetization of the material from the saturation value to the zero one.

The magnetization process of the ferromagnetic materials is based on the growing of
the magnetic domains and on the magnetic domain wall motion (see Figure 1.3) [123].
Initially, in the non-magnetized state, all domains are randomly arranged and the total
magnetization is zero. When the magnetic eld is applied, domains grow leading to the
motion of the domain walls. Domains with the spontaneous magnetization aligned along
the applied magnetic eld will grow as function of this latter. Increasing the magnetic

eld up to the so called saturation eld, brings the material to be characterized to one
single magnetic domain. Further increases of the external force pushes the macroscopic
magnetization to rotate from the magnetic easy axis to the direction of the eld applied.
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Figure 1.3: A typical hysteresis loop of ferromagnetic materials.

At this point the magnetization has reached its saturation value (Mg). The magnetic easy
axis will be discussed into details in section 1.1.3. Removing the magnetic field does not
bring the magnetization back to the random state of the domains and a remanent mag-
netization (M,) is measured. In the case of strong ferromagnetic material, the remanent
state is similar to the saturated one. When the magnetic field is reversed (see Figure 1.3
in the negative values), the material is fully demagnetized to zero at a critical field (i.e.
coercive field (H¢)). This is described by the demagnetized curve of the second quadrant
in Figure 1.3

1.1.3 Magnetic anisotropy

Magnetic anisotropy is a characteristic of the ferromagnetic material that identifies the
magnetization dependence upon the direction along which it is measured. For ordered
magnetic materials, the magnetic properties are affected by the magnetic anisotropy.
Thus, the nature and the type of the magnetic anisotropy is an important factor to
determine the use of the materials for specific applications. Two types of magnetic
anisotropy are discussed in the following: the magnetocrystalline anisotropy and the
shape anisotropy.

Magnetocystalline anisotropy

In ferromagnetic crystals, the magnetization tends to align along certain preferred
crystallographic directions. The preferred directions are called the easy axis. When an
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external magnetic field is applied along this direction, it is easy to saturate the magne-
tization. In contrast, it is difficult to saturate the magnetization of the system along a
crystallographic direction called hard axis. The other directions are intermediate axis.
Depending on the crystallographic symmetry, the easy axis can be different from one
crystal structure to another. For instance, in body-centered cubic (bcc) iron system, the
casy directions are the six cube edge axis (i.e.[100], [010], [001], [100], [010] and [001] [78])
while the hard directions are four body diagonal orientations. By contrast, the easy axis of
face-centered cubic (fcc) Ni is the [111] body diagonal and in the hexagonal close-packed
(hep) Co the easy axis is along the [0001] direction, see Figure 1.4.

[100] becIRON  [111]  fccNICKEL  hep COBALT
Easy Axes £y 45 [000'

[100]

Hard Axis

(1]

[1000] Hord Axes
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Figure 1.4: Crystal structures showing the easy and hard axes for Fe (a), Ni (b) and Co
(c) bulk material. The corresponding magnetization curve along different crystallographic
axes are presented below along different crystallographic axes [78].

The magnetocrystalline anisotropy energy (FEy,.) is the energy needed to moves the
magnetization away from the easy direction. We do not know a priori the dependence of
the energy of the crystal on the orientation of the magnetic moment. It can be shown
[78] that the energy can be expanded into power series of direction cosines related to the
crystal axes. For example, in cubic crystal such as iron, the E,,. can be written as:

Epe = Ko+ Ki(a3a3 + a5a3 + azai) + Kyalasas + ... (1.1)
Where Ky, K;, Ks,... are the anisotropy constants for a given material at a given

temperature. The experience shows that it is enough to use very limited number of
expansion terms to describes the magnetic moment.
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As already seen, for hexagonal crystals such as Co, the easy direction of the magneti-
zation at room temperature is along the c-axis while all the others are hard axises. Due to
this unique easy direction, the magnetocrystalline anisotropy is called uniaxial anisotropy.
The magnetic energy of this uniaxial anisotropy case can be written as [78]:

Emc = Ko + Kyisin? + Kyosin® + 1 (1.2)

Where Ky, Ky and Ky, are the anisotropy constants and is the angle between the
magnetization vector and the magnetocrystalline easy axis. The subscript ‘u’ is used to
identify the uniaxial anisotropy. Whereas the subscript ‘1’ (or ‘2’) de nes the rst (or
second) order term of the magnetic energy.

Shape anisotropy

As indicated by the name, the shape anisotropy identi es the magnetic properties
dependence on the shape of the material. In the case of a spherical material it is easy
to imagine that all the directions in the space will be equivalent for the application of a
magnetic stimulus and thus the response of the material is also isotropic. However, if the
material is not isotropic in the space, for example like in Figure 1.5, then it will be easier
to magnetize the material along a speci c direction (i.e. the long axis in Figure 1.5).

H

applied

Z
v Vv
n

>
Figure 1.5: H eld is applied along a magnetic bar.

The origin of the shape anisotropy comes from the demagnetizing eld inside the
materials. If we consider a magnetic bar which is magnetized a north pole at one end and
a south pole at the opposite side appear. By de nition, the lines of the magnetic eld
H radiates from the north pole and ends at the south pole (see Figure 1.5). Inside the
magnetic bar, the eld lines are also oriented in the same direction and hence they are
opposed to the magnetization and thus tends to reduce it. The magnetic eld inside the
magnetic bar creates the so-called demagnetizing eld, Hq, which is de ned as:

Ho = Ng:M (1.3)
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Sample geometry

Shape Factor,N; (dimensionless)

Flat sheet, M normal to surface 1

Flat sheet, M in-plane 0

Long cylinder, M along length 0
Long cylinder, M along width 1/2
Sphere, M along orthogonal axes 1/3

Table 1.1: Demagnetizing factor of some simple geometries.

where Ny is the demagnetizing factor, and is determined by the shape of the sample, M
is the magnetization of the sample. The demagnetizing factor of some simple geometries

are shown in table 1.1 [139]:
The magnetostatic energy of this demagnetizing field can be written as:

1

1
Ep = —poH4M = =jigNgM?

2

2

where M is the magnetization and H, is the demagnetizing field.

Magnetization

Easy axis ‘ Ms
Hard axis M J 'f . :
=90¢
i 0=0°
Hc
Magnetic field

(14)

Figure 1.6: Expected hysteresis loop of a ferromagnetic material for the perfect case of
magnetic field applying along the easy axis (blue) and the hard axis (red).

Considering an anisotropic ferromagnetic object that owns a magnetocrystalline anisotropy

along the length of the object (i.e. the uniaxial anisotropy and the shape one have the
same direction), if an external magnetic field is applied parallel to the easy axis, the hys-
teresis of the object will be presented by a rectangle shape (6 = 0°) (see Figure 1.6, blue
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line). In contrast, when the magnetic eld is applied along the hard axis (perpendicular
to the easy one), the hysteresis loop is shown by a straight line ( = 90 ) (see the red
line in Figure 1.6). The M,=Mgs ratio is equal 1 for perfect alignment between the H eld
and the magnetization while equal 0 in the contrary case. In general, the hysteresis loop
shape of the magnetic materials is represented by a M-H curve which is intermediate in
between these two behaviors described before. Thus, the M,=Ms value is an indication of
the mutual align between the external H eld and the anisotropy axis. depends strongly
on the direction of the external applied magnetic eld. In which, if the magnetic eld is
applied along the easy axis, the hysteresis loop will be an open cycle with a M,/Ms ratio
close to 1. On the contrary, the hysteresis loop will be a narrow cycle with a M,/Ms ratio
close to 0, when the magnetic eld is apply along the hard axis.

1.1.4 Magnetostriction

Magnetostriction (or Joule magnetostriction) is the e ect that describes the defor-
mation of materials when a magnetic eld is applied (Figure 1.7). This phenomenon is
observed in all ferromagnetic materials. The magnetostrictive e ect is de ned by the mag-
netostriction coe cient, (H) = — e = 1o byt represents the change in length
arising from application of the magnetic eld on the ferromagnetic material during the
process of magnetization. The magnetostriction coe cient can be positive (expansion),

negative (contraction), or zero as in the case of some alloys (NigxFe1g) [78].

WAV A

] |
— —>
— — > —>
H o _________ i

Figure 1.7: Example of magnetostriction e ect. The rotation of the spontaneous magne-
tization in each domain is also accompanied by a deformation of sample while applying a
magnetic eld, H.

The origin of magnetostriction is the coupling between the magnetic and the elastic
properites of the materials (so called the magnetoelastic coupling). In a crystal structure,
this arises from the tendency of neighboring ions to shift their positions in response to the
rotation of the magnetic moment under the application of H [114]. Other explanations
are linked to the domain walls motion and the domain rotations during the magnetiza-
tion process, followed by a spontaneously deformation of the crystal lattice inside each
domain along the direction of their domain magnetic moment. Finally, at the saturation
magnetization, this results in a macroscopic deformation of the sample, 1( (H) [78].
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The inverse e ect of magnetostriction is called the Villari e ect, and concerns the
change in magnetization due to an applied stress. This e ect is explained by the change
of the domain structure when a mechanical force is applied. The Villari e ect is commonly
used in the magnetic sensors and in the multifunctional devices [53], [208], [226].

1.1.5 Ferroelectric materials and piezoelectricity

Ferroelectric materials

Materials that display a spontaneous polarization, P, that can be reversed using an
external electrical eld, are called ferroelectrics [216]. A pair of electrical charges (+ and
-) constitutes an electric dipole which is de ned by an electric dipole moment (p) (the
moment is directed from the negative charge (-) to the positive one (+)). The polarization
(P) is the amount of electric dipoles (p) per unit volume (V): P = p/V.

Similarly as ferromagnetic materials, ferroelectric materials have ferroelectric domains
with the electric dipole moments parallel to each other inside each domain. The main
characteristic of ferroelectric materials is their hysteresis loop (P-E), see Figure 1.8.

Polarization (C/m?)

Electric field (V/m)

Figure 1.8: A typical hysteresis loop of a ferroelectric material representing the polariza-
tion as function of the external stimulus.

This P-E hysteresis loop represents (similarly to the ferromagnetic case) the reversal
mechanism of the spontaneous polarization in the ferroelectric materials when an electric
eld is applied. From a depolarized state, the ferroelectric domains start to align in the
positive direction following the increasing of the electric eld (E- eld), giving rise to a
rapidly increasing of the polarization. At very high E- eld, the polarization reaches a
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saturation value (Ps). The polarization does not go to zero when the external eld is
removed. At zero E- eld, some of the domains remain aligned in the positive direction,
hence the materials reaches a remanent polarization (P,). The materials cannot be com-
pletely depolarized (P = 0) until a eld (coercive eld, Ec) is applied in the negative
direction. If the eld is increased to a higher negative value, the direction of polarization
ips and hence the hysteresis loop is obtained (see Figure 1.8).

Similarly as in the ferromagnetic materials, ferroelectric systems have a transition
temperature, which is called Curie temperature (Tc). Above Tc, ferroelectric materials
do not exhibit the ferroelectricity behavior, while below T they are ferroelectric.

Vi o e
N

=5
N/
d/vdd/d

Figure 1.9: Schematic illustration of the ABO3 perovskite crystal structure. A sites are
occupied by cations (blue) and are at the corners of the unit cell. B cations (black) are
at the center of an octahedron of oxygen anions (pink/red)

A typical ferroelectric crystal structure is the perovskite type structure ABO3 [69]
[216] (see Figure 1.9), where A and B are cations and the oxygen form a characteristic
octahedron. Several well-known ferroelectric materials possess a perovskite structure like
the Barium Titanate (BaTiO3), Lead Titanate (PbTiO3), Lead Zirconate Titanate (PZT),
Lead Lanthanum Zirconate Titanate (PLZT). These latters based on the lead element are
commonly used in the daily technology of piezoelectric sensors.

Piezoelectric materials

Piezoelectric materials are the materials that can generate an electric polarization
when they are subjected to a mechanical stress (direct piezoelectric e ect). Conversely,
when an electric eld is applied to these materials, a macroscopic deformation appears
(inverse piezoelectric e ect). The piezoelectric properties exist in certain compounds
which show a non centered symmetry of the crystal structure (e.g. quartz, ceramics
and polymer). Only some of them are ferroelectric [62]. Thus, all ferroelectric materials
exhibit piezoelectric properties while not all the well-known piezoelectric systems show
ferroelectric behavior.
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A Z,3

CD6

P Piezoelectric body

/[
[}
v

Polarization direction

~
>

Y, £

/

4

x, 1
Figure 1.10: Axis nomenclature

Piezoelectric properties are characterized by piezoelectric coe cient d and g which are
determined by electromechanical equations. Considering the electromechanical equations
for a piezoelectric material [8], [37], [62], [122]:

" =S j o+ dmiEm (15)
Dm=dmi i + i«Ex

or they can be re-written as:

(1.6)
Ei=0gmi i + Dk

where the indexesi, j =1,2,...,6and m, k =1, 2, 3refer to di erent directions within
the material coordinates system, as shown in Figure 1.10. The superscripts D, E, and
represent respectively the electric displacements, the electric elds and the stresses.

" is the strain vector (without unities)
is the stress vector (N=m?)
is the permitivity (F/m)
d is the matrix of the piezoelectric strain coe cients (m/V or pC/N )

S is the matrix of the compliance coe cients (m?=N)
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E is the vector of the applied electric eld (V/m)
D is the vector of the electric displacement (C=m?)
g is the matrix of the piezoelectric constants (m?=C)

Several common piezoelectric materials are lead-based ceramics (Pb(ZrTi)O; (PZT),
PbTiOs; (PTO)), single crystals (Quartz, LiTaO3, LINbO3z, PZN-PT) and polymers (PVDF
and its copolymers).

1.2 Multiferroic materials and magnetoelectric e ect

As introduced at the beginning of this manuscript, multiferroic materials are spe-
cial materials, in which at least two ferroic orders such as magnetic, electric, or elastic
phases coexist. These materials are very attractive for technological applications since
the coupling between the ferroic-phases facilitates a direct control between them. Indeed,
in multiferroics possessing ferromagnetic and ferroelectric orders, the coupling between
these two phases (so called magnetoelectric (ME) coupling) give an ability to control the
electric polarization, P, by a magnetic eld (direct ME e ect) and the magnetization, M,
by an electric eld (converse ME e ect).

The ME e ect is described through the expansion of the free energy of the ME material
[47]:

1 1
F(E,H) :Fo PiSEi MiSHi 5"0"ijEiEj 5 0 iniHj
- 3 1.7
ij EiHj + —;kEiHij + —;kHiEj Ey +

where E and H are the external electric and magnetic eld respectively. ™ and
are the dielectric permittivity and magnetic permeability respectively. The second and
the third term are the temperature dependence of the electrical polarization, P, and the
magnetization, M. Fourth and fth terms describe the e ect of the electric and magnetic

eld on the electric and magnetic behavior respectively, while the sixth term consist of j;

coe cient describing the linear magnetoelectric coupling (or crossing terms). The next
two terms consisting of jjx and jj are third rank tensors and represent higher order of
the coupling coe cients. In the purpose of our work, we will neglect these latters.

Minimizing the Equation 1.7 with respect to the electric and the magnetic elds leads
to the calculation of the polarization and the magnetization as follows:

@F(E;H)

Pi= ———=PS+""E + inj+ﬂHij+:::
Ei 2 (18)
oF (E; H -
Mi = %ZM?“L o ijHj + B+ EiH; +
1
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The linear ME e ect is presented by the linear ME coe cient, ;;. This coe cient
basically quanti es the dependence of the polarization upon the magnetic eld or the
magnetization upon the electric eld. The Equation 1.8 allows calculating the variation
of the polarization (or magnetization) over the changing of the magnetic eld (or electric

eld):

P:EH

M= . E (1.9)

Where g and 4 are respectively the direct ME coe cient and converse ones.

ME multiferroics compounds include single-phase and arti cial composites materials
that we will discuss into details in the following sections. Brie vy, single-phase of intrinsic
multiferroics are materials in which the magnetic and electric orders coexist in the same
chemical compound while arti cial ME present these two ferroic states by two chemi-
cal compounds arti cially combined together. In general, single-phase ME multiferroic
materials exhibit a weak coupling at low temperature and thus they are not suitable
for applications. Arti cial (or extrinsic) ME multiferroic composites can overcome this
problem.

In arti cial ME multiferroic composites, the ME coe cients can derives from three
di erent mechanism: exchange coupling, charge carrier e ect and the strain mediated
one [147], [205] . The most e cient and studied e ect is the one deriving directly from
the elastic interaction between the magnetic and ferroelectric/piezoelectric phase (i.e.
strain mediated ME coupling). Indeed, for the direct ME coe cient, the magnetic phase
goes under a mechanical deformation due to the application of a magnetic eld thanks
to the magnetostrictive e ect. If the deformation is e ciently transmitted to the fer-
roelectric/piezoelectric phase, this can be conversed into the appearance of an electric
polarization in the ferroelectric/piezoelectric phase due to the piezoelectric e ect. In the
same way, applying an electric eld to the ferroelectric/piezoelectric phase can give rise
to a transmission of the deformation to the magnetostrictive phase and lead to the change
of the magnetic moment. These couplings are called strain-mediated ME couplings are
described by the following Equation 1.10:

magnetic mechanical

Direct ME e ect:

mechanical electric (1.10)
electric mechanical '
Converse ME e ect: - -
mechanical magnetic

These equations show the tensor nature of the strain-mediated ME e ect linked to the
mechanical tensor. Since in this case the ME e ect is an extrinsic e ect, the ME coe cient
may depend on many factors like: the interface interaction between the two coupled
phases, the microstructure of the material and the intrinsic properties of each phase.
Thus the goal of the researches on these kind of arti cial multiferroics is optimizing the
material structures, their interfaces and their single phase properties in order to reach the
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highest ME coe cient at room temperature. We will discuss in the following section the
state of the art of the optimization of the magnetoelectric coe cient in these multiferroic
composite systems.

1.3 A short review on multiferroic materials

1.3.1 Intrinsic ME materials

Single-phase (or intrinsic) multiferroic materials exhibit both magnetization and elec-
tric polarization in a single phase compound, as stated in previous paragraph. The number
of single-phase multiferroics in nature as well as the one synthesized in the laboratory is
very small. The rst discovered single-phase multiferroic is the nickel iodine boracite
(N3B,043l) [10], followed by several synthesized multiferroic boracite compounds. How-
ever, these materials present the problem of a low Curie and a low Neel temperatures
excluding a ME coupling at room temperature.

The single-phase multiferroics studied have then focused on the perovskites oxides
compounds such as rare earth manganates TbMn,0Os, YMnO3; and BiMnQOg;, as they
present higher critical temperatures (the perovskite crystal structure is presented in Figure
1.9, section 1.1.5). For example, BiMnO3 displays a ferromagnetic transition (T¢) around
105 K and a ferroelectric transition at 750 K [38]. This allows the coexistence of the two
ferroic states for T < T¢. Besides, Lorentz et al. [96] reported a magnetoelectric coupling
in HoOMnO3; compound which shows a decrease of 8 % of the dielectric constant ( ) by the
application of an external magnetic eld (7 T). In addition, an impressive switching of
the electric polarization induced by the application of a magnetic elds (see Figure 1.11)
was reported by Kimura et al. [75] in TbMnOj3 bulk compound. All these behaviors are
presented in Figure 1.11.

g

A, (BYe(0) (%)
F—3
8

PBI-P(8T) (iC m2)

n
(=3
=]

Az, (B)e,(0) (%)
P,(BY-P,(0T) (nC m-3)

0 2 4 6 8 0 2 4 6 8
Magnetic field (T) Magnetic field (T)

Figure 1.11: Magnetocapacitance and magnetoelectric e ects in TbMnOg [75].

Beside the bulk structures, several single-phase multiferroic nanostructures have been
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studied. For instance, BiMnO3 thin Ims grown on (100) Si substrates with Im thickness
of 400 nm, shows a ferromagnetic transition at 105 K and a ferroelectric one around
450K [38]. By using the pulsed laser depositions technique, BiFeO3; thin Ims were also
elaborated and presented a better spontaneous polarization compare to their bulk relative
structure [85] [146], [210].

All these examples (and more) brought the scienti ¢ community working on these
single-phase multiferroic materials, to understand that although these intrinsic multifer-
roics are of great interest from a fundamental point of view, their critical temperatures
always exhibited below the room temperature, exclude them for applications. Therefore,
arti cial multiferroic compounds attracted the scienti ¢ community due to the possibility
of observing a ME coupling at room temperature opening a novel way for multifunctional
devices such as sensors, magnetic-electric transducers, actuators [99] [131] [162].

1.3.2 Extrinsic ME multiferroic composites

Arti cial (or extrinsic) ME multiferroic compound are obtained by arti cially combin-
ing ferroelectric/piezoelectric materials with magnetic ones. These bi-phased systems can
present several di erent connectivities between the two phases. The variety of the phase
connectivities was introduced by Newham et al. [135]. The arti cial bi-phased structure
can be described using the connectivity notations like: 0-3, 2-2, 1-3, etc., where each num-
ber denotes the self-connected dimension of each phase (Figure 1.12), see section 1.5.1 for
more detail. Indeed, in particulate composites (0-3), the ferroelectric or magnetic oxide
particles are included respectively in a magnetic/ferroelectric phase matrix. Whereas, the
laminate composites (2-2) consist of a combination of ferroelectric and magnetic layers,
also ber/rod composites (1-3) include ferroelectric/magnetic bers or rods embedded
respectively in a magnetic/ferroelectric phase matrix. When one of the two phases is
nanometric in size, we use the nanocomposite de nition.

Various multiferroic nanocomposites (also called in this manuscript as bi-phased ma-
terials) from bulk to thin Im nanostructures have been investigated, such as ceramic
based composites, magnetic alloy based ones and polymer-based nanocomposites.

The bulk multiferroic ceramic composites were rst made via co-sintering ferroelectric
oxides and ferrites [18] [59] [95] [98], which created interfacial inter-di usion and reaction
problems, that deteriorated the magnetoelectric response. To reduce these problems,
chemical solution processing and spark plasma sintering (SPS) [67] techniques have been
used. In such composite structures, when an electric eld (E- eld) is applied to the
ferroelectric/piezoelectric matrix, a deformation of the ferroelectric/piezoelectric phase is
observed due to the piezoelectric e ect. If the elastic coupling between the two phases is
e cient, a strain is exerted to the ferromagnetic phase included into the matrix, which
alters the magnetic anisotropy or domain structure of the ferromagnetic phase due to the
converse magnetostrictive e ect. This ME e ect produces a large ME coupling in ceramic
composites. For example, in BaTiOz (BTO) - CoFe,04 (CFO) ceramic systems [200],
[201], [202], a large ME coe cients of 0.13 Vcm 'Oe ! is obtained at room temperature
which is hundred times higher than the one observed in single-phase systems. An other
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