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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 field H (blue part in Figure 1). Similarly, the electric spontaneous polariza-
tion P of a ferroelectric material can be controlled by applying an electric field 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 effect. Indeed, thanks to an efficient direct ME
effect, it becomes possible to control the electric polarization P by a magnetic field H and
respectively thanks to an efficient converse ME effect, it becomes possible to control the
magnetization M by an electric field E (grey part in Figure 1). This coupling effect 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 field [163] 1. The reverse effect was
then reported by Wilson in 1905 [213], who observed an electric polarization appearing
in a dielectric material moving in a magnetic field. In 1926, the term ”magnetoelectric”
was introduced by Debye [36]. However, the effect was successfully observed only in 1960
after the prediction of Dzyaloshinskii [39] of a magnetoelectric effect in the chromium
oxide (Cr2O3) compound which was confirmed 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 significantly (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 offered 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 scientific community from the single phase (or intrinsic) multiferroic materials to the
artificial multiferroics compounds. Thanks to their high ME coupling at high tempera-
ture, these artificial multiferroics become a hot topic in the last decades. This success

1Please note that the bibliography is ordered by the first 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 different orders provides an opportunity to control
the magnetic properties by an external electric field and vice versa.

is witnessed by a large number of published works. In these composite structures, two
(or three) phases are artificially coupled together (e.g. the piezoelectric phase/material
can be coupled to a magnetostrictive one). In these artificial ME composites, showing
physically separated phases, both direct ME and converse ME coupling can be mediated
through different 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 efficient and lower power consumption.

This train-mediated effect is based on the elastic coupling between the two phases
allowing the control of magnetic behaviors in ME composites by an electric field. In this
frame, a steady growth of new ideas for novel nanostructures have been developed in order
to improve the strain-mediated ME effect. 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 fulfilled, many other
still remain to be solve.

Following the developing of these strain-mediated ME composites, flexible 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 flexible technology, able to cover any kind of
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surface and being eco-friendly. Many different artificial structures can be studied: bi-
dimensional heterostructures, nano-particulate composites including nanoparticles inside
the PVDF matrix, ect. These new artificial 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 effect of the nano-inclusions on the local
physical properties of the composites; (iii) Studying the effect 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 different type of nanostructure and to control it by the
elastic properties of the materials via an electric field application.

This manuscript is divided into five Chapters:

• Chapter 1. State of the art: This chapter will briefly describe the theoretical
background of materials used in ME multiferroic composites (including magnetic
and ferroelectric/piezoelectric systems) and the principle of the ME effect. 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
effect 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 affect 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 film/flexible 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 field. The results are then compared to the magnetic
domain behavior observed under the in situ external magnetic field.

• 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 effects 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 effect on the magnetic behavior of nanoparticles by studying
the ME structure under different 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 effect
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 finite element method, this cobalt
nanoparticles assembly have been studied for different arrangement. Their mis-
alignment effect is discussed as well as the macroscopic magnetic properties of the
nanoparticles assembly.

• Finally, a general conclusion and perspective will be presented.

• You will find at the end of the manuscript four Appendices (From A to D).
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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 firstly 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.
Different 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 classified them into five 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 field, 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 field by a
linear increasing magnetization (see Figure 1.2). Nevertheless, when removing field, 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 field [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 different magnetic materials.

Figure 1.2: Magnetic response of different 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 differently is called
domain wall. When a ferromagnetic materials is bring into a magnetic field, magnetic
domains inside the materials tend to align toward the direction of the external stimu-
lus. Removing the magnetic field, 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 configuration
(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 field 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 field (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 field.

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

• The coercive field (HC) being the intensity of the applied magnetic field 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 field is applied, domains grow leading to the
motion of the domain walls. Domains with the spontaneous magnetization aligned along
the applied magnetic field will grow as function of this latter. Increasing the magnetic
field up to the so called saturation field, 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 field applied.

7







CHAPTER 1. STATE OF THE ART

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 = K0 +Ku1sin
2θ +Ku2sin

4θ + ... (1.2)

Where K0, Ku1 and Ku2 are the anisotropy constants and θ 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’) defines the first (or
second) order term of the magnetic energy.

Shape anisotropy

As indicated by the name, the shape anisotropy identifies 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 specific direction (i.e. the long axis in Figure 1.5).

Figure 1.5: H field is applied along a magnetic bar.

The origin of the shape anisotropy comes from the demagnetizing field 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 definition, the lines of the magnetic field
H radiates from the north pole and ends at the south pole (see Figure 1.5). Inside the
magnetic bar, the field lines are also oriented in the same direction and hence they are
opposed to the magnetization and thus tends to reduce it. The magnetic field inside the
magnetic bar creates the so-called demagnetizing field, Hd, which is defined as:

Hd = −Nd.M (1.3)
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line). In contrast, when the magnetic field is applied along the hard axis (perpendicular
to the easy one), the hysteresis loop is shown by a straight line (θ = 90◦) (see the red
line in Figure 1.6). The Mr/MS ratio is equal 1 for perfect alignment between the H field
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 Mr/MS value is an indication of
the mutual align between the external H field and the anisotropy axis. depends strongly
on the direction of the external applied magnetic field. In which, if the magnetic field is
applied along the easy axis, the hysteresis loop will be an open cycle with a Mr/MS ratio
close to 1. On the contrary, the hysteresis loop will be a narrow cycle with a Mr/MS ratio
close to 0, when the magnetic field is apply along the hard axis.

1.1.4 Magnetostriction

Magnetostriction (or Joule magnetostriction) is the effect that describes the defor-
mation of materials when a magnetic field is applied (Figure 1.7). This phenomenon is
observed in all ferromagnetic materials. The magnetostrictive effect is defined by the mag-
netostriction coefficient, λ(H) = ∆l(µ0H)

l
= l(µ0H)−l0

l0
. It represents the change in length

arising from application of the magnetic field on the ferromagnetic material during the
process of magnetization. The magnetostriction coefficient can be positive (expansion),
negative (contraction), or zero as in the case of some alloys (Ni82Fe18) [78].

Figure 1.7: Example of magnetostriction effect. The rotation of the spontaneous magne-
tization in each domain is also accompanied by a deformation of sample while applying a
magnetic field, 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, ∆l(µ0H) [78].
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The inverse effect of magnetostriction is called the Villari effect, and concerns the
change in magnetization due to an applied stress. This effect is explained by the change
of the domain structure when a mechanical force is applied. The Villari effect 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 field, are called ferroelectrics [216]. A pair of electrical charges (+ and
-) constitutes an electric dipole which is defined 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.

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
field is applied. From a depolarized state, the ferroelectric domains start to align in the
positive direction following the increasing of the electric field (E-field), giving rise to a
rapidly increasing of the polarization. At very high E-field, the polarization reaches a
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saturation value (PS). The polarization does not go to zero when the external field is
removed. At zero E-field, some of the domains remain aligned in the positive direction,
hence the materials reaches a remanent polarization (Pr). The materials cannot be com-
pletely depolarized (P = 0) until a field (coercive field, EC) is applied in the negative
direction. If the field is increased to a higher negative value, the direction of polarization
flips 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 TC they are ferroelectric.

.

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 effect). Conversely,
when an electric field is applied to these materials, a macroscopic deformation appears
(inverse piezoelectric effect). 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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Figure 1.10: Axis nomenclature

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

εi = SE
ijσj + dmiEm

Dm = dmiσi + ξσikEk

(1.5)

or they can be re-written as:

εi = SD
ij σj + gmiDm

Ei = gmiσi + βσ
ikDk

(1.6)

where the indexes i, j = 1, 2, . . . ,6 and m, k = 1, 2, 3 refer to different directions within
the material coordinates system, as shown in Figure 1.10. The superscripts D, E, and σ
represent respectively the electric displacements, the electric fields and the stresses.

• ε is the strain vector (without unities)

• σ is the stress vector (N/m2)

• ξ is the permitivity (F/m)

• d is the matrix of the piezoelectric strain coefficients (m/V or pC/N )

• S is the matrix of the compliance coefficients (m2/N)
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• E is the vector of the applied electric field (V/m)

• D is the vector of the electric displacement (C/m2)

• g is the matrix of the piezoelectric constants (m2/C)

Several common piezoelectric materials are lead-based ceramics (Pb(ZrTi)O3 (PZT),
PbTiO3 (PTO)), single crystals (Quartz, LiTaO3, LiNbO3, PZN-PT) and polymers (PVDF
and its copolymers).

1.2 Multiferroic materials and magnetoelectric effect

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 field (direct ME effect) and the magnetization, M,
by an electric field (converse ME effect).

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

F (E,H) =F0 − P S
i Ei −MS

i Hi −
1

2
ε0εijEiEj −

1

2
µ0µijHiHj

− αijEiHj +
βijk

2
EiHjHk +

γijk
2

HiEjEk + ...

(1.7)

where E and H are the external electric and magnetic field respectively. ε and µ
are the dielectric permittivity and magnetic permeability respectively. The second and
the third term are the temperature dependence of the electrical polarization, P S

i , and the
magnetization, MS

i . Fourth and fifth terms describe the effect of the electric and magnetic
field on the electric and magnetic behavior respectively, while the sixth term consist of αij

coefficient describing the linear magnetoelectric coupling (or crossing terms). The next
two terms consisting of βijk and γijk are third rank tensors and represent higher order of
the coupling coefficients. In the purpose of our work, we will neglect these latters.

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

Pi = −
∂F (E,H)

Ei

= P S
i + ε0εijEj + αijHj +

βijk

2
HjHk + ...

Mi = −
∂F (E,H)

Hi

= MS
i + µ0µijHj + αijEi + βijkEiHj + ...

(1.8)
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The linear ME effect is presented by the linear ME coefficient, αij. This coefficient
basically quantifies the dependence of the polarization upon the magnetic field or the
magnetization upon the electric field. The Equation 1.8 allows calculating the variation
of the polarization (or magnetization) over the changing of the magnetic field (or electric
field):

∆P = αE∆H

∆M = αH∆E
(1.9)

Where αE and αH are respectively the direct ME coefficient and converse ones.
ME multiferroics compounds include single-phase and artificial composites materials

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

In artificial ME multiferroic composites, the ME coefficients can derives from three
different mechanism: exchange coupling, charge carrier effect and the strain mediated
one [147], [205] . The most efficient and studied effect 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 coefficient, the magnetic phase
goes under a mechanical deformation due to the application of a magnetic field thanks
to the magnetostrictive effect. If the deformation is efficiently 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 effect. In the
same way, applying an electric field 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:

Direct ME effect :
magnetic

mechanical
×

mechanical

electric

Converse ME effect :
electric

mechanical
×

mechanical

magnetic

(1.10)

These equations show the tensor nature of the strain-mediated ME effect linked to the
mechanical tensor. Since in this case the ME effect is an extrinsic effect, the ME coefficient
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 artificial multiferroics is optimizing the
material structures, their interfaces and their single phase properties in order to reach the
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highest ME coefficient at room temperature. We will discuss in the following section the
state of the art of the optimization of the magnetoelectric coefficient 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 first discovered single-phase multiferroic is the nickel iodine boracite
(N3B2O13I) [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 TbMn2O5, YMnO3 and BiMnO3, 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 (TC) around
105 K and a ferroelectric transition at 750 K [38]. This allows the coexistence of the two
ferroic states for T < TC . Besides, Lorentz et al. [96] reported a magnetoelectric coupling
in HoMnO3 compound which shows a decrease of 8 % of the dielectric constant (ǫ) by the
application of an external magnetic field (7 T). In addition, an impressive switching of
the electric polarization induced by the application of a magnetic fields (see Figure 1.11 )
was reported by Kimura et al. [75] in TbMnO3 bulk compound. All these behaviors are
presented in Figure 1.11.

Figure 1.11: Magnetocapacitance and magnetoelectric effects in TbMnO3 [75].

Beside the bulk structures, several single-phase multiferroic nanostructures have been
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studied. For instance, BiMnO3 thin films grown on (100) Si substrates with film 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 films 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 scientific 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,
artificial multiferroic compounds attracted the scientific 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

Artificial (or extrinsic) ME multiferroic compound are obtained by artificially combin-
ing ferroelectric/piezoelectric materials with magnetic ones. These bi-phased systems can
present several different connectivities between the two phases. The variety of the phase
connectivities was introduced by Newham et al. [135]. The artificial 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 fiber/rod composites (1-3) include ferroelectric/magnetic fibers or rods embedded
respectively in a magnetic/ferroelectric phase matrix. When one of the two phases is
nanometric in size, we use the nanocomposite definition.

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

The bulk multiferroic ceramic composites were first made via co-sintering ferroelectric
oxides and ferrites [18] [59] [95] [98], which created interfacial inter-diffusion 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 field (E-field) is applied to the
ferroelectric/piezoelectric matrix, a deformation of the ferroelectric/piezoelectric phase is
observed due to the piezoelectric effect. If the elastic coupling between the two phases is
efficient, 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 effect. This ME effect produces a large ME coupling in ceramic
composites. For example, in BaTiO3 (BTO) - CoFe2O4 (CFO) ceramic systems [200],
[201], [202], a large ME coefficients of 0.13 V cm−1Oe−1 is obtained at room temperature
which is hundred times higher than the one observed in single-phase systems. An other
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Figure 1.15: Schematic representation of the proposed mechanism of the polarization
formation in PVDF-nanofillers composites [110].

in PVDF/NFO system, (see Figure 1.16) [156].

Figure 1.16: ME response in PVDF/NFO composite [156] with different concentration
of nanofillers. Symbols including: pure PVDF, PNF5 (PVDF/NFO (5% wt)), PNF10
(PVDF/NFO (10% wt)), PNF15 (PVDF/NFO (15% wt )), PNF20 (PVDF/NFO (20%
wt)).

Note that in all the above results the films have been poled before the measurements.
These results let to conclude that the ME coupling in polymer-based composite depends
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strongly on the magnetostriction coefficient of the magnetic fillers as well as of the fillers
concentration. In fact, the Pmax of the composite is strictly depended from the magnetic
field applied (see Figure 1.16).

In addition to particulate nanocomposites, laminate type ME polymer-based ones have
also been studied. In this case, the magnetic and the polymer phase are stacked layer-by-
layer. Several laminate type polymer-based composites have been already reported, i.e.
Metglas/P(VDF-TrFE) [68] and Metglas/PVDF [103], [221]. These laminate composites
have shown a good direct ME coefficient at the piezoelectric resonance frequency by
applying a small external magnetic field. Indeed, on Metglas/PVDF composites, the ME
coefficient, α31, has been found to be 238 Vcm−1 Oe−1 at the resonance frequency (50 kHz)
and 7.2 Vcm−1 Oe−1 at lower frequencies [221]. On Metglas/P(VDF-TrFE) composites,
a α31 = 383 Vcm−1 Oe−1 have been reported at resonance frequency (65 kHz) and 17.7
Vcm−1 Oe−1 at low one (20 Hz) [68].

1.4 Electric control of magnetic behaviors in ME mul-

tiferroic composites through strain-mediated ef-

fect

As discussed in section 1.2, the strain-mediated ME coupling is an effective and in-
teresting route to control the magnetic behavior by applying an electric field. Many
experiments on strain-mediated ME coupling have been reported in different types of
composite structures. The most studied one is the 2-2 laminate type as it shows the high-
est efficiency in the magneto-elasto-electric coupling. This is probably linked to the fact
that the 2-2 structure offers a better control of the surface connectivity quality between
the two phases compared to the 0-3 particulate and the 1-3 fiber/rod type structures.
In the following paragraphs we will present and discuss a variety of magnetic properties
control in these systems.

1.4.1 2-2 laminate structures

Figure 1.17: Sketches of several different magnetic performances expected under the ap-
plication of an electric field [179].

As explained earlier, the 2-2 laminate nanostructure is constituted by a magnetic thin
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Figure 1.22: (a) In-plane piezoelectric response of PMN-PT (001) sample, (b) AFM and
MFM images of 60 nm thick Ni thin film on PMN-PT (001) substrate under different
E-Field: 0 MV/m, 0.4 MV/m, 0.8 MV/m, and 0 MV/m [63].

IV).

The electric control of the magnetic domain structure provides a possibility to control
the domain walls motion and to turn the magnetic domains from the out-of-plane align-
ment to an in-plane one at a local level without significantly influencing the macroscopic
properties of the material. These results open novel potential applications in the electric
writing/magnetic reading for low energy cost.

29



CHAPTER 1. STATE OF THE ART

1.4.2 1-3 fiber/rod and 0-3 particulate type structures

Very few publication can be found in literature concerning the in E-field control of
the magnetic properties in 1-3 fiber/rod and 0-3 particulate type nanostructures since
these kind of nanostructures exhibit several difficulties. Indeed, the ME coupling depend
strongly on the exact composition of the magnetic phase, the crystallite size, and the
nano-grain arrangement, giving rise to a large variability of relevant parameters playing
a fundamental role on the ME properties of the nanocomposites [120] [151]. Other diffi-
culties relate to the low electrical resistivity of the magnetic component which limit the
electric field strength used for poling the materials [185]. Moreover, the presence of voids
and spurious phases and defects in the crystalline structure of each phase can reduce the
mechanical coupling. In addition, the intrinsic properties of each phases may reduces
due to the fabrication process. Thus the magnetization and the electric polarization, the
magnetostrictive and the piezoelectric coefficients as well as the magnetic anisotropies
and dielectric response of each phase can be affected (i.e. reduced) by the elaboration
process [120], [188].

In 1-3 type structure, the electric control of the magnetic properties through the
strain-mediated have been reported in BFO/CFO columnar heterostructured film based
on ferrimagnetic CFO nanopillars embedded in a BFO matrix. The results show that
electric field could change the magnetic configuration of the CFO pillar (see Figure 1.13)
[220] [227]. The strength of the ME coupling between the ferroelectric matrix and the
ferrimagnetic nanopillars has been estimated to be αH = 102 Oe.cm.V −1.

K. Ban et al [13] reported the electric control of the magnetization also in a 0-3
ceramic composite based on an antiferromagnetic LaMnO3 particulate phase embedded
in a ferroelectric BTO matrix. This composite has been prepared by conventional sintering
process in the range temperature of 1100-1200 ◦C. A large change in the magnetization
of the composite is observed as a function of the applied electric field. The spontaneous
magnetization reduces of the 70 % when an electric field of 2.3 kV/mm is applied at room
temperature to the ceramic.

Recently, H. Kim et al. demonstrated an electric-field induced change of the magnetic
properties in a composite containing a superparamagnetic nickel nanoparticles array on a
PMN-PT piezoelectric substrate [72] (see Figure 1.23(A-a)). The strain-induced in PMN-
PT substrate as function of the applied electric field is shown in Figure 1.23(A-b). Before
poling (Figure 1.23(B-a,b)), a small coercive fields is observed in both x- and y-direction
indicating that the sample is magnetically isotropic and dominantly superparamagnetic
(i.e., they show near zero net magnetization). After poling, a hard magnetic axis appears
parallel to the x-direction with a magnetic anisotropy of 600 Oe. In contrast, a magnetic
easy axis is created along the y-direction. This result demonstrates that a net magneti-
zation equivalent to the saturation magnetization of Ni is ”turn on” by the application of
an electric field in the y-direction. In other words, this system can be switched between
a superparamagnetic state and a single-domain ferromagnetic one at room temperature.
In addition to the change in magnetic anisotropy, the blocking temperature of the 16 nm
Ni nanoparticles is shifted approximately of 40 K after applying the electric field. Such
control in a nanoscale magnetic material may provide exciting opportunities to explore
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Figure 1.23: (A) - (a) A schematic representation of the full device; (b) The strain induced
in PMN-PT via an electric field applied along the (011) direction. Red triangles indicate
strain along the y-axis, black circles along the x-axis. (B) - Magnetic hysteresis curves
obtained on nickel nanocrystals embedded in Pt thin film on top of (011) PMN-PT at
298 K. (a) and (b) show the data measured with the magnetic field applied parallel to the
x- and y-axes, respectively, on the unpoled sample. (c) and (d) show the data measured
with the magnetic field applied parallel to the x- and y-axes, respectively, on the poled
sample [72].

new types of electromagnetic devices.

1.4.3 Conclusion

The electric control of the magnetic properties on various ME composites through the
strain-mediated effect has been discussed in three main type structures, i.e. 2-2, 0-3 and 1-
3. Most of the reports presented into literature are in 2-2 type structure and are controlled
in both macroscopic magnetic properties (M, HC , magnetic anisotropy) and local ones at
nanoscale level, like in the case of the configuration of the magnetic domain pattern and
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magnetic domain walls motion. As explained before, the E-control of the static magnetic
behaviors in 0-3 and 1-3 type structures still remains an open challenge since they exhibit
critical elaboration parameters playing an important role on the ME coefficient value.
As these nanocomposite configurations are of great interest in our work, in the following
section we will discuss into detail several factor influencing the ME coefficient value in
2-2, 0-3 and 1-3 ME nanostructures.

1.5 Factors affecting the ME coupling in multiferroic

composites

1.5.1 Connectivity and interface bonding

Figure 1.24: Connectivity sketches in the bi-phased composites described by Newham et
al. [135]: (a) 0-3 type, (b) 2-2 type and (c) 1-3 type. White cubes represent one ferroic
phase and filled pattern the other one.

The phase connectivity and interface bonding of the ME composite materials have
an important role on the elastic coupling between the ferroic phases and their ME re-
sponse. A good mechanical bonding at the interface between phases provides an efficient
strain transferring and improves the ME response. As mentioned in section 1.3.2, the
most common multiferroic composites have been designed and fabricated in three con-
nectivities: 0-3, 2-2 and 1-3 (see Figure 1.24). The number ”0”, ”1”, ”2”, ”3” denotes
the self-connected dimension of the phases. For instance, in the 0-3 type connectivity,
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magnetic particles are fully dispersed and embedded in a piezoelectric matrix. Thus,
the number ”0” denotes the zero-dimension of the connectivity between the magnetic
particles (the nanoparticles are not connected between them, see white cube in Figure
1.24). The number ”3” denotes the self-connection of the piezoelectric phase along the
three-directions in the space (see arrows in the filled pattern in Figure 1.24). Similarly,
in 2-2 type structure, the magnetic and piezoelectric phases are macroscopically assembly
in a multilayer structure. The number ”2” is in this case the dimension of both the self-
connection for both the ferromagnetic and the ferroelectric layers. The 1-3 type structures
are obtained by embedded magnetic fibers/rods/wires in the piezoelectric matrix. In this
case, the fibers are connected along 1-direction (see arrow in Figure 1.24(c)) as well as the
piezoelectric matrix. In all type of structures mentioned above, the 2-2 laminate struc-
ture currently displays the larger ME response compare to the 0-3 and 1-3 structures as
already discussed in section 1.3.2 and 1.4. This results can be explained by their larger
magnetic anisotropy compare to the 0-3 and the 1-3 nanostructures. Moreover, the 2-2
laminate composites preserve the physical properties of the individual phases while this
can be easily modified during the fabrication process in the case of the 0-3 and 1-3 nanos-
tructures. It is also important to note that the interface interactions between magnetic
and piezoelectric phases are very sensitive to the quality of the interface that may induce
a magnetic pinning. Thus, the interface roughness is also important and should be taken
into account.

1.5.2 Materials and their properties

The material selection is a fundamental step to the fabrication of a good ME com-
posites with large ME response. Thus, choosing the materials with suitable properties is
mandatory. In the magnetic phase, some magnetic characteristic parameters are essential
to be taken into account as the magnetic permeability (µ), the remanence magnetization
(Mr), the coercive magnetic field (HC), the magnetostriction (λij), and the Curie and Neel
temperatures (TC and TN). The same has to be done for the piezoelectric/ferroelectric
phase. Thus, several parameters are important to be selected like: the dielectric constant
(ǫr), the remanence polarization (Pr), the coercive electric field (EC), the piezoelectric
strain constant (dij), the piezoelectric voltage constant (gij), and the Curie temperature
(TC). Thanks to their good ferroic properties, various common piezoelectric and magnetic
materials that are used for fabricating the ME composites, are listed in table 1.2.

1.5.3 Fabrication process

Magnetoelectric coupling of ME composites maybe reduced through the fabrication
process. Some factors as temperature, interface bonding materials and clamping effect
could deteriorate the intrinsic properties of the component and/or strain transfer between
phases, as well as the ME response of the composite materials.

Using high temperature during the fabrication process has been reported to dampen
the ME response. Indeed, 0-3 particulate bulk composites synthesized by ceramic sintering
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Piezoelectric phase Magnetic phase

Pb(Zr, T i)O3 (PZT) Metals: Fe, Co, Ni
Pb(Mg1/3Nb2/3)O3 - PbTiO3 Alloys: FeNi-based,

(PMN-PT) FeCo-based, CoNi-based
Pb(Zn1/3Nb2/3)O3 - PbTiO3 Terfenol-D

(PZN-PT) Fe-based metallic glasses:
Pb(Mg1/3Nb2/3)y(ZrxT i1−x)O3 FeBSi, FeBSiC,

(PMN-PZT) FeCuNbSiB, FeCoB,
FeCoSiB, FeCoSi

BaTiO3 (BTO) - based Ceramics: Fe3O4,
Polyvinylidene difluoride (PVDF) Zn0.1Fe2.9O4 (ZFO),

and copolymers LaxSryMnO3 (LSMO)
Ferrites: NiFe2O4 (NFO),

CoFe2O4 (CFO)

Table 1.2: List of common materials used to fabricate ME composites.

process at high temperature show several problems such as: (i) the thermal expansion
mismatch between the piezoelectric and ferromagnetic phases lead to the misfit strain at
the interface of phases; (ii) interdiffusion and chemical reactions during high temperature
sintering weaken the strain transfer between the two phases and the intrinsic properties
of the piezoelectric or magnetostrictive phase; (iii) the current leakage due to the low
resistivity of the randomly distributed magnetic phase inside the piezoelectric matrix
makes the electric poling more difficult [131] [161]. Some other fabrication methods have
been developed in order to solve these issues. Hot pressing and spark plasma sintering
(SPS) at low pressure and temperature conditions, have been used recently in this purpose.

2-2 laminate bulk ME composites have been widely prepared by epoxy bonding be-
tween the two phases. Silver epoxy have been also used as a conductive bond and improves
the interface interaction between piezoelectric and magnetostrictive phase. However, the
epoxy layer must be kept as thin as possible to optimize the ME coupling. Although
epoxy bonding method shows advantages since the process is performed at lower temper-
ature (80-100◦C), the mechanical viscoelastic properties of the epoxy may dampen the
generated strain and lead to a huge loss of the ME coupling at the interface. Various de-
position methods have been used to optimize this issue: pulsed laser deposition, chemical
vapor deposition, sputtering, molecular beam epitaxy and spin coating. However, most
ME film-based composites reported in literature present a ME response strongly affected
by the substrate clamping. Several 0-3 type ME nanocomposites have been synthesized
by dispersing magnetic nanoparticles inside the piezoelectric matrix using the spin coat-
ing method. The agglomeration and/or dispersion of the magnetic nanoparticles also can
reduce/increase the ME coupling. Thus, a good balance between the concentration and
dispersion of nanoparticles is mandatory in order to optimize the ME response in this
kind of systems [115]. 1-3 type ME nanocomposites are mostly prepared by using self-
assembly process [228]. This fabrication process shows less substrate clamping effect and
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better strain coupling due to the large interfacial surface area between the two phases
[147]. However, the design and control of this kind of composite structure remain to be
developed, and the ME coefficients should be measured since up to now the low resistance
of the magnetic nano-pillars prevents to do it.

1.6 Application

ME materials are promising for a widely range of applications such a multifunctional
devices, as recording media, memories, sensors, actuator, energy harvesters, spintronic
devices and biology devices. Depending on ME coupling (including direct and converse
ones), the ME materials are used in different applications as detailed in [99] [131] [147]
[162] [207]. In this section, I will present two promising applications of ME materials
showing converse ME coupling: magnetic memories and Magnetoelectric Random Access
Memory (MERAM).

1.6.1 Magnetic memories

Current magnetic storage devices used in daily technology base their writing process
on material presenting two possible states of the magnetization (±M) and they write the
recorded data by using a magnetic field. In order to get security and stability for the data,
a hard magnetic materials with high coercivity and high anisotropy is required. In fact, a
high coercivity needs a high magnetic field for the magnetization reversal process in order
to to go from a + M ”recorded domain” to a - M one. Therefore, the magnetic memories
have high power consumption since the magnetic field is driven by current. Also these
memories have low writing speed due to the limits of movement of the writing-head.

Magnetoelectric materials opens a novel way to record the data by using an electric
field, that can overcome the drawbacks of the magnetic-write memories reported above.
In principle, the ME coupling gives a possibility to ’write’ the data by applying an electric
field and then reading them by a magnetic field sensor. In the electric writing process,
the magnetization is inverted electrically thank to the converse ME coupling. If the
electric field can switch completely the magnetization via the ME coupling effect, the
ME nanostructures can be used as an electric-written magnetic-read storage device with
a high density of magnetic data and high writing speed. Such novel storage devices still
remain to be demonstrated experimentally.

Another way to design a new storage device using ME materials is by using the control
of the coercivity (HC). As discussed in the previous paragraph (see section 1.4), the HC

of the magnetic thin films grown on ferroelectric substrate can be reduced significantly
by applying the external electric field. Thus the writing data process needs much smaller
magnetic field applied and they are lower power consumption. Moreover, manipulation
of HC also opens a new way to record data where the data would be written in two
HC-states (high − HC and low − HC) rather than two states of M (±M). These two
different states of HC are induced by an external electric field via the ME coupling (see
section 1.4). Thus the external magnetic field would not affect the HC . In other words,
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the recorded data is stable and secure. This principle is demonstrated by Li et al. [88].
Such memories with high security, stability and low power consumption are compatible
with the currently recording technology, and suggests the revival of a new generation of
storage devices pretty soon.

1.6.2 Magnetoelectric Random Access Memory

Binary information is also at the base of the storage process characterizing the Random
Access Memory (RAM) device which is an important component in computer memories
and daily life electronics. There are a few types of RAM devices including ferroelectric
random access memory (FeRAM) and magnetic random access (MRAM). FeRAMs use
ferroelectric polarization states to store data bits, while MRAMs use magnetization states
and the magneto-resistance properties in multilayers (i.e. the variation of resistivity as
function of the magnetic field). However, FeRAM and MRAM devices show some disad-
vantages like the need for destructive read and reset operations in FeRAM and high power
consumption in MRAM. These limits can be solved by using multiferroic materials to de-
sign a new type of RAM called MERAM. The magnetoelectric coupling in multiferroic
materials offers the opportunity to combine the best features of FeRAM and MRAM, and
thus to create a novel type of non-volatile MERAM with four-states storage possibilities
of data bits [50]. This new MERAM generation would present some great advantages as
better memory density, lower power consumption and could improve thermal stability.

The practical challenge in such MERAM devices is to switch completely the magne-
tization by applying an E-field. Several groups proposed a hybrid MERAM device by
fabricating AFM/FM/FE heterostructures that combine the ME coupling of multifer-
roics layers with the interfacial exchange bias of AFM/FM layers [17] [61] [90] [217]. The
magnetization in these heterostructures is switched by nearly 180◦by applying the electric
voltage. This achievement opens a possibility in experimental fabrication of MERAM
technology in the near future.

36



Chapter 2

Experimental technique and
micromagnetic simulation

2.1 Experimental technique

2.1.1 Vibrating sample magnetometer

The vibrating sample magnetometer (VSM) that measures the macroscopic magnetic
properties of materials was first developed by S. Foner in 1956 (B. D. Cullity 2002). It has
been accepted as a standard approach worldwide due to its simplicity and high sensitivity.
The working principle of VSM is based on Faraday’s law of electromagnetic induction. The
magnetic sample is placed at the end of a vibrating non-magnetic rod dived in a uniform
magnetic field produced by electromagnets. In the MPMS VSM SQUID (Superconducting
Quantum Interference Device) system, the magnetic field is induced by superconducting
coils which are cooled by helium liquid. The MPMS 3 system that we used for our
measurements allows changing the temperature from 4K to 400K and putting an external
field (generally applied vertically to the ground - see Figure 2.1) going from -7 Tesla to +7
Tesla. In addition, the MPMS 3 system allows a high sensitivity up to 10−8 emu thanks
to the use of a Josephson junctions for the detection of the sample magnetization.

The MPMS 3 provides three possible measurement modes: DC, VSM and AC modes.
In DC mode, MPMS measures the magnetic moment of the sample by reading the output
of the SQUID detector. This output is recorded as a voltage signal when the sample moves
upward, from the initialization position, through the SQUID pickup coils. This upward
movement through the SQUID pickup coils is obtained by a vertical scan of the sample.
The SQUID detected data are taken as a function of the sample’s position in the coils and
correspond to the so-called raw measurement data. After collecting the raw voltages data,
MPMS MultiVu computes the magnetic moment of the sample by performing a fit. In
VSM mode, the sample vibrates vertically through the coils with a frequency of f = 14 Hz.
The vibration of the sample induces a changing of magnetic flux though the coils which
consequently induces a change in the voltage of the pickup coil. The magnitude of this
voltage is related to the frequency and amplitude of the oscillations as well as the total
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Figure 2.1: (a) Photo of the VSM-SQUID used at LPEM (ESPCI) laboratory in order to
measure the magnetization of our samples as function of H, T and frequency; (b) Scheme
of VSM-SQUID principle showing the Josephson junction for the SQUID detection.

magnetization of the sample. The MPMS then computes the magnetization of the sample
from this recorded voltage. In DC and VSM modes, the magnetic field is a DC field which
is vertical to the ground (see Figure 2.1(b)). In the AC mode, an oscillating AC magnetic
field is applied to the sample. The change in magnetic flux seen by the detection circuit is
caused by the changing of the magnetic moment of the sample due to its response to the
applied AC field. In our study, we performed SQUID VSM measurements in collaboration
with Mme. B. Leridon (Chargée de Recherche) at LPEM laboratory at ESPCI–ParisTech
on a Quantum Design MPMS 3 magnetometer by Quantum Design factory.

Figure 2.2: Nano-powders blocked within: (a) an epoxy resin in a plastic pill; (b) in a
Quantum Design factory’s clips.

Different magnetic materials have been measured during our study by VSM SQUID
including bulk, nano-objects inside their solution (liquid polyol) and nano-powders. The
nano-powders (i.e. nanowires or nanoparticles), have been blocked in an epoxy resin at
room temperature in a plastic pill before doing the measurement. Also, we could measure
these nanopowders by blocking them in specific clips engineered by the QD factory (see
Figure 2.2). Whereas in the case of nano-objects measured in their polyol solution (i.e.
nanowires dispersed in their solution), the magnetic objects are blocked by cooling down
the temperature below the glass temperature (TG) of their solution (i.e. TG of the polyol
solution is 220K). We measured standard zero field cooled (ZFC) and field cooled (FC)
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hysteresis cycles at different temperatures for each sample by cooling down the solution
containing the nano-object without (ZFC) and with (FC) the application of the vertical
magnetic field inside the MPMS system. In the DC measurement, the magnetic moment
is obtained after each scan of sample. A scan of sample takes one seconds for a length of
one scan equal to 30 mm. Typical DC measurements time are of the order of 1 to 100 s.
For the AC mode, the measurements were performed within a temperature range among
2K and 300K and frequency has been varied from 9Hz to 999Hz (i.e. 10−1 s up to 10−3
s).

2.1.2 Near field microscope

The near-field microscope is based on the Scanning Probe Microscopy (SPM) principle
whose was firstly invented by Binning and Rohrer in 1982 with the name of Scanning
Tunneling Microscope (STM) . Based on the principle of SPM, many different techniques
have been developed as: atomic force microscope (AFM), the magnetic force microscopy
(MFM) and the piezoelectric force microscopy (PFM). Their principles are based on the
control of short range interactions between the surface of the sample and the nanometric
tip used as a probe. We used MFM and PFM to probe local magnetic and piezoeletric
properties of our artificial multiferroic systems.

Magnetic Force Microscope (MFM)

We measured magnetic properties by MFM using a standard Veeco DI-3100 micro-
scope. This is a tapping mode of the near field microscopy technique which general concept
is the measurements of the magnetic force interactions between the ferromagnetic-coated
tip and the sample’s magnetic stray field (see Figure 2.3).

At the edge of a micrometric cantilever there is a nanometric tip which is coated
with a ferromagnetic thin film. In our work, we used a standard hard magnetic tip
(PPP-MFMR tips) with a coercivity of 300 Oe and a remanent magnetization around 300
emu/cm3. These kind of tips allow high magnetic contrast and avoid the reversal magnetic
mechanism of the magnetic moment of the tip. This is mandatory for the detection of
weak magnetic stray field and allows high lateral resolution domain imaging (≈ 50 nm).
The stray field perpendicular to the film surface is detected by the height variation of the
tip (see Figure 2.3(a)). The cantilever holding the nanometric ferromagnetic tip, scans
the sample surface while excited at its resonance frequency (typically of 70-100 kHz). A
laser beam, heating the edge of the cantilever, indicates the vertical position of the tip on
a photodiode. Magnetic forces exist between the tip and the sample and they change with
the distance between the tip and the surface of the system. In order to extrapolate them
from the surface topography, a so-called lifting mode is used (working distances typically
used are around 80 to 150nm). The magnetic force acting on the tip causes the bending
of the cantilever which needs to be decorrelated from the topography induced bending.
Knowing this latter by a first tip scan in a contact mode with the surface, all vertical
deviations from this first scan are detected by the light beam deflection on the photodiode
and allows the extrapolation of the magnetic interaction effects (see Figure 2.3(b)). In
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Figure 2.3: MFM working principle. (a) Magnetic moments of the magnetic domains
are represented by the arrows inside the film (colored plate), stray field lines are also
schematically represented by the straight line and a magnetic phase shift images recorded
by the MFM scan is reported as example. The dashed line represent the height movement
of the nanometric tip under the magnetic interaction with the stray field coming from the
sample; (b) The MFM signals are detected by a laser beam heating the edge of the MFM
cantilever then deflecting on the photodiode [119].

our study (see chapter 3), the MFM has been used as an in situ probe of the static
magnetic domain configuration under the influence of an applied in-plane elastic strain
by a piezoelectric device and/or an in situ magnetic field obtained by a home-atomic force
microscopy (AFM)-costumed electromagnet (see Figure 2.4).

In a simple model, when a magnetic coated tip is brought into the stray field of a
magnetic sample, it will have the following magnetic potential energy E:

E = −µ0

∫

~Mtip. ~HsampledVtip (2.1)

where µ0 is the vacuum permeability. The force acting on an MFM tip can thus be
calculated by:

~F = −~∇E = µ0

∫

~∇( ~Mtip. ~Hsample)dVtip (2.2)

The stray field from the sample is strongly dependent from the magnetic local moment
(i.e. the magnetization of the magnetic domains) and the distance between this moment
and the magnetic tip. This stray field can be easily calculated by using a single magnetic
moment model oriented randomly in the space:

~Hr =
3~n(~n~msample)− ~msample

~r3
(2.3)

where ~n is the unit vector in ~r direction, ~msample is the magnetic moment of the sample.
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in the studied angle image. Therefore, from the W value, we can estimate the orientation
of the local magnetic moment which are mostly in-plane (i.e. small W value) or out-of-
plane (ie. lager W value), see the sketch inset in the right side of the in Figure 2.7. In
our experiment, we will investigate the local magnetic moment orientation by considering
the W and XC values, obtained as a function of the external stimulus field applied in situ
during the MFM measurements.

Piezoresponse Force Microscopy (PFM)

Piezoresponse force microscopy (PFM) is a SPM technique allowing to image and to
manipulate the piezoelectric/ferroelectric domains. By applying an alternating current
(AC) to the probe tip which is in this case a sharp conductive tip. The deformation of
the piezoelectric/ferroelectric sample is detected through standard photo-diode detector
methods. The basic working principle of PFM is shown in Figure 2.8.

Figure 2.8: PFM working principle [66].

In PFM measurement, the piezoelectric/ferroelectric sample is placed between a bot-
tom electrode and a conductive PFM tip serving as a movable top electrode. Measure-
ments are performed in the contact mode in this case (i.e. the conductive tip is in contact
with the surface of the sample) and allows to get informations on the out-of-plane compo-
nent of the electromechanical surface response (vertical PFM) as well as on the in-plane
component via the frictional forces (lateral PFM). By applying an AC electric bias to the
probing tip, this results in a sample surface oscillation due to the converse piezoelectric
effect (see section 1.1.5 in Chapter I). The surface oscillation of the sample results in the
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displacement of the cantilever. Therefore, the piezoelectric (electromechanical) response
of the sample as a function of the applied electric field through the tip, can be deduced.
This relationship is described by a rank-3 tensor, Zi = dikEk. The most important compo-
nent of this tensor for typical vertical PFM is the d33 component which is directly coupled
with the vertical motion of the cantilever. The voltage applied to the tip is:

Vtip = VDC + VAC cos (ωt) (2.8)

Where VDC is the DC bias (switching bias for the ferroelectric domains), VAC is the
AC bias (probing bias) and ω is the AC bias frequency (driving frequency).

Due to the piezoelectric strain in the material that causes the cantilever displacement,
this latter can be roughly obtained as:

Z = zac + A(ω, Vac, Vdc) cos (ωt+ ϕ) (2.9)

Where the first term is the static surface displacement and the second term is the can-
tilever displacement induced by the surface deformation when the voltage is applied. The
ϕ is the phase shift between the driving voltage VAC and the voltage induced deformation.

When the voltage is driven at a frequency well below the resonance one of the cantilever
in contact with the surface of the sample, this expression becomes:

Z = d33Vdc + d33Vac cos (ωt+ ϕ) (2.10)

Where we have implicitly assumed that d33 depends on the polarization state of the
ferroelectric material. In conclusion, as the Vdc and Vac are fully known, the magnitude
of the oscillating response is a measure of the magnitude of d33 and the phase is sensitive
to the polarization direction of the sample.

It is worth mentioning that, there are three typical PFM imaging modes: vertical
PFM, lateral PFM and vector PFM. The most popular using mode is the vertical PFM
which measures the out-of-plane polarization configuration of the sample by recording
the tip-deflection signal at the frequency of the applied AC modulation. In the lateral
PFM mode, the in-plane component of polarization is detected as a lateral torsion of the
cantilever due to bias-induced surface shearing. An example of vertical PFM mode is
showed in Figure 2.9 on a standard piezoelectric lithium niobate material presenting a
periodic poled stripe domain.

We performed PFM measurements in the frame of a NFFA European project in col-
laboration with A. Gomez responsible of the Scanning Probe Microscopy Laboratory at
ICMAB, Barcelona Autonoma University UAB (Spain). In our PFM measurements, we
used the vertical PFM mode to detect the out-of-plane piezoelectric response by using an
Agilent 5500 SPM with the AC Mode III accessory. The AC frequency is 20 kHz for all
our PFM measurements, out of the main resonance of the tip, in order to avoid possible
artifacts related to resonant frequency [19]. The sample that we studied by PFM is an
electro-active (or ferroelectric) polymer (PVDF, see chapter 4). Therefore, this sample is
very sensitive to be scratched by the PFM tip. Thus, we used a soft PFM tip (RMN 12PT
300B) with a soft spring constant of 0.8N/m. All the images and the electromechanical
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Figure 2.9: A PFM measurement in the periodically poled lithium niobate (PPLN) was
taken at ICMAB (UAB) Barcelona (Spain). (a) Surface topography (height), (b) PFM
amplitude, (c) PFM phase. The width of domain stripe is 20µm.

measurements were acquired in controlled humidity conditions (less than 10%). It is worth
saying here that, in the frame of the NFFA project, we also measured the piezoelectric
properties of the standard inorganic films (PPLN and PZT). For more detail, see the
Annexes D.

2.2 Micromagnetic simulation

In order to simulate the static magnetic properties of unidimensional cobalt-based
nano-magnet, we use the NMAG package [48]. NMAG is a finite element micromagnetic
simulation package based on Python programming language. This software allows solving
the free energy equation of complex shape nano-objects. The magnetization configuration
of nano-objects is obtained at each step of the applied external field. On each node of
the finite element in the mesh, the Landau-Lifshitz-Gilbert equation is solved [171]. All
the parameters that we used in this simulation are obtained by the room temperature
characteristics of the cobalt bulk material.

The finite element of the mesh is formed using the automatic mesh generation pro-
gram named NETGEN. This open source tool allows generating triangular or quadrilat-
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eral meshes in two dimensions, and tetrahedral meshes in three dimensions. The input
parameters define the geometry of the object and the general script is like the following:

a l g eb ra i c 3d
s o l i d cy l = cy l i nd e r (−50 ,0 ,0 ; 5 0 , 0 , 0 ; 5 )
and plane (−50 ,0 ,0;−1 ,0 ,0)
and plane ( 5 0 , 0 , 0 ; 1 , 0 , 0 ) ;
t l o cy l ;

Where algebraic3d is the constant keyword for defining the mesh, cylinder is the
object geometry which can be cylinder, sphere, ellipsoid or cube, etc. (cylinder in the
example). The (x1,y2,z1;x2,y2,z2;R) are the coordinates of the cylinder vertex and R
is the radius of cylinder. The unity is in nanometer. By this way, an infinity of cylinder
can be defined. In order to limit the length of cylinder, the planes (-x3,y3,z3;-1,0,0)
and (x4,y4,z4;1,0,0) are used. See an example of cylinder’s mesh in Figure 2.10(a).

Once we have created the wished geometry for the nano-obejct, NETGEN reads the
geometry file describing the three-dimensional structure and creates the mesh. The num-
ber of nodes constituting the mesh depends on the morphology and the size of the ob-
ject. The distance between two nodes should be of the order of the exchange length
lex =

√

2A/µ0M2
S, where A is the exchange stiffness of the material constituting the

nano-object, µ0 is the vacuum permeability and MS is the saturation of magnetization
of the material. In order to use the mesh in NMAG, we convert the neutral type to
“.nmesh.h5” type of mesh to which the NMAG script will attribute the magnetic param-
eters.

These latters are defined by a typical NMAG script reported below:

import nmag
from nmag import SI , at
sim = nmag . S imulat ion ( )
Co = nmag . MagMaterial (name=”Co” ,
Ms=SI (1400 e3 , ”A/m”) ,
exchange coup l ing=SI (12 e−12, ”J/m”) ,
an i so t ropy=nmag . un i a x i a l a n i s o t r opy ( ax i s =[1 , 0 , 0 ] ,
K1=SI (520 e3 , ”J/mˆ3”) ) )
sim . load mesh (”Co . nmesh . h5 ” , [ ( ” nano ” , Co ) ] ,
un i t l e n g th=S(1 e−9,”m”) )
sim . set m ( [ 0 , 0 , 1 . ] )
Hs = nmag . v e c t o r s e t ( d i r e c t i o n = [ 1 . , 0 . 0 0 1 , 0 ] ,
n o rm l i s t =[2 , 1 . 995 , [ ] , −2, −1.995 , [ ] , 2 ]
un i t s=1e6∗SI ( ’A/m’ ) )
sim . h y s t e r e s i s (Hs , save =[( ’ averages ’ , ’ f i e l d s ’ ,
at ( ’ convergence ’ ) ) ] )

A description line-by-line of this script is given in the NMAG tutorial [48]. We just
emphasized here the important parameters of Co that we used: the saturation of mag-
netization MS = 1400kA/m and the exchange coupling A = 12.10−12J/m [193]. The
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exchange length can be easily calculated and found to be lex =
√

2A/(µ0M2
s ) ≈ 3.2nm

which is the critical distance to take into account for the mesh nodes distances in order
to keep the exchange interaction between the magnetic moments of the elements inside
the mesh. These chosen magnetic characteristics are important in order to simulate an
assembly of nano-objects, each of which presents (when isolated from the others) the
best magnetic performances at room temperature. We fixed the length axis of the per-
fectly aligned nanowires along the Ox axis. Thus, various directions of Hs have been
applied from 0 ◦to 90 ◦from the Ox direction in order to study the effect of the various
configurations over the magnetic properties of the nanowires assembly.

Figure 2.11: Nanowires assembly organized in different configurations presenting 1-
dimension, 2-dimension and 3-dimension. The meshes are obtained by NETGEN.

Each nanowire as well as the assembly was meshed using automatic mesh generation of
NETGEN (see Figure 2.11) [170] with the distance between two consecutive nodes inside
each mesh of 3.5 nm. This distance is of the same order of the calculated exchange length
as reported before and it allows a good discretization of the mesh nodes by maintaining
acceptable calculation time. We did verify in advance that this decision was not affecting
our results. We observed that using mesh length of lex = 1.9nm brings a change of the
switching field values of 5 % ((i.e. an increase of 5% of HC) compared to the one obtained
in the same condition for a node length of 3.5 nm). According to our verifications, the
overall behavior of the magnetization under the application of the magnetic field and
for different configuration it is not affected by the chosen distance used (3.5 nm). This
confirms also the results by I. Panagiotopoulos et al. [150] that used distances of 7 nm
between nodes in their simulations. All the magnetization configuration of the nanowires
assembly at each reversal/critical step shown in this work has been obtained by using the
Mayavi2 software.
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Electric control of magnetic domain
in 2-2 type ME composites

3.1 Introduction

As discussed in section 1.4, the E-field control of magnetic properties in ME composites
through the strain-mediated effect, have been studied in different structures, especially
the 2-2 type one. The converse ME effect in these composites is usually studied by manip-
ulating the macroscopic properties as their magnetic hysteresis loops and their magnetic
anisotropy. There are few studies on the local interaction between the piezoelectric/-
ferroelectric phase and strain induced changes of the magnetic domain presented by the
magnetic phase. For instance, the local coupling of ferroelectric and magnetic domains
has been reported in t-Py/BaTiO3 heterostructure [41]. This local coupling comes from
the uniaxial strain-induced in the ferroelectric (BaTiO3) phase by the thermal expansion
when the BaTiO3 substrate is heated up at high temperature (150◦C) then cooled down
to room temperature. However, this changing of the magnetic domain by using ther-
mal treatment method has a lack of control due to the non-reversible modification of the
magnetic domain. Another ME heterostructures showing the local ME coupling has been
reported for Ni/PZT [30] and Ni/PMN-PT bi-layered system [63]. The strain-induced
changes of the magnetic domain configuration in these ME heterostructures has been
observed under the application of an electric field. In Ni/PZT heterostructure, the E-
field-induced curving, bending, branching, and elongation of the magnetic stripe-domain
patterns has been reported by [30] (see Figure 3.1). Whereas, in Ni/PMN-PT structure,
the magnetic domain patterns are switched from out-of-plane to the in-plane configura-
tion in the Ni film (see Figure 1.22 in chapter 1). However, these switching need a large
voltage (800kV/m) in order to pole the ferroelectric PMN-PT [63]. This large electric
voltage is not sufficient for fully destabilized the magnetic domain pattern and to bring
to a homogeneous magnetic state.

In this frame, we focused on controlling the local magnetic stripe-domain patterns
and the magnetic moment orientation of a 530nm FeCuNbSiB (Finemet) magnetostrictive
film by using a low electric field/energy. This magnetostrictive film has been deposited
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in a high magnetic anisotropy. Both internal stresses and pinning centers in the film can
significantly vary with the film thickness [174]. All these reasons promote the finemet
to be a good candidate for an easy and efficient electric-/strain-mediated control of the
magnetic properties.

Figure 3.3: (a) Sketch of the studied heterostructure with the arrows qualitatively rep-
resenting the in plane strains of the finemet film, (b) In-plane strain-induced in x and y
direction by applying voltage from 0V to ±50V [80] [236]].

The detail of the fabrication process of our sample are reported in [236]. In this
structure, the magnetic properties of finemet film can be controlled by applying a voltage
to the PE actuator which induces a uniaxial strain/stress by converse piezoelectric effect.
The PE actuator is a PZT commercially available with typical dimensions 1.8x0.7x0.7
cm3. A voltage applied across the PZT actuator results in the deformation of the actuator
which is then transfered to the thin film. The polyimide Kapton substrate allows to avoid
the clamping effects of the magnetic film that can lead to low transmission of the strains
from the actuator to the finemet film/substrate system. In fact, previous results from our
group have already shown that a compliant polyimide substrate allows having a nearly
100% strain transmission in between the PE actuator and the finemet film [56] [236]
[234]. Owing to the converse piezoelectric effect inherent in piezoelectric materials, a
mechanical expansion (resp. contraction) is observable along the dominant elongation
direction (along x-axis) when a positive (resp. negative) voltage is applied across it. In
particular, a positive voltage results in an elongation with a related uniaxial strain ǫxx¿0
along x. Due to elasticity, this tensile strain is accompanied by compressive strains ǫyy,
ǫzz¡0 along the orthogonal in-plane direction y and the orthogonal out-of-plane direction
z. A quantitative characterization of the voltage dependence of the induced strain along
the xx and yy directions at the surface of the finemet film, was performed using Digital
Image Correlation (DIC) technique [80] [236] [234]. The voltage applied to PE actuator
was varied from +50V to -50V. In this measurement, the reference image was taken
at 0V after applying a voltage of +50V in order to avoid hysteresis effects due to the
piezoelectric material. Homogeneous biaxial strains (εxx and εyy) were measured as a
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function of the applied voltage allowing a fully equivalence between the voltage and the
strain values (see Figure 3.3). Note that the maximum (resp. minimum) value of 0.065 %
(resp. -0.035%) for εyy (resp. εxx) are slightly lower that the value of -0.085% for εyy and
0.045% for εxx obtained at -50V. This behavior is due to the non-linear and hysteresis
behavior of the piezoelectric actuator. However, it has been verified that no variations
of these values are observed after several sweeps voltage of +50V to -50V. The sketch
depicts in Figure 3.3(a) indicates a tensile stress in the film when a positive voltage is
applied (when a negative voltage is applied, the film is compressively stressed). This ME
heterostructure of finemet/Kapton/PE device has been reported to present a good ME
coupling. Indeed, the in-plane magnetic anisotropy has been controlled by the strain-
induced/voltage application (applied voltage from 0V to 100V), see Figure 3.4 [236].

Figure 3.4: In-plane angular (i.e. angle between the magnetic field to the x-axis (easy
axis)) dependence of the resonance field measured at 12 GHz for three different applied
voltages: 0, 80, and 100 V. The sketches correspond to 3D view of the heterostructure
showing the voltage-switch of the easy axis from x to y direction [236].

This easy axis manipulation together with all the results reported in [236] and also
others, push us to get interested in the experimental observation of the local changing
of the magnetic domain pattern typical of the finemet film. The orientation of the local
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magnetic domain moment by an applied electric field have been done by Magnetic Force
Microscope (MFM) measurements. The results have been compared with the standard
behavior of the magnetic pattern under the application of a magnetic field in order to
demonstrate the efficiency of the ME coupling. Experimental details are reported in
Chapter 2, section 2.1.2.

3.2 Magnetic background of the sample

In order to study the effect of the in situ strain/electric field (E-field) on the mag-
netic domain of finemet film, the magnetic background state of the sample was firstly
investigated. Before doing the local MFM analysis of the magnetic domain pattern, a
macroscopic measurement has been done via the VSM. The magnetic hysteresis loops of
the finemet with the magnetic field applied parallel and perpendicular to the plane of
the film are shown in Figure 3.5. An in-plane magnetic anisotropy is observed (see black
curve). Moreover, the typical loop of a weak stripe domain pattern is observed and re-
ported in the top inset [31] [214]. This loop shape suggests different stages in the reversal
process of the magnetic domains: a quick nucleation followed by the domain propagation
and a slow domain expansion and saturation. The behavior observed in the out-of-plane
loop (see the red curve) is coherent with a behavior of the magnetization along the hard
axis.

Figure 3.5: The magnetic hysteresis loop of the finemet with the field applied parallel and
perpendicular to the plane of the film. The inset show the zoom-in of the in-plane and
out-of-plane hysteresis loop.
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color of observed domain stripes represents two opposite orientations of the local magnetic
domain. One is parallel to the magnetic moment of the probe (i.e., the MFM tip), and
the other is anti-parallel to it [45]. This has been explained into details in section 2.1.2
of chapter 2.

The local orientation of the domain stripe is confirmed by the corresponding angle
image in Figure 3.6(c). The angle θ range from +90 ◦(red, so called domain ”up”) to
-90◦(blue, so called domain ”down”) which are parallel and anti-parallel to the magnetic
moment of the MFM tip, respectively. Comparing the domain stripes in Figure 3.6(b) and
the domain orientations in Figure 3.6(c), we can verify that the white patterns in MFM
image (see Figure 3.6(b)) correspond to the domain ”up” and brown patterns correspond
to the domain ”down”. In addition, the domain wall is also clearly presented by the white
line between red and blue pattern in Figure 3.6(c).

3.3 Electric control of the magnetic domain stripes

and local magnetic moment orientation

From the magnetic domain state at zero-field applied, we decided to study the effect
of the E-field/strain-induced on the magnetic domain stripes and local magnetic moment
orientation in this multiferroic heterostructure. The measurement of the in-plane strain
value induced in the finemet film by varying the electric field applied to the PE actuator
from +50 V to -50 V has been reported previously [80] [236] (see Figure 3.3b). Thanks
to a quantitative characterization of the voltage dependence of the induced strain at the
surface of the finemet film, we could translate the applied voltage/electric field directly
into the strain value along the traction axis (yy) and perpendicular to it (xx). We report
here the most representative MFM images obtained for several strain values of εyy and
εxx, as shown in the inset of Figure 3.7(a)–(d).

For each voltage, we recorded both the AFM and the MFM images, in order to verify
that any topographic artifact would take place and affect the MFM phase image analysis
(see Figure 3.6(a) and (b)). We present the statistical analysis of the domain stripe width
as function of the biaxial applied strain in Figure 3.7(a)-(d). In order to be representative
of the sample, we analyzed different areas of 5×5µm2 on the surface of the sample for each
voltage/strain condition. For each MFM images in Figure 3.7 and also for those reported
in [80], we could measure the magnetic domain ”up” and ”down” widths as a function of
the local biaxial strain transmitted from the PE material to the magnetostrictive finemet
layer.

We measured this behavior for both the increasing value of the strain (positive and
negative directions) and the decreasing one. [Arrows in Figure 3.7(a)–(d) indicate the
direction.] Black/red full circles in Figure 3.7(a)–(d) represent the magnetic domain
behavior as a function of the increasing voltage (positive (from 0V to +50V) and negative
directions (from 0V to -50V)) and open circles represent the decreasing ones (from ±50V
back to 0V). This analysis clearly shows that for a small strain value (εyy = 0.04% and
εxx = 0.023 %), the magnetic stripe pattern is fully destroyed (domain width = 0 nm)
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Figure 3.7: (a) and (b) Magnetic domain width of the up-oriented domains (white pat-
terns) as a function of the biaxial applied strain of the PE actuator (εxx and εyy). Black
full circles represent the magnetic domain behavior as a function of the increasing strain
(positive and negative directions) and open circles the decreasing ones. (c) and (d) Mag-
netic domain width of the down-oriented domains (brown patterns) as a function of the
biaxial applied strain of the PE sensor (εxx and εyy). The red full circles represent the
magnetic domain behavior as a function of the increasing strain (positive and negative
directions) and open circles the decreasing ones.

and gives place to a magnetic homogeneous MFM phase image [see inset of Figure 3.7(a)
and (b)]. In the absence of the magnetic contrast, the MFM images suggest a mono-
domain structure having the magnetization component aligned in the plane of the film
[45]. Figure 3.7(a)–(d) shows that the mechanism of switching the magnetization of the
magnetic stripe domains toward the in-plane direction is a completely reversible process
when considering the mean width of the domain (follow the arrows for the direction
of the strain variation) and also symmetric respect to zero. Indeed, increasing the in
situ elongation/compression applied to the finemet film during the MFM measurements
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gives place to a similar magnetic pattern behavior. Similar critical electric field/strain
value are obtained for both elongation/compression deformation (i.e., black/red full circles
superpose with black/red open circles in Figure 3.7(a)–(d)).

Figure 3.8: Width of distribution, W, as a function of the biaxial applied strain by the
PE actuator (εxx and εyy): (a) from 0V to -50V and (b) from 0V to +50V. Blue full
circles represent the increasing voltage (positive and negative directions) and open circles
the decreasing ones; (c) The angle image at U = 0V; (d) The angle image at U = +50V.

In order to confirm the switching of the magnetic domains (”up” and ”down”) from
the out-of plane to the in-plane direction of the film, we investigated the orientation of
the magnetic moments by using the angle model reported in chapter II, section 2.1.2
[177]. The results are shown in Figure 3.8 and Figure 3.9 (more angle images are reported
in Appendix A). As can be seen from the Figure 3.8(a) and (b), the W of the angle
distribution (as well as the angle θ) decreases gradually toward to the increase of the
induced strain εyy and εxx (i.e. as function of the applied voltages) in both positive and
negative direction, see the blue full circle in Figure 3.8. This behavior clearly indicates
that the majority of the magnetic moment rotates from the out-of plane direction (W
around 110◦) to the in-plane one (W is around 20◦to 40◦) of the film (see the angle image
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Figure 3.9: Center Xc of the angle distribution as a function of the biaxial applied strain
by the PE actuator (εxx and εyy): (a) from 0V to -50V and (b) from 0V to +50V. Blue
full circles represent the increasing voltage (positive and negative directions) and open
circles the decreasing ones.

in Figure 3.8(c), (d) and inset sketches in Figure 3.8a). Moreover, the rotation of the
magnetic moments is a reversible process as indicated by the backward curves obtained
by decreasing the strain values (see the blue open circle). Indeed, when the induced
strain/voltage decreases after the domain stripes destabilization, the W increases back
to the out-of plane orientation. These results agree with the switching of the magnetic
domain stripe width discussed in the previous paragraph. In addition, looking on the
critical strain/voltage value inducing the domain stripes disappearance, the W value at
the critical strain is around 50◦(corresponding to a common θ ≈ 25◦). It means that,
although the domain patterns are destroyed, they still have a small components out-of-
the plane that our MFM sensitivity is not able to detect.

Considering the symmetry of the angle distribution, XC , presented in Figure 3.9, we
can notice that a small asymmetry of distribution appears as the XC shift to a negative
value when a critical strain/voltage is applied, especially during the backward processes
(from ±50V back to 0V). This result can be explained by the elongation and the com-
pression of the film which is not expected to be homogeneous at the nanoscale level.

These results discussed above shade light on the electric field local control of the
magnetic domain magnetization. They show that, thanks to a good ME coupling [80] [236]
[237] between the PE actuator and the magnetostrictive finemet thin film, we are able to
control not only the in-plane magnetic anisotropy of the film [236], but also to reverse the
local magnetization of the nanometric domain from the out-of-plane direction to the in-
plane one. The electric field control of this switching mechanism is highly reversible and
opens the way for a local control of the magnetic information in magnetoelectric devices.
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3.4 Magnetic control of the magnetic domain stripes

and the local magnetic moment orientation

In order to compare the strain-induced/voltage control of the local magnetic domain
orientation to the standard reversal mechanism induced by applying an external magnetic
field, we performed MFM measurements under an in situ magnetic field application. In
this case, the electric field is kept at zero (i.e., zero voltage applied to the PE actua-
tor) while the magnetic field is applied in the plane of the film. The in situ magnetic
field is applied thanks to the use of a costumed-AFM electromagnet (BOUHNIK SAS,
Villacoublay, France). Technical details are reported in section 2.1.2 of Chapter 2.

Figure 3.10: Magnetic domain width of two opposite oriented domains: (a), (b) up-
oriented domains; and (c), (d) down-oriented domains as a function of the applied mag-
netic field in the in-plane direction of the film. The black/red full circles represent the
width dependence for the increasing magnetic field values (positive and negative) and
the black/red open circles represent the width tendency as a function of the decreasing
magnetic field applied (see the sense of the blue arrows).

Figure 3.10(a)–(d) shows the magnetic domain width analysis of the MFM images (see
inset of Figure 3.10) performed as described in the previous paragraph. Increasing the
in-plane magnetic field value destroys the magnetic stripe domain pattern. The critical
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magnetic field values necessary for obtaining the homogeneous MFM images are of the
same order of the critical fields observed in the magnetostatic measurements (Hsaturation =
400Oe) and able to reverse the magnetization (see Figure 3.5). This suggests that once we
destroyed the magnetic contrast of the stripe domains, the finemet film has a macroscopic
magnetic moment mainly oriented in the plane of the film and parallel to the magnetic field
applied. Thus, the process observed here is, without any doubt, connected to the switch of
the magnetic local moment from the initially out-of-plane orientation toward the in-plane
field direction. The result of this mechanism allows the observation of MFM images very
similar to the one observed in the previous paragraph (see inset in Figures 3.7 and 3.10).
This corroborate our hypothesis on the strain-mediated switching of the magnetic domain
orientation developed above. Nevertheless, it is important to notice that the magnetic
field dependence of the width does not present the same characteristics observed for the
electric field width dependence. In Figure 3.10(a)-(d), the width behavior of the magnetic
stripe domains is clearly not reversible and also non-symmetrical around the remanence
state (H = 0 Oe). The difference between the widths of the domain between the increasing
magnetic field dependence (positive and negative) and the decreasing one varies between
30 nm and 130 nm depending on the absolute value of the magnetic field applied. When
the film is thus brought back to the remanence state by decreasing the magnetic field
from the saturation state, the magnetic pattern is not necessary the same. Statistically,
the stripes have not the same width before and after the application of the magnetic field
[see Figure 3.10(a)-(d)]. Also the magnetic pattern is completely destabilized at different
critical field values in the case of the positive quadrant (230 Oe) compared to the negative
one (-175 Oe). The observed non-reversibility is a major problem for the application of
this system in standard magnetic sensor and/or magnetic recording devices using the
magnetic field to detect and record the informations.

A peculiar feature observed in Figure 3.10(a)-(d) at a magnetic field of 80 Oe [pos-
itive field, Figure 3.10(b) and (d)] and -25 Oe [negative field, Figure 3.10(a) and (c)] is
the stabilization of a larger width of the magnetic domain compared to the remanent
configuration. This behavior can be explain by the evolution and stabilization of the
stripe-domain patterns under the in-plane applied magnetic field. Indeed, the magnetic
domain patterns start to rotate toward the direction of the magnetic field when the field
is applied. As the magnetic field increases, all the magnetic domains tend to align along
the direction of the field, thereafter the stabilized state is reached for larger domain size.
If the applied field continues increasing, the magnetic moment starts to turn from the out-
of-plane toward the in-plane direction of the film. These processes were already described
in literatures [35] [70]. The way back to the remanence from the saturation magnetization
state does not present this effect. Besides, this has not been observed under the applica-
tion of the electric field and put in evidence a different mechanism of the local control of
the magnetic moment at low magnetic and/or low electric field (strain).

Similarly to the previous section (section 3.3), we analyzed the orientation of the local
magnetic moment by obtaining the relative angle images. The results are presented in
Figure 3.11 and 3.12 (more angle images are reported in Appendix A).

The Figure 3.11(a) shows theW characteristic of the angle distribution as a function of
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Figure 3.11: (a) Local magnetic moment orientation under the variation of the in-plane
magnetic field. The orange full circle represent the behavior under an increasing external
magnetic field (positive and negative direction) and the orange open circle represent the
decreasing ones (see the sense of the black arrows). Insets: sketches of the orientation
of magnetic moments (blue arrows) compared to the plane of the film (black arrow); (b)
The angle image at H = 0 Oe; (c) The angle image at H = 336 Oe. The contribution
of the granular topography is visible due to the very small magnetic contribution of the
phase image.

the applied magnetic field. Considering the positive direction of the applied magnetic field,
as expected, W decreases rapidly toward to the increase of the in-plane applied magnetic
field. In other words, the magnetic moments rotate from the out-of-plane orientation
toward the direction of the external magnetic field (in-plane), see Figure 3.11(b) and (c).
After the critical applied magnetic field which destroys the domain stripe, the W value
is in the range of 60◦-70◦(so the θ is in the range of [30◦to 35◦]). This is much higher
than the value obtained during the E-control of the magnetic moment orientation. This
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Figure 3.12: The center of the angle distribution, XC , between the domain ”up” and the
domain ”down” as function of the applied magnetic field.

result shows that the E-control of the magnetic moment orientations is more efficient than
the H-control. In addition, again, although the domain stripes are destroyed, the local
magnetic moments are not completely oriented to the in-plane of the film. In the case
of positive applied magnetic field, the H-control of the magnetic moment orientation is
reversible. However, it is not the case of the negative field applied. Indeed, the W(H)
curves as function of the increasing (full circle) and decreasing (open circle) magnetic field
application are different (see Figure 3.11). From this results we can conclude that, the
H-control of the magnetic domain orientations is not reversible and strongly depends on
the magnetic hysteresis of the sample as well as of the magnetic initial configuration.

The symmetry of the angle distribution between the domain ”up” and ”down” (XC) is
presented in Figure 3.12. The XC in both positive and negative applied magnetic field is
located around zero. This means that the orientation of the magnetic moments ”up” and
”down” are symmetrical to the plane of the film all along the magnetic field application.

3.5 Conclusion

To conclude, we reported here the detailed analysis of the characteristic stripe magnetic
domain pattern and the local magnetic moment orientation of a soft magnetic finemet
alloy thin film under the application of an in-plane electric field/strain applied. We
compared the results of this analysis with the magnetic domain pattern behavior and
moment orientation under an in-plane magnetic field. In both cases, the external field is
applied in situ during the MFM measurements (see details in section 2.1.2 of chapter 2).
The analysis of the magnetic MFM images is reported in details and mainly presented
by the magnetic domain width behavior and the angle θ one under the application of an
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external force. θ is the angle between the local magnetic moment and the plane of the
film. Our results show that both the E and H external fields allow the destabilization of
the magnetic domain pattern in favor of an homogeneous magnetic configuration. When
the critical field applied is higher than a critical value (εC , EC , and HC), the MFM image
is contrast less and presents an homogeneous phase image. The comparison between the
effects observed under the application of a magnetic field with the ones observed under
the electric field, let us deducing that both the external stimulus allow the twisting of
the domain magnetizations. Relatively low fields are able to turn the magnetic domain
moments from the out-of-plane direction to the in-plane one. In order to confirm these
results, we deduced the angle images from the MFM images and did the statistic analysis
of the angle θ in both strain-induced/E-control and H-control cases. The results confirm
that the angle θ (presented through W width distribution) decreases gradually toward
to the external field orientation. Our results also clearly state that the strain-induced/E-
control is more efficient and reversible compare to H-control method. A small in-plane
strain can destroy the magnetic pattern and can bring it up in a reversible way. The
same conclusions are possible for the angle distribution. This is not the case when an
in-plane magnetic field is applied to the magnetic pattern. Our results reinforce the idea
that ME heterostructure can open the way for new devices allowing the electric control
of the magnetic information at the nanoscale level.
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Chapter 4

0-3 type ME particulate
nanocomposites based on PVDF

4.1 Introduction

In this chapter, I will present our studies on the ME particulate nanocomposite with
0-3 type interface. In this nanocomposite, the magnetic nanoparticles are included in a
polymer matrix. The number ”0” and ”3” denotes respectively the connectivity of the
nanoparticles phase (also called nano-fillers - NFs) and the one of the polymer matrix. As
discussed in the section 1.3.2, the polymer-based ME composite show several advantages:
flexible, lightweight, low cost and not brittle, overcoming the typical drawbacks of ceramic
ME composite. In addition, polymer based ME composites can provide colossal ME
response due to a large piezoelectric stress coefficient and a great displacement transfer
capability linked to the polymer mechanical properties [103] [109] [215].

Among organic piezoelectric materials, polyvinylidene fluoride (PVDF) polymer has
been largely studied as it presents a good piezoelectric coefficient than that observed in
any other polymer, and also excellent mechanical flexibility. It shows large piezoelectric
coefficient with the d33 in the best case found to be around −30 pC/N and in the worst
cases around −6/ − 7 pC/N [58]. Thus it is a good candidate for developing flexible
multifunctional composites for the electric control of the magnetic properties. As a com-
mon agreement in literature (see section 1.3.2), nano-fillers (NFs) favor the crystallization
of the polar phase of the PVDF [102], which in principle may increase the piezoelectric
macroscopic response. The efficiency of this latter as well as the mechanical properties
of the (PVDF/NFs) particulate nanocomposite should also be related to the uniform
dispersion of the nano-fillers [29] [140] [223].

As a matter of fact, there are several studies in literature focusing on the influence
of the mechanical properties upon the dielectric and piezoelectric macroscopic behavior
of the PVDF and hybrid PVDF films, while only few reports are available on their local
piezoelectric properties [195] . Besides, the effect of the magnetic inclusions and their
dispersion (i.e. functionalization) on the electro-active local response of the polymer
based ME composite, has not received attention so far, even more in the case of very thin
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The neat-PVDF and hybrid thin film of PVDF/ NZFO nanoparticles were deposited
by spin coating on conductive substrates in order to perform the electromechanical char-
acterization. Very flat neat-PVDF films with mean roughness between 3 to 11 nm and
homogeneous microstructures were obtained after an optimization of the spin coating pro-
cess and the elaboration parameters. In order to control the dispersion of the nanoparticles
inside the PVDF matrix, we used 2 categories of nanoparticles: the functionalized and
non-functionalized one. The NZFO nanoparticles used to elaborate our hybrid thin film
were synthesized by using a soft chemistry polyol route [5] [64]. In order to avoid as much
as possible their agglomeration and to promote their dispersion in the PVDF matrix,
we functionalized them with specific molecules. The procedure for the functionalization
of the nanoparticles has been done on the basis of the process reported previously [94]
[110]. Very flat films have been obtained also in this case, with mean roughness between
5 and 10 nm and homogeneous microstructures. All the studied films present a mean
thickness between 80 and 100 nm and they were not poled in order to study the intrinsic
electro-active properties of the as-grown polymer. In the case of the hybrid films, the
nanoparticles content was kept of 0.5% in weight (wt) both for the functionalized and
non-functionalized cases.

The hybrid self-standing films of PVDF/CFO were fabricated by depositing the PVD-
F/CFO solution on a glass substrate using doctor blade technique [140]. The films’s
thickness are controlled in between 20 and 70 µm by a casting knife from Elcometer.
The CFO nanoparticles used to elaborate these hybrid films were synthesized again by a
polyol process [4] [140]. Similarly to the hybrid thin films described above, we studied
the functionalized and non-functionalized nanoparticles inside the PVDF matrix in or-
der to analyze the effect of the dispersion/agglomeration. The nanoparticles content has
been variated from 0.5% wt to 1% wt and 5% wt for both the functionalized and non-
functionalized cases. The hybrid self-standing films with higher nanoparticles content in
weight then the one used here have been investigated and reported elsewhere [144]. In
this thesis, I will study the magnetic response of nanoparticles under the influence of the
elastic properties of the PVDF matrix.

First of all, the properties of the single phases (PVDF and nanoparticles) are presented
in the section below. They will be of great importance to detect the influence of one phase
on the other.

4.2.2 Single ferroic phase: Piezoelectric and ferromagnetic one

The PVDF polymer

PVDF shows a complex structure and exhibits five crystalline phases related to dif-
ferent chain conformations: β, α, γ, δ and ε phases [97] [169]. The most investigated and
common one are α, β and γ (see Figure 4.2).

The α phase is non-polar and non piezoelectric and is the most commonly obtained
during elaboration [16], whereas the remaining phases are polar. Especially, the β phase
possesses the largest spontaneous polarization among all the others and is responsible for
the best ferroelectric and thus piezoelectric properties [55]. This is due to its orthorhombic
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Figure 4.2: Schematic representation of the chain conformation for the α, β and γ phases
of PVDF [104].

structure in which all fluoride atoms (F) are in the same plane according to the carbon
(C) backbone as shown in Figure 4.2. This configuration allows a high polarity. In
addition, when these dipolar moments are parallel, they can contribute together to form
a macroscopic dipolar moment, enhancing the spontaneous polarization. Therefore, the
improvement of β phase content in a PVDF-based structure is highly recommended for
ferroelectric applications.

The ferrite nanoparticles (NPs)

Two types of magnetostrictive nanoparticles (NPs) have been chosen: CoFe2O4 and
Ni0.5Zn0.5Fe2O4.

NPs can present superparamagnetic (SP) behavior when they have a diameter lower
that a critical size (going from few nanometers to a couple of tenth of nanometer), see
Figure 4.3. In this cases, the single domain particle, can randomly flip direction due to the
thermal energy. The typical time between two flips is called the relaxation time. In the
absence of an external magnetic field, when the time used to measure the magnetization
of the SP-NPs is much longer than their relaxation time, magnetization appears to be
(on average) zero. When the measurement time equals the relaxation time the NPs
appeared to be in their ferro-/ferrimagnetic state. If the measurement time is not change,
and the magnetization is measured as a function of temperature, the temperature of
the transition from the superparamagnetic state to ferro-/ferrimagnetic one is called the
blocking temperature, TB. Thus, above TB, the NPs are superparamagnetics while under
TB, they are ferro-/ferrimagnetics. Note that, a superparamagnetic NPs can also be
magnetized by a magnetic field as a paramagnetic particles (i.e. their hysteresis loop
shows a HC = 0 and Mr = 0). However, the magnetic magnetization of these NPs is
much larger than that of the paramagnetic material when a magnetic field is applied.

CoFe2O4 (CFO) nanoparticles are well-known to be ferrimagnetic and magnetostrictive
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Figure 4.3: (Dependence of magnetic coercive field on the size of nanoparticles (top) and
their corresponding hysteresis loops (bottom) [116].

NPs. The magnetostrictive coefficient (λ) has been reported from −1.11× 10−4 to −2×
10−4 at room temperature [33] [138] [219]. They exhibit high Curie temperature range
from 300K to 870K [49]. Blocking temperature has been observed from 250 K to 315 K [9]
[100]. The magnetic properties of CFO nanoparticles (diameter 13 nm) used to elaborate
our hybrid films are shown in Figure 4.4 and Table 4.1.

Temperature (K) HC (Oe) Mr (emu/g) MS (emu/g)
300 287 19 157
200 1976 57 172
100 8138 122 181
5 14581 149 184

Table 4.1: Magnetic properties of CFO nanoparticles powder at different temperature.

Ni0.5Zn0.5Fe2O4 (NZFO) nanoparticles are also ferrimagnetic with a good magne-
tostriction properties. The magnetostrictive coefficient have been reported of −2.1×10−5

[129]. NZFO NPs show a high Curie temperature around 523K and the blocking temper-
ature has been reported to be 50 K [32] [124]. In this case the NPs have a diameter of
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4.3 Influence of the hybrid interface on the electro-

active phase and electromechanical response of

PVDF/NZFO hybrid thin film

The idea of mixing piezoelectric polymers with magnetostrictive dopants can open
pathways for engineering flexible composites that exhibit combination of electrical, mag-
netic and mechanical characteristics. The main aim is relaying on the electro-active
properties of the polymer emphasizing the local deformation by applying an electric field.
This will allow to efficiently stress the magnetostrictive phase and thus to control the
ferromagnetic orientation of the nano-fillers for new magnetic sensor applications (see
section 1.3.2 in chapter 1). Unfortunately, several parameters can influence the artificial
coupling between the ferroelectric/matrix and the magnetostrictive/nano-fillers in these
hybrid systems: the good crystalline phase, the shape and the size of the nano-fillers, the
weight content of these latter, the quality and distribution of the interfacial interactions
between the two coupled materials. It is important thus to underline that if on one hand
several studies in literature have already demonstrated that the embedded matrix rarely
destroys the quality of the magnetic properties of the nano-fillers mostly dominated by
the dipolar interactions; on the contrary the presence of the nano-fillers can induce some
drawbacks on the elastic and piezoelectric properties of the matrix. In this frame we ad-
dress the problem of the hybrid interface effect on the electro-mechanical local response
of the β-PVDF-based composite thin films in order to insure the efficiency of the local
deformation on the magnetic nano-fillers. In this aim, we compared the electromechanical
response of the hybrid film with functionalized and not functionalized nanoparticles to the
one of the neat PVDF films presenting similar characteristics. Keeping in mind the needs
in microelectronic applications, we focus our studies on very thin (mean thickness about
100 nm), smooth PVDF and hybrid PVDF films (mean roughness about 10 nm), con-
taining the smallest possible percentage of inorganic nanoparticles in order not to destroy
the elastic properties of the polymer and to optimize at the same time the electro-active
phase content. All the necessary characterization (RX, IR, AFM, PFM and profilometer)
has been performed in order to shade light on the connection between the elaboration
process variables and the structural and physical properties of the films. The technical
informations of these measurements are presented in chapter 2.

4.3.1 Influence of hybrid interface on the microstructure and β-
phase content of PVDF/NZFO hybrid thin films

Adding nano-fillers into the PVDF matrix comes basically from the idea that the
nano-objects can promote the nucleation of the electro-active β phase. The enhancement
of the β phase by using nano-fillers depends on two factors: the types of nano-fillers and
their surface charges [25] [106]. The interaction between the electric charged surface of the
nano-fillers and the bonds of PVDF chains has already been proposed as a key factor for
increasing the nucleation of the β phase of the polymer [231]. Indeed, the presence of nano-
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Samples PVDF neat film NF-PVDF F-PVDF
Thickness (nm) 83.3 ± 1.5 75.5 ± 3.7 80 ± 4

Mean roughness (nm) 3.5 ± 0.1 5.5 ± 0.1 6.3 ±0.1

Table 4.2: The thickness and mean roughness value of our samples.

by SEM technique. Figure 4.7(a) is the SEM image obtained for the bare PVDF in
which no contrast can be seen for both BSE and SE images (inset). In Figure 4.7(b)
and 4.7(c) we compare non-functionalized NPs embedded in the PVDF film (NF-PVDF),
with their Functionalized NPs (F-PVDF) counterparts. BSE images provides a cleaner
view of the dispersion of the nanoparticles, as they are related to the Z number of the
material imaged. We found that functionalization is a key parameter into dispersing the
magnetic nanoparticles inside the film, which indeed, can be applied for other types of
NPs. The cross-section of the film shown in Figure 4.7(d) allows to state that the NPs are
homogeneously embedded through the polymeric film thickness, and not dispersed only
on its surface and forming aggregates in-depth.

To study the effect of the nanoparticle interface organization on the PVDF β - phase
nucleation, FTIR 3 has been used, as this method is proven to be as suitable as X-Ray 4

diffraction for the determination of the different phases of PVDF. In fact, specific bands
in the wavelength range between 500 and 1500 cm−1 have been previously identified to
be characteristic of the different phases content [2] [73] [77]. We thus recorded the FTIR
spectra of the three films at room temperature in the 600-2000 cm−1 wavenumber range,
see Figure 4.8.

In this measurement, we also recorded the Si substrate transmittance (Figure 4.8
black line) in order to use it as a background for the PVDF film IR-measurements. The
Si transmittance measurement let us put in evidence the existence of an unusual intensity
decrease of the observed transmittance for wavelength lower than 850 cm−1 and a noise
structure around 1380 cm−1.

As can be seen, the FTIR spectrum of three samples exhibit both typical α and β peak.
In order to be more clear, the FTIR absorption bands characteristic of the α (1212 cm−1)
and β (840 cm−1 and 1275 cm−1) phases for the three films are zoom-in in Figure 4.9.
Two crystalline bands located at 840 and 1275 cm−1 are identified and characterize the β-
phase conformation (see Figure 4.9 (a) and (b)). These bands are related to the sequences
of more than three and/or four trans conformations [2] [73] [77] of the ferroelectric (FE)
polymer phase.

In Figure 4.9 (a) the characteristic absorption peak at 840 cm−1 shows an important
increase in presence of the nanoparticles compared to the neat PVDF films. The same
trend, even if less evident, is presented on the 1275 cm−1 peak (see Figure 4.9 (b)). Only
one band identifying the non-polar α-phase is visible in our IR spectra and located at 1212
cm−1(see Figure 4.9(c)). The intensities of this band, although very weak even for the
neat PVDF films, slightly decreases with the increasing incorporation of the nanoparticles

3FTIR has been performed on a standard spectrometer, Thermo Nicolet, AVATAR 370 FTIR
4XRD analysis and measurements are still a ongoing work. We will not present it here.
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Figure 4.8: Infrared Transmittance (arbitrary units) of the whole set of samples. A
baseline recorded at room temperature was subtracted from the corresponding spectrum
using the spectrometer software.

along the polymer chains. This qualitative observations confirm optimization of the β-
phase content in all our samples and is in agreement with the previous observations
reported into literature concerning the effect of the nano-inclusions on the polymer phase
[102] [110]. Besides, these results put in evidence that the NF-PVDF and the F-PVDF
samples are comparable between them and optimized in term of β-phase content compared
to the neat PVDF films.

The FTIR spectra recorded on the three samples, show also the presence of severals
absorption bands at 875, 1070 and 1175 cm−1. These latter bands are characteristic of the
vibrations of the carbon-carbon skeleton in the polymer [14] [15] [110] [181] [232]. Due to
their good resolution, we could study their evolution by analyzing the absorption intensity
(i.e. area). The peak intensity evolution is reported here above and have been obtained
by a standard ORIGIN polygon area analysis method. This study allows observing that
in presence of both NF- and F nanoparticles, the intensities of these bands increase
(especially 1175 cm−1) emphasizing a better organization of the polymer structure in the
case of the hybrid samples (see Table 4.3) [136] 5.

All these IR observations allow us to conclude that both neat PVDF films and hybrid
ones present a majority of electro-active phase content with a slight increase of it (as

5H T T Nong, N A Nguyen, J Solard, C B O, M Simon-Sorbed, A E Carrillo, A Gomez, S Mercone,
”Local electromechanical control in PVDF–based thin films by the hybrid interphase optimization”,
invited paper, submitted.
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Figure 4.9: Specific infrared absorption bands typical of the β and α-phase have been
identified and presented separately for neat PVDF films and hybrid ones respectively
with non-functionalized nanoparticles (NF-PVDF) and functionalized nanoparticles (F-
PVDF).

expected) in presence of the nano-inclusions.

4.3.2 Influence of the hybrid interface on the electromechanical
response of PVDF/NZFO hybrid thin film

Comparison between the functionalized and non-functionalized hybrid films, allows us
to study the effect of the dispersion of the nanoparticles inside the matrix not only over the
optimization of the interface between the two phases but also over the local piezoelectric
properties of the polymer. As we reported before, to efficiently stress the magnetostrictive
phase of the NPs and thus to control their moment orientation by applying an electric field
on the piezoelectric polymer, is a major key parameter for using these hybrid thin films in
new magnetic sensor applications. In this content, the study of the local electromechanical
response of the polymer by piezoelectric force microscopy is of primary importance.

In Figure 4.10 we show the piezoelectric response measured by applying an alternative
electric bias field through the use of a nanometric-probing tip (PFM). This latter is in con-
tact with the surface of the polymer and apply the field through the thickness of the film
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We also succeed in recording the ferroelectric domains and locally polarized the PVDF
neat film by applying a bias of ± 8 V (see Figure 4.11). It is worth mentioning that to
record the PFM images of the ferroelectric domains of the hybrid films was very hard since
their response is very weak or the relaxation time is very fast. Our best result of PFM
images are shown in Figure 4.11. Note that the PVDF films are thin (< 100 nm) and soft
(polymer surface), thus it is very easy to scratch them by the PFM tip during the scan.
Therefore, we chose a soft PFM tip (with spring constant of 0.8 N/m). We also worked in
an ambient of low humidity condition (lower than 10 %) in order to avoid artifacts. The
ferroelectric intrinsic domains are shown in Figure 4.11(a) and (b) to ghether with the
topography roughness. The contrast of colors in Figure 4.11(d) represents the opposite
polarization direction of the ferroelectric domain which are switched by ± 8 V.

Our results clearly point out the increasing of the percentage of the electro-active β-
phase as well as the carbon chains organization by including isotropic nano-fillers (see IR
analysis) while on the other hand an unexpected huge decrease of the local piezoresponse
is observed. Also, this seems to be in contrast with the previous literature presenting the
optimization of macroscopic ferroelectric/piezoelectric properties of PVDF hybrid thin
films as function of the β-phase content optimization. At this point, it is important to
remind that our samples have not been poled (as it is usually done into literature) in
order to study the intrinsic response of the as-grown PVDF films. The poling process,
in fact, is well known to induce significant changes in the dipoles organization inside the
polymer [133] and to eliminate the center of symmetry of the typical spherical structure.
This means that our unpoled samples are probably affected by a slight disorder of the
electric dipole moments of the molecular chains [94]. Thus, the unpoled thin films clearly
show that the presence of nano-fillers locally decreases the polarization ordering and the
FE domain structure of the PVDF. Optimizing the hybrid interface by well-dispersing
the NPs, succeed in recovering part of the electro-active properties of the polymer.

It is reasonable to think that using the spin coating technique, and thus miming the
drawing effect during the elaboration process, helped us to optimize the β-phase in the
case of neat PVDF films. In fact, the polymer is free to stretch under the spinning effect of
the rotating plate of the spin coating system. The polymer chain can organize in the fibers-
structures observed in Figure 4.6 which are characteristic of the β-phase. Unfortunately
this seems not to be homogeneously obtained through the sample. When NPs are included
into the solution which is dropped on the spin coating plate, the polymer matrix stretching
effect impressed by the speed of the rotation is likely disturbed by the presence of the
nano-fillers inside the solution. Thus if a macroscopic drawing is still applied, and a
majority of β-phase is still observed for the hybrid films, locally the nano-fillers destroys
the charges/dipoles organization. These results are reported in Figure 4.10 and Figure
4.11. It is important to notice that the dispersion of the NPs inside the polymer matrix
put in evidence a better-defined piezoelectric response (see Figure 4.10(b) and (c)). Figure
4.10(b) clearly show that the vibration presents a better define resonance in the case of
F-PVDF films compared to the NF-PVDF one although the electromechanical responses
of these two samples lays low compared to the neat-PVDF samples. The optimization
of the interphase between the organic and inorganic phase by a good dispersion of the
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nanoparticles inside the polymer matrix, allows a better definition of the piezoelectric
resonance associated with a better electromechanical response. This promotes the local
dispersion of the nanoparticles as a possible way to reduce the observed electro-active
losses due to the nano-inclusions presence and to enhance coupling performances for the
next generation of magnetoelectric nanostructures.

4.3.3 Conclusion

In conclusion, we have shown that the 0-3 particulate nanocomposite thin films based
on PVDF polymer can be elaborated by using a simple and low cost technique. High
resolution AFM and SEM images together with profilometer measurements confirm that
the whole set of samples discussed here are very flat, thin and homogeneous thin films
with low roughnesses and mean thicknesses around 80 nm. Improvement of the electro-
active has been obtained by embedding 0.5% wt of inorganic isotropic magnetostrictive
nanoparticles inside the PVDF matrix. This improvement is confirmed by the intrinsic
electromechanical local response given by a linear piezoelectric effect for the whole set of
samples. Surprisingly enough, the hybrid sample does not show a better electromechanical
resonances putting in evidence a local polarization disorder promoted by the nanoparticles.
This effect is visible even thought the amount of nanoparticles is extremely low (< 1%
wt). Last but not least, a uniform dispersion of the nanoparticles allows to recover part
of the local electromechanical response. The hybrid interphase optimization obtained by
the functionalization of the nanoparticles before their dispersion in the PVDF solution,
opens a possible way towards the decrease of the electromechanical losses in the hybrid
systems in view of the magnetoelectric applications.

4.4 Influences of the hybrid interface on the magnetic

properties of the NPs

As discussed in the previous paragraphs, the nano-inclusions have an important effect
on the piezoelectric properties of the polymer. Their size, their organization/dispersion
inside the matrix induce considerable changes in the electro-active response of the polymer
as well as of the mechanical [140] and chemical ones [102]. It is thus natural to think that
also the converse influence is expected. One of the question that can be asked is linked to
the elastic properties of the PVDF and the mechanical transfer of them at the interface
between the polymer and the magnetostrictive NPs. PVDF is flexible and considered
to be in a ”rubbery” state at room temperature. However, as temperature decreases,
PVDF begin to stiffen up and it goes through a transition phase that is called ”glass
transition” becoming effectively a glassy solid. Thus it becomes hard and also brittle.
The temperature of the glass transition is called glass temperature, TG. TG of PVDF is
-42 ◦C ∼ 231 K [22].

The elastic property of PVDF upon and below TG is shown in Figure 4.12 (black line).
As can be seen in the figure, the storage modulus (E’ defined by the ratio between the
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Figure 4.12: Elastic property of pure PVDF (black line) and PVDF nano-carbon compos-
ite as a function of temperature. The glass temperature of pure PVDF is -42 ◦C ∼ 231K.
SF: Superfullerene, CNT: Carbon nanotubes, GS: Graphene sheets. [Figure is reported
from the supplementary information of ref [22]].

stress and the strain under vibratory conditions) increase rapidly when temperature goes
down to TG. The storage modulus is measured by using a dynamic mechanical analysis
where an oscillatory force (stress) is applied to a material and the resulting displacement
(strain) is measured. Therefore, the higher storage modulus the stiffer is the material.
In Figure 4.12 is also possible to notice that when stiffer materials are included and/or
artificially melted together with the polymer, the storage modulus of the composite is
higher than that of the neat-PVDF for all the range of temperature. The glass transition
becomes smoother and smoother although the variation of the storage modulus between
room and low temperature (T < TG) is high.

Looking at this property of the PVDF, it becomes questionable if the elastic prop-
erties changes between room and low temperature, can be transmitted to the inclusions
at the hybrid interface and thus influence the magnetic properties of the NPs. The NPs
(NZFO and CFO) included in the PVDF matrix are in our case, well know to be magne-
tostrictive (see section 1.1.4 in chapter 1). The storage modulus variation of the PVDF
at low temperature and thus the change in the elastic properties of the NPs environment,
may have a possibility to modify the magnetic properties of these latters by the inverse
magnetostrictive effect. In order to answer the question above, we decided to study the
magnetic properties of NPs (NZFO and CFO) included in a PVDF matrix as function
of the temperature from 300K down to 5K by using a MPMS 3 SQUID VSM technique.
These results have been compared to the results obtained for the sole NPs (i.e. dried
nano-powders) shown in section 4.2.2 of this chapter.
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4.4.1 Effect of the elastic properties of the PVDF matrix on the
magnetic properties of Ni0.5Zn0.5Fe2O4 NPs

We measured here the magnetic hysteresis behavior of hybrid PVDF/NZFO (0.5% wt)
thin film. As already studied before we get interested to understand if the transmission at
the interface of the elastic strain, could be influenced by the organization/dispersion of the
nanoparticles inside the PVDF. Thus we measured here the static magnetic properties of
the non-functionalized (NF) and functionalized (F) NPs included in the PVDF nanometric
film deposited on a silicon substrate (i.e. NF-PVDF and F-PVDF samples). Those
measurements are presented in Figure 4.13.

Figure 4.13: Magnetization curves of hybrid PVDF/NZFO (0.5% wt) thin films at room
temperature (300 K) and low temperature (20 K): (a) NF-PVDF; (b) F-PVDF. The
zoom-in of M-H loops at low field are showed on top of each graph.

As shown in Figure 4.13, the hysteresis loops of both two samples are typical loops of
superparamagnetic NPs at room temperature (HC ≈ 0 for both cases and Mr/MS = 0 for
NF-PVDF, Mr/MS = 0.1 for F-PVDF). It is interesting to notice that the magnetization
behaves similarly to the case of the NZFO powder presented in section 4.2. In this
configuration we could not deduced the exact weight of the nanoparticles. Therefore, the
magnetic moment is kept normalized. It is important to realize that at a low field (see
the insets in Figure 4.13), the hysteresis loops for both NF and F samples, show a lot of
noise, especially in the curve at 20 K. We repeated the measurements several times to be
sure that the noise was not coming from technical problem. However, the hysteresis loop
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of both samples is always the one observed in Figure 4.13. The hysteresis curves show a
peculiar behavior before the saturation state, for both samples which is easy recognizable
despite the noise. This feature was not observed for the sole NPs (see section 4.2) and
could thus represent an effect of the PVDF on the magnetization of NZFO NPs. This
peculiar feature of the hysteresis loop has already been reported for complex magnetic
state [34] [152] in circular nanomagnets arrays of permalloy where the distance between
the NPs is controlled and well dispersed. Note that, in these two samples, the amount of
NPs is very small (0.5% wt) which means that the NPs are, at least for the functionalized
sample, well dispersed inside the matrix. Therefore, the interface interaction between the
PVDF matrix and the NPs is better than in the case of the higher percentage. In order
to confirm this assumption, we decided to measure the magnetic properties of hybrid thin
films of PVDF/NZFO (1% wt) elaborated and fabricated by using the same conditions
as the previous one. The results are reported in Figure 4.14.

Figure 4.14: Magnetization curves of hybrid PVDF/NZFO (1% wt) thin film at different
temperatures: (a) NF-PVDF; (b) F-PVDF. The zoom-in of M-H loops at low field are
showed in the top of each graph.

Interestingly, the noise at low field has disappeared. Thus the noise at low field in the
hysteresis loop seems to depend on the amount of NPs included inside the PVDF matrix.
Moreover, the functionalized NPs still show the butterfly feature already observed. Again,
this comparison between the NF and F behavior, seems to suggest that the effect of the
PVDF matrix depends on the hybrid interface of the samples.
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One important point concerning the studied samples is that the PVDF matrix is
deposited on a Si substrate. This configuration can clamp the elastic properties of the
composite film onto the substrate, then the deformation (linked to the elastic properties
changing as function of temperature) may be less than the expected one and thus present
only small changing on the magnetic properties of the nanoparticles. Due to this reason,
we decided to go further on this study by measuring hybrid self-standing films. In the
hybrid self-standing films, the clamping effect does not exist, as there is no substrate.
Therefore, we do expect to observe stronger effects on the magnetic properties of the
magnetostrictive NPs. Thanks to our collaboration with researchers at ITODYS team (C.
Ben Osman, F. Mammeri, S. Ammar-Merah, Universite Paris Diderot). The magnetic
studies on these samples are presented in the following section.

4.4.2 Effect of the elastic properties of the PVDF matrix on the
magnetic properties of CoFe2O4 NPs

We studied here the hybrid self-standing film of PVDF/CFO with different percentage
of CFO NPs (i.e. 5% wt, 1% wt and 0.5% wt, both functionalized and non-functionalized).
To compare the results obtained for all the different percentage studied, we normalized all
the magnetization curves again. The magnetic hysteresis loop at room temperature and
low temperature (5K) are presented in Figure 4.15 in the case of hybrid sample with non-
functionalized NPs, and in Figure 4.16 in the case of hybrid sample with functionalized
nano-inclusions.

As shown in Figure 4.15, the hybrid self-standing film presenting 5% wt and 1% wt of
NF-CFO inclusions exhibit the expected behavior observed on the sole NPs, whereas in
the case of 0.5% wt an uncommon behavior at very low magnetic field appears. The zoom-
in of Figure 4.15 (c) shows this latter and put in evidence a weird reversal mechanism of
the magnetization for both room and low temperature.

In Figure 4.16, this uncommon reversal behavior is observed for all the different per-
centage of functionalized NPs included in the hybrid films. In particular, the samples of
5% wt and 1% wt clearly exhibit this peculiar mechanism at low temperature (5 K) while
the 0.5% wt film shows it starting from room temperature. In order to study into details
this uncommon behavior measured, we decided to focus our studies on the hybrid film
containing the functionalized NPs as they are the one in which the effect is emphasized.
We studied the magnetic hysteresis behavior for different temperatures in order to un-
derstand the specific effect of the PVDF elastic properties. The M-H curves have been
thus measured for T > TG as well as for T < TG. Two opposite concentrations have been
considered (the highest concentration of the NPs and the lowest one). The zoom-in of the
magnetization at low field for the PVDF/CFO 5% wt and 0.5% wt F-NPs, measured at
300K, 200K, 100K and 5K are reported in Figure 4.17.

As can be clearly seen in Figure 4.17(a), the hybrid film with 5% wt of F-CFO NPs
shows an important uncommon reversal mechanism for T < 200K. On the other hand, in
the case of the hybrid sample with 0.5% wt of F-CFO nanoparticles, the same feature is
already observed at room temperature.
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Figure 4.15: Magnetization curves of PVDF/CFO hybrid self-standing films with CFO
NPs non-functionalized: (a) CFO 5% wt; (b) CFO 1% wt; (c) CFO 0.5% wt. The zoom-in
of magnetization curves at low field are reported in the blue square.

From the results presented in Figure 4.15 and 4.16 as well as 4.17 in comparison with
the Figure 4.1, it is logical to deduce that the quality of the hybrid interface (i.e. different
amount and dispersion of the NPs) between the inorganic NPs and the organic polymer,
have an influence on the uncommon reversal mechanism observed in the hysteresis loops
reported. It is worth underlining here that the quality of this interface depends mainly
from two factors: (i) the amount of nano-inclusions and (ii) the functionalization/dis-
persion of the NPs inside the polymer matrix. The higher is the amount of NPs, the
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Figure 4.16: Magnetization curves of PVDF/CFO hybrid self-standing films with CFO
functionalized nanoparticles: (a) CFO 5% wt; (b) CFO 1% wt; (c) CFO 0.5% wt. The
zoom in of M-H curves at low field are presented in the blue square.

higher is the possibility of agglomeration of the nanopowder and thus the lower is the
quality of the hybrid interface. Also, the functionalization helps the dispersion of the NPs
by grafting molecular brushes on the NPs surface and thus preventing their agglomer-
ation before their inclusion inside the polymer. These considerations together with the
results reported before, allow speculating on the fact that the higher is the quality of
the interface, the more important is the effect observed. Also, looking at Figure 4.17,
the reversal mechanism seems to be dependent of the temperature and to enhance at low
temperature. As the sole NPs do not present this uncommon behavior (see Figure 4.4),
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Figure 4.17: The zoom-in of the magnetization curves at low field for the PVDF/CFO
functionalized nanoparticles. (a) PVDF/CFO 5% wt; (b) PVDF/CFO 0.5% wt.

Figure 4.18: Zoom-in of the magnetization observed at low magnetic field. (a) Hybrid
self-standing film of PVDF/CFO (0.5% wt) functionalized NPs at different temperature;
(b) Corrected corresponding curves (see text for more detail).

this latter may be linked only to two different reasons: (a) the elastic properties of the
polymer are changing as function of temperature (see Figure 4.12) and thus transferred
a deformation to the magnetostrictive NPs; this behavior together with the fact that
the magnetic properties of the NPs evolves as function of temperature becoming more
and more ferromagnetic (higher Mr and HC) can lead to higher interface effect while the
temperature is lowering; (b) the polymer presents unforeseen magnetic properties at low
field contributing to the final magnetization observed. While the first option is obviously
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linked to the very interesting question wondering either if it is possible to manipulate
the magnetic properties of the NPs by using hybrid 0-3 type connectivity, the last one
is not suitable in this purpose. In order to understand it, we firstly wanted to exclude
this last hypothesis. We thus measured the hysteresis loop of the PVDF self-standing
film without any inclusions, elaborated in the same condition of the functionalized hybrid
films. We subtracted the magnetization obtained for the PVDF to the one obtained for
the hybrid one with 0,5% wt of F-CFO NPs in the same temperature and magnetic field
conditions. The results are presented in Figure 4.18 (a) and (b) respectively before and
after the subtraction. As we can see in this figure, the correction is able to correct only
the reversal behavior close to the zero magnetic field. Thus, even if the effect is small, it
is still detected by the SQUID-VSM sensitivity at some symmetrical critical field. This
latter depends on the TG. It is smaller for T > TG (i.e. Hcritical around 330 Oe) and
constant but higher for T < TG (i.e. Hcritical around 550 Oe).

4.4.3 Conclusion

To be honest, we were not completely satisfied by this analysis, as we are aware of the
fact that this correction is not as accurate as the correction we could do by using what the
magnetometer system call the raw data. In fact, subtracting the polymer magnetization
from the hybrid one that we did, is a rough method assuming that both contribution
simply add to each other. Obviously, the reality can be much more intertwined. Thus, a
more precise analysis should be done by treating point-by-point the raw signal detected by
the SQUID. This analysis is very time consuming, both for the measurements and for the
treatment of the data. This is still an ongoing research, which a part is presented in the
Appendix B. Also, it is important to underline here that, if the observed magnetic change
are connected to a magnetoeleastic change, we should be able to detect it by measuring a
different anisotropic constant of the sole NPs compared to the NPs inside the matrix. This
is possible to do by performing AC measurement (i.e. low frequency susceptibility). We
started to work on this, but unfortunately some technical at impediments low temperature
came on the way. We are thus currently developing this point in collaboration with DR.
S. Hebert (CRISMAT, ENSICAEN), it will be hopefully part of my oral presentation.
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Chapter 5

Optimizing ferromagnetic properties
of anisotropic nanoparticles toward
1-3 particulate ME nanocomposite

In this chapter, we discuss the optimization of the magnetic properties of cobalt-based
anisotropic nanoparticles (nanowires, NWs) devote to be included into 1-3 nanocompos-
ite ME materials. In the 1-3 nanocomposite structure, the magnetic Co-based NWs are
dispersed in a piezoelectric polymer matrix. From the magnetic point of view, dispersing
NWs in a matrix will rise some challenges since their magnetic properties depend on the
organization inside the matrix and the interaction that may exist between them. More-
over, the magnetic properties of Co-based NWs are fully dependent on their morphology
and crystal structure. Thanks to our collaboration with several colleagues in LSPM we
had the opportunity to work on the magnetic optimization of these NWs as function of
the morphology, crystal structure as well as their organization and interaction. We could
perform this study by firstly dispersing and organizing the NWs inside their synthesis so-
lution. This allows us to understand the ferromagnetic dependence of an ensemble of NWs
in low density and weak interaction configuration. Afterward, the effects of higher density
and strong interaction configuration have been studied in the case of disordered nanopow-
ders and within nanostructured material obtained by sintering these latters. This study
allowed to understand the magnetic properties of these NWs ensemble as function of their
organization and thus interactions. We performed this study by both an experimentally
point of view and by using simulations techniques.

The step forward this studies would have been to investigate the magnetic properties
of these NWs while they are included in a polymer ferroelectric matrix (i.e. 1-3 particulate
nanocomposite). The control of these inclusions is still an ongoing active research inside
the chemistry groups not only in our laboratory but also in the frame of the Labex SEAM
consortium of which our laboratory is partner. The biggest issue is to obtain a good
control of the organization of the NWs inside the matrix, after their extraction from
the synthesis solution. Due to their strong mutual magnetic attraction, they tend to
agglomerate during this extraction thus a step of functionalization is needed. This should

90



CHAPTER 5. OPTIMIZING FERROMAGNETIC PROPERTIES OF ANISOTROPIC
NANOPARTICLES TOWARD 1-3 PARTICULATE ME NANOCOMPOSITE

prevent the NWs to agglomerate together and thus allow us to organize them inside the
polymer matrix. The chemical optimization of this step is still an ongoing research as I
said before because of the higher surface/volume of the NWs compare to the NPs, thus
the magnetic study of this 1-3 composite lays as a perspective of my work.

Albeit this inconvenience, I could study, as explained before, the effect of the inter-
action and organization of the NWs using alternative comparable configurations. One
of these latter is the high density nanostructured sintered material obtained from the
compaction of the nano-powders. This high density and strongly interacting NWs con-
figuration is widely explored into literature in the scope of creating a new generation of
permanent magnet. As required by this application, the materials have to show a high
energy product (so called magnetic energy), BHmax, which expresses the performance of
a permanent magnet. This BHmax value depends on the coercivity and the magnetization
of the material (i.e. the hysteresis loop). The calculation of this parameter is presented
in section 5.2.1. Therefore, an optimized magnetic properties with a high coercivity and
high magnetization is desired to get a high BHmax.

Cobalt NWs are good candidates for the design of free rare-earth permanent magnets
since they show high saturation magnetization (MS = 160 emu/g = 1424×103 A/m) and
high Curie temperature (Tc ≈ 1400K), without mentioning a high magnetocrystalline,
(K1 = 450kJ/m3 for a hexagonal-close-packed, hcp, bulk crystal structure) and shape
anisotropy (KU depending on the size of NWs, as reported in section 1.1.3 of chapter 1).
All these properties help stabilizing (thermally and spatially) the ferromagnetic (intrinsic)
properties of the nano-magnet.

In order to use cobalt NWs for nanostructured permanent magnet, the fundamental
requirement is optimizing their magnetic properties in order to reach a magnetic energy
as high as possible. As a starting point, the magnetic properties of individual cobalt NW
have been well optimized in literatures not only by micromagnetic simulation but also
experimentally by an accurate control of their elaboration [182]. From the micromagnetic
simulation point of view, the shape of single cobalt NW is optimized by several conditions
[118] [141] [154] [233]: (i) the diameter of the NW should be as small as possible; (ii)
the aspect ratio (i.e. the ratio of the length over the diameter) should be of 10; (iii) the
morphology of the NW has to be as closer as possible to the nano-cylinder shape.

Due to the highly effective magnetic anisotropy of Co (hcp) NWs, these properties
are strongly dependent on the orientation of the NWs compared to the direction of the
magnetic field applied. Thus, one of the key-issues in the permanent magnet field is
to preserve the good magnetic properties of the single NW inside the nanostructured
permanent magnet based on the NWs assembly. This is rigorously connected with the
perfect alignment of the NW ensemble inside the bulk structure. Several processes have
been developed mainly under the application of a magnetic field, in order to optimize
the nano-structuration of the NWs based bulk magnet [6] [64] [142] [143]. Two well-
aligned NWs systems with a high magnetic energy (350kJ/m3 [51] and 165kJ/m3 [6])
have been reported. However, the mechanical properties of these assemblies are unfortu-
nately not well suited for bulk applications since in these systems, the NWs are aligned
inside an epoxy matrix [51] or simply dried on a wafer. In order to improve the mechan-
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ical properties for bulk application, several compaction processes have been performed
using Spark Plasma Sintering method. N. Ouar et al. [64] [142] [143] reported that the
magnetic properties of nanostructured compacted samples obtained by the nanopowder
compaction, are strongly affected by their mechanical properties. By increasing the hard-
ness of nanostructured samples and so their density, they observed a decreasing of the
coercive field, leading consequently to a loss of the magnetic energy. Nevertheless, the
simulation results have shown the opposite behavior. Micromagnetic simulation shows
that, the magnetic energy of Co NWs assembly, increases linearly with the density of the
dense nanostructured materials [137] [150].

These studies show how delicate is the question of the optimization of the magnetic
energy of the NWs assembly as this depends on the tight balance between the magnetic
properties of each NW (i.e. intrinsic magnetic properties of nano-magnet) as well as of
their organization and density inside the assembly (i.e. macroscopic arrangements/prop-
erties). In this chapter we will show our contribution to this experimental challenge. We
will show how the structural control of the NWs, can be critical for their magnetic prop-
erties/energy. Also, we present here our experimental observations and analysis of the
magnetic static properties of nanostructured magnet obtained by the compaction of the
nano-powders. We discuss their magnetic behavior as function of the nanotructuration
and we analyze our results by micromagnetic simulation of the magnetic properties of the
dense NWs ensemble.

5.1 Magnetism of the nano-magnet: the Stoner -

Wolfarth model

In order to study the magnetic behaviors of cobalt NWs, we used a standard model
which is called Stoner-Wolfarth model. This model developed in 1948, allow easily to
describe the magnetism of small particles [191]. We summarize here below the impor-
tant features of this model which is going to be used as a term of comparison for the
optimization of the magnetic properties of the nano-magnets/NWs.

Stoner-Wolfarth (SW) model considers a ferromagnetic material bringing a single
magnetic moment (i.e. macrospin model). The material is therefore considered as a
single magnetic domain, thus all multi-domain related effects, non-uniformities or inho-
mogeneities are not considered. A single domain occurs when the size of the grain is
smaller than some critical length and thickness (length of few 100 nm and 10 nm diam-
eter are the critical sizes for Fe, Ni and Co). At T = 0K, a grain with a single magnetic
moment M is an ellipsoid-shaped object (see Fig. 5.1) since a material with uniform
magnetization ought to have an ellipsoid form [81]. This ellipsoid-like shape nanoparticle
owns an uniaxial anisotropy axis (also called easy axis - EA) which is an axis along which
the magnetization prefers to lie in order to minimize the total energy of the nanoparticle
(see section 1.1.3). When an external magnetic field is applied, the magnetic behavior of
the nanoparticle is described by the magnetization, M, and the angle ϕ that M forms
with the EA, as well as by θ which is the angle that the external applied magnetic field
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to the uniaxial anisotropy and tends to align M along the anisotropy axis and the other
is due to the external magnetic field H, forcing M to align along the field. The total free
energy density of the nanoparticle is thus:

E = EA + EZ = K sin2 ϕ−HMS cos(ϕ− θ) (5.1)

Where: EA = K sin2 ϕ is the anisotropy energy which is characterized by the anisotropy
constant KU , EZ = −HMS cos(ϕ− θ) is the Zeeman energy and MS is the magnetization
at saturation. It is important to verify that EA is minimum when ϕ = 0 for K >0. The
magnetic moment will choose the direction that minimizes the total energy.

In the case of a finite nanoparticle, in the previous free energy density we have to add
the demagnetizing term (ED) which is linked to the shape of the particle (see chapter 1,
section 1.1.3). The total free energy is then given by:

E = EA + EZ + ED (5.2)

Where the third term is defined by ED = Kd sin
2(ϕ)′, in which ϕ’ is the angle between

M and longer axis of the grain. The Kd, is the shape anisotropy constant which depends
on the shape of the ferromagnetic nanoparticle, and it is defined by Kd = 2πNijMiMj

where Nij is determined by Nxx + Nyy + Nzz = 1. These geometric coefficient can be
calculated for different shapes (see chapter 1, table 1.1). For an infinite cylindrical wire
with longer axis in the x-direction, Nxx = 0, Nyy =

1
2
and Nzz =

1
2
[27].

The typical hysteresis loops, obtained with this model by the minimization of the
magnetic energy, are presented in Figure 5.2. The coercivity, HC , is determined by both
the anisotropy and demagnetizing field contribution (HC = HA +Hd).

It is easy to see that, the squareness (Mr/MS) of the hysteresis cycle is close to 1 when
the external field is parallel to the EA (θ = 0◦). In this case, the hysteresis loop is closest
to the perfect square shape. When the angle θ increases, the coercivity (HC) decreases.

As described by the SW model, an ellipsoid-shape nanoparticle is desired to opti-
mize the magnetic anisotropy and thus the magnetic coercive field of the nano-magnet.
However, this shape seems to be complicate to be obtained in the experiment since very
different size, shape (i.e. dumbbell, diabolo and cylinder) and morphology are observed
in literature depending on the elaboration process [93] [198] [199]. The simulation study
shows that the cylinder-like shape presents a better coercivity comparing to the dumbbell-
and diabolo-like shape obtained experimentally, (see Figure 5.3) [154] [233]. The morpho-
logical relevant parameters are then: the diameter (D), the length (L), the aspect ratio
(L/D), the thickness of the head (T) and the width of the head (W) (see the sketch in
Figure 5.5(b)). They have to be controlled in order to magnetically optimize the NWs
performances. Indeed, cylindrical shaped Co NWs with a high aspect ratio and without
irregularities at the edge are expected to be the better option (see Figure 5.3). The polyol
process have been developed and showed a well control of the size, the shape and the mor-
phology of Co NWs [24] [182] [198]. In our case, our colleagues in LSPM used this process
to elaborate our samples. The experimental study on the static magnetic properties of Co
NWs ensemble synthesized by polyol process is presented in the following section. Three
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Figure 5.3: (a) Coercivity values of Co cylinders with different diameters D as a function
of their aspect ratio (L/D). The prediction of the SW model is plotted as a continuous red
line [154]. (b) Coercive field values for dumbbell and diabolo nanowires with an aspect
ratio L/D = 20 (i.e., Length L = 200 nm, diameter D = 10 nm, and the width of the
head W = 20 nm) as function of the thickness T of the head; meshes of the nanowires for
three different thickness are shown in the upper part of the figure [233].

effects will be considered: the morphology, the growing fault in the Co crystal structure
and the interaction depending on the density of the NWs ensemble.

5.2 Optimizing the ferromagnetic properties of a nanowires

ensemble: The experimental study

As discussed in the previous paragraph, the magnetic properties of anisotropic nanopar-
ticles depend strongly on their magnetic anisotropy. In addition to the shape anisotropy,
the magnetocrystalline anisotropy is an important term contributing to the magnetic
anisotropy of nanoparticles. In general, Co NWs may be grown with two types of crys-
talline structures, either face-centered cubic (fcc) or hexagonal close packed (hcp) crystal
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structure [44] [46] [153] [164] [165] [206] [212]. In the case of fcc-Co NWs, the shape
anisotropy dominates over the crystal anisotropy, while for hcp-Co NWs, the crystal
anisotropy energy density is of the same order of magnitude of the shape anisotropy en-
ergy density [20] [145]. Thus, the crystallographic orientation of the hcp structure is
expected to optimize the magnetic anisotropy, and thus their magnetic properties. Un-
fortunately, experimental studies has been shown that the hexagonal cobalt structure
is known to easily present regular occurrence of stacking faults [121] [180]. A stacking
fault in this case creates layers of atoms presenting a fcc symmetry. This fcc layer is
magnetically more isotropic (i.e. a smaller anisotropic constant, K1 = 63kJ/m3).

Moreover, the obtained Co NWs are not isolated (i.e. assembly of NWs within their
polyol solution) and thus it may exist important interactions among them. Simulation
studies have been shown that Co NWs interact by dipolar interaction depending on their
mutual distance. This interaction reduces linearly the magnetic properties of the assem-
bly toward the decreasing of the distance between NWs [111] [235]. In addition, since
Co NWs own a high magnetic anisotropy, their magnetic properties depend strongly on
their organization inside the ensemble and also on the direction of applied the magnetic
field. Thus, the magnetic optimization of Co NWs ensemble is a tight balance between
the magnetic properties of each NWs (i.e. the shape and the crystal structure), their
organization and their density inside the ensemble (i.e. distance between NWs).

The final goal is to optimize the magnetic energy, BHmax value. The calculation of
this parameter is presented in the following section.

5.2.1 The magnetic energy

In order to detect the relevant parameter driving the magnetic behavior of NWs, we
decided to calculate the magnetic energy product (BHmax) from the measured hysteresis
loops. In this purpose, we used the following standard equations reported in literature
[6]:

BHmax =

{

B2
r

4µ0(1+α)
, if µ0Hc ≥

Br

2(1+α)
;

Hc(Br − µ0(1 + α)Hc), if µ0Hc ≤
Br

2(1+α)
;

(5.3)

Where Br = 4πMrD (Gauss) is the magnetic flux density through the structure at the
remanent state, D = 8.92g.cm−3 is the cobalt bulk density, µ0 is the magnetic permeability
of the vacuum, Hc (Oe) the measured coercive field and α = 2Mr(1−SQ)

Hc

a dimensionless
parameter taking into account the squareness of the measured hysteresis loop. This
latter coefficient shows how the magnetic energy product BHmax strongly depends on the
squareness (SQ) of the hysteresis behavior. In this standard model, the SQ is defined as
A/(HcMs), where A is the area under the second quadrant of the loop (see figure 5.4),
HC (Oe) and MS (emu/g) are respectively the coercive field and the magnetization at
saturation. The final BHmax product has been converted from MGOe in the CGS system
to kJm−3 in the international system of units.

In this calculation, the unity of the remanent magnetization (Mr) and the saturation
one (MS) is in emu/g. This is necessary to calculate the magnetic flux density at rema-
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Figure 5.6: The hysteresis loops of sample 1 and sample 7 with NWs dispersed within
their polyol solution (a, c) and NWs as-dried nanopowder (b, d).

Sample L/D D/W T α MS δ Mr/MS HC (Oe)
(nm) powder (emu/g) (%) polyol powder polyol powder

1 4.29 0.77 12.86 2.39 157 - 0.65 0.621 7659 5231
2 6.38 0.69 11.84 2.21 136 0.082 0.53 0.455 6779 4954
3 7.34 0.75 14.17 1.05 133 0.063 0.64 0.48 6382 5790
4 9.16 0.88 11.20 2.73 149 0.074 - 0.44 6456 4120
5 10.26 0.65 19.73 2.43 169 0.050 0.87 0.53 7674 5640
6 10.7 0 0.78 52.36 1.27 143 0.056 - 0.48 7130 5240
7 12.23 0.74 18.86 1.90 141 0.054 0.76 0.48 7275 5769

Table 5.1: Morphology details (L/D, D/W and T) of several studied samples, magnetic
parameters at low temperature (5 K) for both nanowires in their polyol solution and as
dried powder.

temperature will lead to a higher value of the coercive field. As a result, a higher magnetic
energy product is observed at low temperature. The striking feature of the graphs in fig-
ure 5.7 and 5.8 is the absence of any clear dependence of the coercive field and magnetic
energy product to the morphology variations.

This observations are suggesting that these are not the relevant parameters which drive
the magnetic energy of the Co NWs. Moreover, comparing our results with the literature
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high density assembly. The intrinsic magnetocrystalline anisotropy of Co should have
much higher impact on the magnetic properties of NWs assembly [149] [150]. Therefore,
it should exist another factor that drives the observed magnetic coercive field loss. This
latter leads to reduce the magnetic energy product of compacted materials. We can note
that, the energy product of materials depend also on the magnetization (Mr and MS).
In the case of our SPS samples, the remanent magnetization (Mr) and magnetization
at saturation is also reduced after the SPS process, see table 5.2. These reduction may
derive from the oxidation of NWs surface. A thin layer of CoO can easily growth on
the surface of the Co NWs when it enters in contact with air. This thin layer has been
already reported to be able to reduce the magnetization of the cobalt NWs but cannot
explain quantitatively the loss we observed here [142]. The effect and the presence of this
thin layer of CoO can be also observed in Fig. 5.11 where a shift of the hysteresis loop is
observed at low temperature (5K).

All our results on several NWs assembly, going from low density and low interaction
up to strong interactions and high density assembly, put in evidence few discrepancies.
From one side the simulations indicate that increasing the packing fraction in high density
assembly should keep good magnetic properties (HC and BHmax). From the other side if
we take into account our results as well as the experimental results observed in literature
[6] [51], increasing the NWs density brings to the decreasing of the magnetic properties of
the NWs assembly. Also, if the loose in magnetization can be explained by the oxidation
of the NWs, the decreasing of the coercive field, in well organized high dense assembly, still
remain challenging to explain. Answering to this question is only a possibility to achieve
an optimized coercive field and reach a high energy product in the bulk-assembly. In
order to explain our experimental observations, we decided to performed micromagnetic
simulations using an open source package (NMAG). The detail of this study is presented
in the section below.

5.3 Magnetic properties of nanowires assembly: Mi-

cromagnetic simulation study

5.3.1 Introduction

In the previous paragraph, our magnetic measurements of cobalt NWs shows that the
coercivity of the Co nanocrystals as well as the magnetic energy do not increase with the
increase in aspect ratio monotonously suggesting that the tip shape and the microstructure
also play an important role in the magnetization reversal process of the Co nanocrystals.
We thus could demonstrate that the morphology (i.e. aspect ratio and tip shape) plays
a much less crucial role than the crystal defaults and NWs interactions/organization. To
further understand the effect of the alignment and thus of the interactions on the magnetic
properties in the Co NWs assembly, micromagnetic simulations are performed here.

It is worth mentioning that the effect of the dipole interaction was recently studied
by micromagnetic simulation. F. Zighem et al. [235] depicted the effect of the dipolar

106



CHAPTER 5. OPTIMIZING FERROMAGNETIC PROPERTIES OF ANISOTROPIC
NANOPARTICLES TOWARD 1-3 PARTICULATE ME NANOCOMPOSITE

interactions upon the magnetic behavior of finite/infinite rows and hexagonal arrays of
perfect ordered NWs. They demonstrated that the dipolar interactions are more and
more effective when the inter-nanowires distance decreases. In other words, the impact of
dipolar interaction becomes important when the packing fraction density is larger than a
critical value. In the case of a packing fraction density (P) value (P=0.4) (equivalent to
a inter-nanowires distance of 5 nm), the infinite hexagonal arrays of nanowires lose 30%
of both coercivity and remanence magnetization. This loss finally reduced the magnetic
energy of the nanostructure assembly and confirms the previous C. Kittel theory [76]
on the decreasing of the coercivity behavior with the increasing packing density of the
particles. Even if we could not calculate the magnetic energy loss in the

finite/infinite rows and hexagonal arrays case because of the normalized magnetic
properties presented [235], this study allows understanding how the magnetic interactions
between NWs may be very destructive even in a perfect (not really realistic) hexagonal
arrangements of NWs.

Focusing on the same issues, L. Panagiotopoulos et al. [149] reported that the dipolar
interactions are not a predominant factor in the case of large bundles of aligned cobalt
NWs. They claim that, due to the intrinsic high magnetocrystalline anisotropy of the
Co, the bundles of NWs with a large packing fraction density P = 0.7, should be able to
reach the maximum magnetic energy expected for an isolated Co nanowire (i.e. 630.65
kJ/m3). In the frame of these conflicting results, D. Niarchos et al. [137] confirmed
that by increasing the packing fraction density of Co NWs assembly having high magne-
tocrystalline anisotropy, a high magnetic energy is reached. These latter results pointed
out the important role of the magnetocrystalline anisotropy not taken into account in
the case of the infinite hexagonal NWs arrays of the previous cited reference [235]. Also,
these studies show how delicate is the question of the optimization of the magnetic energy
of NWs assembly as this depends on the tight balance between the magnetic properties
of each nanowire (i.e. intrinsic magnetic properties of nano-magnet) as well as of their
organization and density inside the assembly (i.e. macroscopic arrangements/properties).

As a matter of fact, from the simulation point of view, a dense packed structure
of Co NWs with high magnetocrystalline anisotropy and perfect alignment is the best
solution to obtain a high magnetic energy and thus a good permanent nanostructured
magnet [149]. However, our experiments have been showing that this is not a trivial
task and to reach this optimized structure is still a challenge since the misalignment
of nanowires inexorably occurs and likely reduces the magnetic properties of the final
nanostructured assembly. Besides, the comparison between several experiments performed
on NWs assembly also suggests that when good bulk mechanical properties are reached,
an important loss of the magnetic properties is observed, followed by an inescapable
misalignment/disorder of the nanostructured bulk system (see Figure 5.13). As shown
in Figure 5.13(a), our experiments have depicted a significant reduction of the BHmax

when the packing fraction density increases. A similar behavior is observed in literatures
(Figure 5.13(b)). In the experiments of Gandha’s group, the Co NWs assembly are
dispersed and aligned in an epoxy matrix under an external applied magnetic field [51].
This structure has a low packing fraction density and shows a high BHmax value (i.e.
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Figure 5.13: Magnetic energy, BHmax, of Co NWs assembly in different range of their
packing fraction density (described by the background color). (a) Our experimental re-
sults; (b) Experimental results from literatures (Anagnostopoulou et al. [6] and Gandha
et al. [51]).

350 kJ/m3). However, when the packing fraction density is increased as described in
the experiment of Anagnostopoulou et al. (i.e. Co NWs powders, are aligned under an
applied magnetic field on a wafer), the BHmax value decreases sharply (i.e. 165 kJ/m3).
These complex scenario points out the ”tricky” problem of the magnetic and mechanical
properties optimization and of their reconciliation with the theoretical expectations.

In this section, I am going to present micromagnetic simulation study. We decided to
perform this study in order to understand the discrepancy between the previous studies
on dipolar interactions effects and the experimental results reported into literatures. I will
thus report in the following paragraphs the magnetic behaviors of Co NWs organized in a
realistic compacted assembly where an unavoidable percentage of NWs are misaligned. I
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high. We report in Figure 5.14(e) the obtained coercivity as a function of d for both the
studied arrangements.

The difference between the coercivity of the two cases becomes more and more neg-
ligible as the distance between the NWs increases. This is coherent with the previous
study [235] showing the decreasing effect of the dipolar interaction with the increasing
of the distance between the NWs. Our results put in evidence though, that even if the
dipolar field is less important on the lateral radial direction of the NWs [111] the effect
is clearly important for distances d < 25nm. At d = 12 nm, the difference between the
coercive field of the two structures is of 62 mT which is not negligible for the applications.
This result also points out an important effect linked to the global shape of the assembled
structure. When nanowires are close to each other (d < 25 nm), they behave collectively
even if not necessarily simultaneously. Thus, the demagnetizing field of the thin film (or
2D NWs arrangement) is predominant, so that a lower external field is needed to demag-
netize the magnetic ensemble (also called the coercive field). In this frame the film of
NWs having the higher M-AR (i.e. M-AR = 8.8), presents the lower demagnetizing field
and thus the higher coercivity. Indeed, the calculated demagnetizing field is 430.4 mT
for M-AR = 8.8 and 726.5 mT for M-AR = 2.1 when magnetization is at the saturation
value. By increasing d, the demagnetizing field of the ensemble of NWs decreases rapidly
both for the high and for the low M-AR as reported before [235]. Therefore, the coercivity
increases for both cases (see Figure 5.14 (e)) and approaches rapidly the maximum value
of the single isolated nanowire as a function of the NWs distance d. In the case of the
maximum distance experimented, a simultaneous reversal mechanism of the ensemble of
NWs is in fact observed within the arrangements (see Figure 5.14, the absence of steps in
the hysteresis loops is observable).

In order to better explain the magnetization steps that appears mainly at small dis-
tance d (see Figure 5.14) we report in Figure 5.15 a zoom of the third quadrant of the
simulated magnetic cycles in the case of the 2D arrangement with a M-AR=8.8 (see Figure
5.14 (c)). The plateau-like or step behavior in these curves is connected to the non-reversal
mechanism of the magnetization of few nanowires. As reported in Figure 5.15 for the 2D
structure composed by 16 NWs with a separation d = 12nm and a shape defined by a
M-AR = 8.8, the magnetization of 13 NWs reversed simultaneously under the applica-
tion of -850 mT (blue cylinders in Figure 5.15) while 3 of them (randomly distributed on
the border of the 2D structure) stayed non-reversed (red cylinders in Figure 5.15). One
of these 3 NWs reverses when the magnetic field has reached a higher value of 922 mT
and the other two reverse at 936 mT. At each reversal mechanism, the magnetization
approaches more and more the saturation value and the mechanism is not continuous but
by steps. When the distance d increases, the plateau/step becomes smaller and smaller
then disappears for d > 20nm, giving rise to a concomitant reversal mechanism of the
NWs ensemble. This happens earlier (d = 15 nm) in the case of the 2D arrangement with
a shape of M-AR = 2.1 (see Figure 5.14.b).

This behavior is likely linked to the effect of the dipolar field distribution. As men-
tioned before, the dipolar fields values are higher around the nanowire tips where the
existence of a nucleation point promoting the reversal of the neighboring NWs has been
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already demonstrated [111] [235]. The strength of dipolar field drops quickly toward to
the long axis and the radial direction outside the NWs [111]. Thus the number of nucle-
ation points in the 2D arrangements, is driven by the predominant dipolar field at the
NWs tips. In Figure 5.14, it is easy to note that the number of NWs interacting by the
tip-side (and thus the possible nucleation points) is higher in the 2D structure with a
M-AR = 8.8. This can explain the reason why the plateau-like behavior is stable on a
higher range of distances d in the case of this latter shaped 2D arrangement.

5.3.3 Competition between the lateral dipolar field interactions
and the axial ones

After having studied the effect of the dipolar interaction and the macroscopic shape in
the bi-dimensional NWs arrangements and before going towards the study of the 3D bulk
nanostructured assembly, we here analyze into details the effect of the NWs misalignment
on the reversal magnetic mechanism of an assembly. As reported before [111], the dipolar
interactions on the coercivity are very sensitive to the geometrical arrangement of the
NWs. Thus here, we decided to use a simple model counting from 4 to 6 NWs arranged
in different geometries. Two main cases have been considered (see Figure 5.16(a)): the
misaligned NWs are at the tip-tip interaction (B – in Figure 5.16(a)); the misaligned NWs
are out of tip-tip interaction (C – in Figure 5.16(a)). The case of the perfect alignment
has been taken into account as a reference (A – in Figure 5.16(a)). As already reported
[111], the dipolar field at the tips is strongly dependent from the distance between the
tips as well as the lateral dipolar field of the wire. Therefore, we set the lateral surface
distance between the NWs equal 2 nm (corresponding to the smallest possible distance
between the NWs due to the usual oxide layer observed experimentally). This allowed a
lateral proximity of the tips strongly enough to study the effect of the stray field upon
the variation of the parameters a and b reported in Figure 5.16(a). These parameters
are respectively the inter-distance between the tips (a) and the lateral surface distance
between the misaligned NWs (b) (see for clarity Figure 5.16(a)). We thus performed the
hysteresis loops in the 3 cases (A, B and C) by varying a and b. The analysis of these
simulations (HC mainly) is reported as a function of the varied geometrical parameters
(Figure 5.16(c) and 5.16(d)). The hysteresis loops of the 3 systems (A, B and C) having
a and b equal 2 nm, are presented in Figure 5.16(b) in order to compare the reversal
process in the 3 different arrangements.

Case A: this case considers 4 NWs ordered parallel to each other in the Oxy plane
with parameter a changing from 2 nm to 50 nm. Considering a = 2 nm, NWs reverse
homogeneously when the reversal field is applied (see black line in Figure 5.16(b)). This
behavior is similar to the one of an isolate NW. However, the coercive field is lower of about
18 % than the isolate case due to the dipolar interaction. When a increases up to 10 nm,
the system starts to reverse randomly and about 3 NWs reverse at 954 mT, while the last
one reverses at 985mT (the hysteresis loop is not shown here). This observation confirms
previous discussed results [111] and it depends on the balance between the behavior of the
stray field outside the tip, along the length axis of the NW, compared to the decreasing
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magnetic field applied. Nevertheless, the coercivity of the overall system is not affected.
By fixing a and changing b, the coercive field remains constant (see blue symbol in Figure
5.16(c)). Thus, the presence of the misaligned NWs has no effect on the coercive field
of the system when the tip-tip interaction is strong. It is important to notice that this
configuration is slightly different from the ones studied in [111]. Here the lateral dipolar
field of the misaligned NWs is acting at the same time of the dipolar field at the tip-tip
position (depending on the distance b). Also the NWs ensemble here is tri-dimensional
and not bi-dimensional arranged as in the case of the [111]. The configuration used here is
much relevant for the further studies on the 3D assembly. To verify the relation between
these two contributions, we set b at its smallest value (2 nm) and we varied a. In this
case, the tip-tip interaction becomes less and less important when the distance a increases.
The coercive field as a function of a in this case, is shown in Figure 5.16(c) (red symbol).
We can notice that, starting from a = 20 nm, the coercive field starts to decrease. This
behavior clearly indicates that the presence of the misaligned NWs have the ability to
promote the switching of the closest NWs when the tip-tip interaction becomes weak,
leading to the loss of the overall coercivity of the NWs ensemble. In conclusion the case
B taught us that although the misaligned NWs has no effect on the coercivity in the
case of strong dipolar interaction at the tip-tip spot, their lateral dipolar field becomes
more and more effective once the tip-tip interaction start to be negligible compared to
the lateral dipolar field of the misaligned NWs. We remind here that the final goal of
an assembly is to keep the coercivity at the maximum value in order not to destroy the
cobalt nano-magnet properties inside the 3D assembly.

Case C: in this case we considered the effect of the misaligned NWs placed far from
the tip-tip interaction (see Figure 5.16(a) – C). Similarly as studied in the previous case,
we varied a and b respectively from 2 nm up to 50 nm. These results are presented
in Figure 5.16(d). When b is fixed by 2 nm then a is increased (see red symbol), the
coercivity drops down to 913 mT compare to 951 mT of the case A. This loss is clearly
linked to the non-concomitant reversal switching of the NWs and thus to the “plateau-
like” behavior observed in Figure 5.16(b). (see dashed line). The first large “plateau”
comes from the early switching of the misaligned NWs at - 526 mT applied magnetic
field. The second one is linked to the consecutive random switching of the aligned NWs.
This latter non-concomitant reversal behavior leads to the loss of the coercivity observed
in Figure 5.16(d). Increasing a and thus decreasing the dipolar interaction at the tip-tip
spot does not change the coercivity as the lateral dipolar field of the misaligned NWs is
still strong and thus predominant. By increasing b and keeping a = 2 nm, the role of the
misaligned NWs is obviously reduced and the system recovers its coercivity rapidly (at b
= 10 nm).

In conclusion, this 3 cases bring us to learn that in a tri-dimensional arrangement
of misaligned NWs, the lateral dipolar interactions are predominant compared to the
tip-tip ones. Thus, contrary to the bi-dimensional case studied before [111]) and ([235],
the reciprocal arrangement between the NWs plays an important role due to the delicate
balance between the axial and radial interactions. This point will be crucial for the bulk
nanostructured assembly.
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In the frame of this simple model, we can thus conclude that the effect of misaligned
NWs on the reversal and coercive field of the tri-dimensional ensemble are extremely
sensitive to the geometrical arrangement of the aligned NWs compared to the misaligned
ones. Indeed, when the assembly is highly packed (a = 2 nm; b = 2 nm in our case),
misaligned NWs located at the tip-tip interaction have no effect on the coercivity of the
ensemble while out of tip-tip interaction the loss of coercivity is significant. In terms
of dipolar field, this lets us understand that the competition between the lateral dipolar
field and the axial field of the NWs is mostly won by the first one in the geometrical
arrangement of the case C in a packed nanostructured ensemble and by the second one
for the case B. Also, we understand that the destructive influence of the first one is of
higher impact than the second on the coercive field of the packed ensemble.

5.3.4 Effect of the misalignment inside the packed nanostruc-
ture Permanent Magnet

Based on the background described above, we investigated the effect of the misaligned
NWs on different geometry arrangements in both 2D and 3D structures for a higher num-
ber of NWs (sufficiently enough to reproduce the bulk nanostructured pellet properties,
experimentally obtained by SPS sintering [64], [142], [143]. We thus considered here a 2D
arrangement of 16 NWs (see Figure 5.17) and a 3D arrangement of 27 NWs (see Figure
5.18) reproducing the observed misalignment in the nanostructured cobalt based ceramics
[64], [142], [143]. It is worth noticing here, that misalignment concerns have been already
addressed in micromagnetic modeling [137] for bundles of NWs. In this case while the
misalignment degree of the NWs inside the bundle increases (i.e. the inclination angle of
the NWs increases), the packing density of the bundle decreases. We did address here the
misalignment issue while the high packing density is kept constant in order to simulate
the realistic structure obtained in the experimental results of [6] [143].

In order to provide a comparison between the magnetic properties of two different
macroscopic shaped arrangements, we considered 2D and 3D NWs organization. In both
cases we considered various NWs misalignment: 25%, 50% and 75% (see Figure 5.17
and 5.18). These percentages were calculated by considering the number of misaligned
NWs divided by the total number of NWs constituting the ensemble. Also, we considered
various degrees of misalignment by varying the angle α between 0 ◦and 90 ◦(see the
sketches on top of figure 5.17 and 5.18). This allows us to study the effect of the disorder
for each degree of misalignment (see graphs in Figure 5.17.a, 5.17.b and 5.17.c). For each
percentage of misalignment and for each degree of disorder for the misaligned NWs (i.e.
for each α value), we studied the reversal mechanism of the magnetization as a function
of the direction of the applied external field. We could thus analyze the behavior of the
coercive field of the NWs ensemble as function of θ (see Figure 5.17). In these simulations
the lateral surface distance between wires has been set at the minimum (i.e. 2 nm) in
order to consider a high packing density of the final ensemble. In fact, in our case of the
3D structure, the packing fraction P is obtained by: P = N.Vcyl/Vtotal , where N is the
number of NWs; Vcyl is the volume of one cylinder with the length of 100 nm and the
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ensemble is more stable in term of coercivity than the tridimensional one (higher degree
of disorder and/or misalignment are possible). Both 2D and 3D arrangement presents
the easy axis along the length of the aligned NWs opening an interesting way to obtain
macroscopic material with a strong uniaxial magnetic anisotropy (comparable to the one
of the cobalt nano-object).

5.3.5 Macroscopic Uniaxial stability in nanostructured assem-
bly

In order to study the uniaxial anisotropy in all the previously discussed arrangements,
we calculated the anisotropy field ∆HC and thus the uniaxial anisotropy constant KU

from the observed behavior of Figure 5.17 and 5.18. The ∆HC and KU are presented
in Figure 5.19 as a function of the disorder degree for the 3 different percentages of
misalignments and for both 2D and 3D structures. The anisotropy field in the plane
of the 2D and 3D arrangement (xOy) was calculated by the following simple formula:
∆HC = HC(θ = 0◦) − HC(θ = 90◦). As can be seen in figure 5.19.a and 5.19.b, in the
case of the 25% of misaligned NWs (see blue symbol) the anisotropy field is pretty much
constant as a function of the increasing degree of disorder α. Moreover, in 2D structure,
the ∆H remains stable even when the percentage of misalignment increases up to 50%,
with α ≤ 60 ◦.

The magnetic anisotropy can be transformed into a uniaxial (KU) anisotropy constant
by considering a simple model with a free energy density described by (see section 1.1.3
in chapter 1):

E = KU(sin
2 θ)−MSH cos (ϕ− θ) (5.5)

Where ϕ and θ are respectively the angles direction of the magnetization M and
external field H from the uniaxial easy axis. The uniaxial anisotropy constant, KU , is
extracted by deriving the energy (∂E/∂θ = 0), and taking ϕ = 0. In our case, the uniaxial
easy axis is in the Ox axis, which is parallel to the aligned NWs. The effective uniaxial
anisotropy constant of the NWs assembly as a function of the misalignment angles is
reported in Figure 5.19.c for the 2D ensemble and in figure 5.19.d for the 3D one.

This allows concluding on the fact that, nanostructured magnetic materials present
high uniaxial anisotropy constant (comparable to the one of the cobalt nano-object). The
KU is tuned by the disorder for misalignments higher than 50% and quite stable in the
lower case and/or lower disorder (i.e. α). This studies shade light on the fact that, if
misalignment and disorder are experimental inescapable as seen in the first part of this
chapter, their effect can be kept negligible under some critical conditions.

5.4 Conclusion

After investigated the magnetic behavior of NWs by both experimental and simu-
lation analysis, we conclude that it is mandatory to optimize the single NW magnetic
anisotropy and to align the easy axis of the each NW inside the compacted assembly (or
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and thus obtaining at the same time a new multiferroic materials and a good rare-earth
free permanent magnet.
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Chapter 6

General conclusion and perspective

Multiferroic composite materials artificially combining together more than one ferroic
phase are extremely attractive not only for their potential applications in multifunctional
devices but also because they offer a rich playground for fundamental studies. For in-
stance, a composite nanostructure based on the combination of a ferromagnetic phase
with a piezoelectric one, opens fascinating studies thanks to the richness of the physical
mechanisms allowing a strong coupling between the two phases. This latter, also called
magnetoelectric (ME) coupling, allows controlling the ferromagnetic properties by the ap-
plication of an electric field and vice versa the ferroelectric ones by a magnetic stimulus.
Depending on the nature and the dimension of the connectivity between the two phases,
this ME coupling can derive from different mechanisms (exchange coupling, charge carrier,
strain mediated effect) and it strongly depends on the interface between the two-ferroic
phases. The objective of this Ph.D thesis has been to focus on the strain-mediated ME
effect in different artificial composites based on the combination of an inorganic (I) ferro-
magnetic/magnetostrictive phase and an organic (O) ferroelectric/piezoelectric one. We
studied the effect of the connectivity dimension on the magnetic properties of the magne-
tostrictive phase by local and macroscopic magnetic techniques as well as the dependence
of the piezoelectric local behavior upon the hybrid (I/O) interface quality. The disper-
sion, organization and dipolar interactions of the ferromagnetic phase into a non-magnetic
media have also been deeply analyzed both by experimental and simulation studies.

In these purposes, we firstly reported the electric (E)/strain (σ) control of the magnetic
stripe nano-domain pattern in a soft ferromagnetic/magnetostrictive finemet alloy thin
film deposited on a polymer (kapton) substrate (2-2 connectivity). We compared these
results with the magnetic nano-domain pattern behavior under an in-plane magnetic
field. In both cases, the external stimulus has been applied in situ during local Magnetic
Force Microscopy measurements. Our results show that both the E/σ and H external
fields allow the destabilization of the magnetic nano-pattern in favor of an homogeneous
magnetic configuration and let us deducing that both the external stimulus are able to
twist the domain magnetization from the out-of-plane direction to the in-plane one of
the film. Relatively low fields are needed to do this. In this contest, we did a statistical
analysis of the angle θ between the magnetic nano-domain orientations and the surface of
the film (in-plane direction). Our results clearly state that the strain-induced/E control
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is more efficient and reversible compare to the H-control method. These studies reinforce
the idea that the ME hybrid heterostructures can open the way for the electric control
of the magnetic information (state) at a nanoscale level via the strain-mediated local
mechanism.

Subsequently, we focused on hybrid (I/O) composite thin films based on an electro-
active polymer (PVDF) embedding magnetostrictive spherical nanoparticles (NPs). In
this case, the connectivity between the two phases is 0-3 although the final ME materials
is bidimentional (thin film). In order to study the effect of the hybrid interface quality
and the coupling between the two ferroic phases, we considered here two different hybrid
films: (a) (PVDF+NPs) nanometric-thin films deposited on a metallic substrate (silicon)
and (b) self-standing micrometer-thick films. In both cases we compare the hybrid films
response, to the external stimulus (E/σ/H), with the one of the pure phase (ferroelectric
and/or ferromagnetic). Different amounts of NPs as well as different degree of dispersion
inside the polymer matrix have been considered for our purpose. In the case (a) of very
thin films we could observe a piezoelectric local response for either pure PVDF and hybrid
samples. Surprisingly enough, the composite film did not show a better electromechani-
cal resonance than the pure PVDF one, putting in evidence a local polarization disorder
promoted by the nanoparticles. Although the nano-inclusions are demonstrated to im-
prove the macroscopic polarization properties of the hybrid films, our results point out
the important effect of the hybrid interface at a local scale level. A uniform dispersion of
the nanoparticles, obtained by functionalization of these latters, allowed improving the
local electromechanical response, and slightly re-enhances the local piezoelectric response
observed by piezo-response microscopy (PFM). Thus the hybrid interface optimization
obtained by the functionalization of the nanoparticles, opens a possible way towards the
drop of the electromechanical response in the hybrid systems. Simultaneously to this
study, we also could observe an uncommon magnetic behavior at low field (few hundreds
of Oe) of the nano-inclusions while increasing the elastic Young modulus of the poly-
mer matrix by decreasing the temperature (the Young modulus was not measured during
this work but we referred to its the temperature behavior observed in literature [140]
[22]). This behavior has been studied on the 0-3 hybrid self-standing film and it has
been observed by performing static magnetic measurements as function of temperature
and under a magnetic field applied. These observations confirm again the strong coupling
between the two ferroic phases as well as the importance of the hybrid interface quality.
In fact, the hysteresis loops measured have shown a strong dependence on the quality of
the hybrid interface (i.e. strong dependence on the functionalization and the amount of
NPs included in the PVDF film). In order to confirm the magneto-elastic origin of this
uncommon behavior and thus the strain-mediated effect on the magnetic properties of
these 0-3 composites, more analysis and measurements are needed. This opens several
perspectives to this Ph.D. work for the ongoing researches on these hybrid films.

Finally, we investigated the magnetic response of anisotropic nanoparticles (nanowires,
NWs) by both experimental and simulation analysis. This ferromagnetic phase is willing
to be included into a ferroelectric polymer matrix and to give rise to a (1-3) hybrid com-
posite. Previous studies, on both 2-2- and 0-3 connectivity, have confirmed the crucial
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importance of the quality of the hybrid interface on the strain-mediated ME coupling
between the two ferroic phases. Hence here, in the 1-3 type of composite, we firstly got
interested on the optimization of the single ferromagnetic phase as function of its orga-
nization in a non-magnetic media. Important incoherencies between the experimental
results and the expected theoretical behavior on the magnetic properties of an ensemble
of NWs reported into literature are discussed here and motivate us to firstly focus on
this issue. Thanks to a tight collaboration with a group of elaborators in our laboratory,
we could study the static magnetic properties of very well controlled NWs ensembles.
Our experimental observations have been showing a dramatic dependence of the mag-
netic properties of the NWs not only on their dispersion and organization but also on
their crystal structure. If on one hand our experimental results integrate quite well the
experimental scenario reported in literature, all these magnetic properties seem not to be
in agreement with what is expected by the reported simulation studies. Huge losses of
the magnetic energy are observed by increasing the mechanical properties of the ensem-
ble of NWs, while micromagnetic simulation of dense bundles of NWs suggest that we
should obtain the opposite result. By performing micromagnetic simulations, we could
conclude on the relevant parameter driving the misalignment and disorder effect upon
the magnetic properties of the ensemble. These results together with our experimental
observations, suggest that an organic/inorganic environment for controlling the dispersion
and the alignment of the NWs will help improving considerably the magnetic properties
of the ensemble.

Although several improvements on the understanding of the hybrid nano-composites
materials have been done during my three years Ph.D. work, I am conscious that many
others should be done for fully understand the complex mechanisms in play in these com-
plex artificial materials. Several perspectives of this work have been discussed along the
manuscript as they appear so far, the logical follow up of the research we have developed
during this work.

• One of them concerns the analysis of the magnetic NPs behavior in 0-3-hybrid
structure under the influence of the elastic properties variation of the PVDF. In order
to fully corroborate our interpretations of the magnetic observations, a refinement
of the analysis by using the magnetic raw data is mandatory. This analysis is very
time consuming, both for the measurements and for the treatment of the data and
it is still an ongoing research (see Appendix B).

• AC measurements aiming to study the anisotropic constant of the NPs inside the
PVDF matrix are also an interesting perspective. By simply analyzing the blocking
temperature behavior of the NPs versus the relaxation time for different Young
Modulus range of the PVDF (T<TG and T>TG), may be a way to demonstrate the
strain-mediated ME effect observed here on the magnetic moment of the NPs at low
magnetic field. This study is now in collaboration with DR. S. Hebert (CRISMAT-
ENSICAEN) du to some technical problems we have been experiencing lately on
our MPMS system.
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• Our studies on the anisotropic magnetic nanoparticles are a fertile background open-
ing a number of studies on their integration inside a piezoelectric polymer matrix.
In the case of the strain-mediated ME coupling between the two ferroic phases,
increasing the surface/volume ratio of the hybrid interface may enhance the ME
coupling in the 1-3 composite [3]. Several challenges have to be overcome for the
elaboration of these 1-3 hybrid systems, but they certainly open the promising field
of tuning the magnetic properties of the nano-magnets inside the flexible/polymer
matrix by the application of an electric (E)/strain (σ) external stimulus. From a
fundamental point of view, it will allow our researches to go ahead the compre-
hension of the delicate balance between the quality of the hybrid interface and the
dipolar interaction.

• Last but not least, it would be very interesting from a fundamental point of view, to
work on the spatial confinement of the interfaces explored here. The collaboration
started during this work with the Clean Room of our University (“Centrale de
proximité de Paris Centre” – LPL (UP13)) via the work I had the opportunity to
supervise during my Ph.D, of Anh Ngoc Nguyen (Master 2 USTH – Labex SEAM
Fellowship at LSPM in 2017), it will allow to perform a specific nano-lithography
of the hybrid films by a lithography process developed previously on organic optical
devices [12]. This will open a reach scenario of fundamental studies willing to
optimize the ME coupling at a nano-scale level towards the new ME nanotechnology.
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Appendix A: 2-2 type
heterostructure of Finemet / Kapton
/ PE actuator: MFM images and
corresponding angle images

Figure 1: (top) MFM images at different applied positive E-field; (bottom) corresponding
angle images. (a) E = 0V; (b) E = 50 V; (c) E back to 0V (after reach 50V). MFM image
size: 10µm × 10µm.

143



APPENDIX A

Figure 2: (top) MFM images at different applied negative E-field; (bottom) corresponding
angle images. (a) E = 0V; (b) E = -30 V; (c) E back to 0V (after reach -50V). MFM
image size: 10µm × 10µm
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Figure 3: (top) MFM images at different applied positive H-field; (bottom) corresponding
angle images. (a) H = 30 Oe; (b) H = 310 Oe; (c) H back to 30 Oe (after reach 400 Oe).
MFM image size: 10µm × 10µm
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Figure 4: (top) MFM images at different applied negative H-field; (bottom) corresponding
angle images. (a) H = 0 Oe; (b) H = -265 Oe; (c) H back to 0 Oe (after reach -400 Oe).
MFM image size: 10µm × 10µm
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Appendix B: Analysis of the raw
signal of MPMS 3 VSM SQUID

In order to understand the magnetic behavior in Figure 4.12, 4.13, 4.14 and 4.15, I
decided to record and analyze the raw data of these M-H curve. As described in chapter 2,
section 2.1.1, the output of MPMS 3 DC measurement is the raw data which is the curve
of the voltage signal as function of the sample position. From a raw curve, a magnetic
moment value is calculated automatically by a MPMS MultiVu fit. Therefore, each point
in the M-H loop corresponds to a raw V(z) curve. Note that the output file data of the
raw signal is a big file which contains all the raw data of a M-H loop. To analyze each
raw curve, they need to be separated from each others. One of the useful ways is using
the ”split” tool in the Ubuntu PC like we did here.

Since the PVDF/CFO 0.5% wt exhibits the highest uncommon behavior, I decided to
analyze the raw signal of this sample at low field and low temperature. The raw signal of
the PVDF/CFO 0.5% wt with functionalized NPs at different magnetic fields are shown
in Figure 5.

Figure 5: Raw signal of the PVDF/CFO 0.5% wt functionalized at different applied
magnetic field. (a) 5000 Oe; (b) 53 Oe.

Figure 5(a) represents a typical raw signal which is a function of the position of
the sample inside the pick-up coil. The peak indicates at the coil center (see Figure 2.1,
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chapter 2). This typical raw signal presenting a different form can lead to a bad systematic
fit from the MPMS program and thus to an incorrect magnetic moment automatically
calculated.

Figure 6: Raw signal V(z) where the center of the signal is marked by the V-axis and z
represents the position of the sample inside the coils during the scan-measurements.

In order to confirm the magnetic moment values recorded in the M-H hysteresis loop,
we need to verify the raw signal for each points of the loop by using the equations 1.
Where V is the raw voltage and z is the position of the sample. The coordinate axis of
V(z) is described in Figure 6. Several raw signals have been chosen at different applied
magnetic field ranges from H = 375 Oe to H = -375 Oe.

Even =
V (z)− V (−z)

2

Odd =
V (z) + V (−z)

2

(1)

The results are shown in Figure 7. As it can be seen in Figure 7(a), the even curve is
zero as expected for a V(z) signal symmetric respect to the center of the pick-up coils. In
this case, the magnetic moment recorded in the M-H loop is correct since their raw signal
show a typical signal for the magnetic moment which the MPMS is able to correctly fit.
However, in Figure 7(b), several odd curves are also zero. The odd curve should be the
half V(z) signal (in the case of a symmetric raw data like in Figure 5(a)). This seems not
to be the case here for several measurements although the correspondent even curve are
zero. More measurement and analysis are needed to understand these complex results.
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Figure 7: (a) Applying the even equation; (b) Applying the odd equation.
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Appendix C: Optimizing
ferromagnetic properties of
anisotropic nanoparticles

I report here some complementary results from the micromagnetic simulation studies
on the Co NWs ensemble.
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Figure 8: The demagnetizing field distribution inside each NW of the NWs assembly
studied in the section 5.3.3. The configuration of A, B and C structures are reported at
different point of the reversal mechanism of the ensemble. To visualize the A, B and C
structures, please refer to Figure 5.16 of the section 5.3.3.
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Figure 9: Hysteresis loops of various two-dimensional geometry arrangements of NWs
with different percentages of misaligned NWs: (a) 25 % (i.e. 4 NWs are misaligned over
a total of 16); (b) 50 %; (c) 75 %. The considered misaligned angles (α) varies from 0◦to
90◦compared to the x direction of the aligned NWs. The external applied magnetic field
parallel to the x direction, θ = 0. These hysteresis loops are taken by the second- and
third-quadrant of the full hysteresis loops since the rest are symmetrical respect to H =
0 Oe. To visualize the two-dimensional arrangements, please refers to chapter 5, section
5.3.

152



APPENDIX C

Figure 10: Hysteresis loops of various three-dimensional geometry arrangements of NWs
with different percentages of misaligned NWs: (a) 25 % (i.e. 7 NWs are misaligned over
a total of 27); (b) 50 %; (c) 75 %. The considered misaligned angles (α) varies from 0◦to
90◦compared to the x direction of the aligned NWs. The external applied magnetic field
parallel to the x direction, θ = 0. To visualize the three-dimensional arrangements, please
refers to chapter 5, section 5.3
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Appendix D: Disclosing real
quantitative data in piezoelectric
ceramic materials through
Piezoresponse Force Microscopy

During my PhD, I had the opportunity to be part of a NFFA EUROPE project which
provides the access to experimental European facilities and gives support for performing
specific researches all around Europe (https://www.nffa.eu/ ). In this project, I worked
on the ferroelectric properties and piezoresponse of PVDF film using the Piezoresponse
Force Microscopy under the supervision of A. Gomez at Scanning Probe Microscopy
Laboratory, ICMAB, at Barcelona Autonoma University UAB (Spain) (see chapter 4). In
addition to the PVDF film, I have also contributed to the research on a real quantitative
data measuring in piezoelectric ceramic materials by Piezoresponse Force Microscopy.
In this research, I have measured the piezoresponse (d33, d31, g33 and g31) of the PZT,
PPLN, PMN-PT samples. These results are in the second step of reviewing of Nature
Communications Physics. Here in the following the abstract of our work.
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Abstract

Contrôle électrique du comportement magnétique dans des
multiferröıques artificiels

Résume

Les matériaux multiferröıques présentent plusieurs ordres ferröıques, i.e. ferromagnétiques,
ferroélectriques et/ou ferroélastiques. Le couplage entre ses ordres ferröıques permet de
contrôler les propriétés magnétiques en appliquant un champ électrique et vice versa.
Afin d’utiliser leur multifonctionnalités dans des nouvelles applications, ce couplage doit
être efficace à température ambiante. Cette thèse étudie les systèmes couplant artificielle-
ment ensemble une phase ferromagnétique / magnétostrictive à une phase ferroélectrique
/ piézoélectrique. Le couplage entre ces deux phases est appelée magnétoélectrique (ME).
Le premier chapitre décrit l’état de l’art de ce couplage ME dans différents structures
composites multiferröıques. Tandis que les techniques de caractérisation et les outils de
simulation micromagnétiques utilisés sont présentés dans le deuxième chapitre. Dans le
troisième chapitre, une hétéro-structure type film magnétostrictif/substrat flexible/actu-
ateur piézoélectrique (FeCuNbSiB/Kapton/PE) a été étudiée. Les domaines magnétiques
du FeCuNbSiB ainsi que leur orientation sont contrôlés en appliquant un champ électrique
et étudiés par microscopie locale (MFM). Le quatrième chapitre étudie un composite
incluant des nanoparticules magnétostrictives dans une matrice piézoélectrique flexible
(polymère PVDF). L’effet des inclusions (nanoparticules) sur la réponse piézoélectrique
locale du PVDF est étudié par microscopie de piézoréponse (PFM). Symétriquement,
l’influence de la matrice piézoélectrique sur les propriétés magnétiques des nanopartic-
ules est analysée. Dans le dernier chapitre, l’optimisation des propriétés magnétiques
statiques d’un ensemble de nanoparticules anisotropes (nanofils de cobalt) est étudiée
sous l’influence de leur structure, de leur forme et de leurs interactions. Cette étude
expérimentale est corroborée par les simulations et vise des nouveaux composites incluant
ces nanoparticules anisotropes dans une matrice piézoélectrique flexible.

Mots-clés: Multiferröıques artificiels, nano-composites, couplage magnétoélectriques,
énergie magnétique, nano-aimants, PVDF, piézoélectricité, MFM, PFM, VSM, simulation
micromagnétiques.

Electric control of magnetic behavior in artificial multiferroic
composites
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ABSTRACT

Abstract:

Multiferroic materials present several ferroic orders, i.e. ferromagnetic, ferroelectric
and/or ferroelastic. The coupling between these ferroic orders allow the control of the
magnetic properties by applying an electric field and vice versa. In order to use their
multifunctionality in new applications, this coupling must be efficient at room tempera-
ture. This thesis concentrates on materials artificially coupling together a ferromagnet-
ic/ magnetostrictive phase with a ferroelectric/piezoelectric one. The coupling between
these two phases is called magnetoelectric (ME). The first chapter describes the state
of the art of this ME coupling for different multiferroic composite structures. Charac-
terization techniques and micromagnetic simulation tools are presented in the second
chapter. In the third chapter, a hetero-structure given by a magnetostrictive film/flexi-
ble substrate/piezoelectric actuator (FeCuNbSiB/Kapton/PE) is studied. The magnetic
domains of FeCuNbSiB as well as their orientation are controlled by applying an electric
field and studied by local microscopy (MFM). The fourth chapter focuses on a nanocom-
posite material including magnetostrictive nanoparticles in a flexible piezoelectric matrix
(PVDF polymer). The effect of these inclusions (nanoparticles) on the local piezoelectric
response of the PVDF is studied by piezoeponse microscopy (PFM). Symmetrically, the
influence of the piezoelectric matrix on the static magnetic properties of the nanoparti-
cles is analyzed. In the last chapter, the optimization of the magnetic properties of a set
of anisotropic nanoparticles (cobalt nanowires) is studied as fonction of their structure,
shape and mutual interactions. This experimental study is corroborated by simulations
and targets new composites ME materials including the anisotropic nanoparticles in a
flexible piezoelectric matrix.

Key words: Artificial multiferroics, nanocomposite materials, magnetoelectric cou-
pling, magnetic energy, nano-magnets, PVDF, piezoelectricity, MFM, PFM, VSM, micro-
magnetic simulation.
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