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Abstract

Electric-field manipulation of magnetic properties in multiferroic heterostructures is
considered an optimistic way of authorizing memory and magnetic microwave devices
with ultralow power consumption. Recently, multiferroic materials that possess both
ferroelectricity (FE) and ferromagnetism (FM) provide a simple and effective way to
realize electric field control of magnetism through the converse magnetoelectric (CME)
coupling effect, i.e electric field control of magnetism without the need for magnetic
fields.

Obtaining the magnetoelectric coupling in multiferroic heterostructures mainly fo-
cuses on the strain effect. In which the electric field produces strains inside FE layer
which are transferred to the FM layer by converting magnetostrictive effect, resulting in
high electric field modulation of the magnetic properties of the FM layers. On the other
hand, it has been reported that the charges at the FM /FE interface can also act as a
medium for the electric field modulation of magnetism, either through the electrostatic
accumulation of spin-polarized charges or by the interfacial orbital reconstruction.

In this Ph.D. thesis three main topics were discussed

1- The magnetic and magnetostrictive properties of FeSiB film on two different
substates Fz:Si and Polyimide.

2- The magnetoelectric properties of the multiferroic heterostructure FeSiB/PMN-
0.3PT with different film thicknesses.

3- The magnetoelectric properties of the NiFe/Pt/CoFeB/PMN-0.3PT multilayer

multiferroic heterostructure.
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Figure 1: Illustration of magnetoelectric coupling in multiferroic heterostuctures.



Abstract v

In order to study the magnetoelectric properties of a FM/FE multiferroic het-
erostructure, we have chosen FeSiB as a FM layer. Generally, amorphous FeSiB thin
films presenting magnetostriction have been investigated for decades for energy and
sensors applications. They are very soft magnetic films, with high magnetization sat-
uration. For better understanding of our chosen FM layer properties, we first studied
the statics magnetostrictive properties of the amorphous FeSiB film on two differ-
ent substates Fz:Si and Polyimide (with different curvatures) to confirm the magnetic
and magnetostrictive properties of FeSiB. Then, we studied the magnetoelectric (ME)
properties of the multiferroic heterostructure by depositing the FM magnetostictive
FeSiB amorphous film with a wide range of thicknesses (10,20,50 and 100 nm) on
the top of piezoelectric substrate PMN-0.3PT. After that ferroelectric, magnetic and
ME properties were studied through static and dynamics measurements. We also per-
formed the magnetoelectric measurements for the tri-layer multiferroic heterostructure
NiFe/Pt/CoFeB/PMN-PT which provides an efficient way to study the effect of the
electric field on the coupling/uncoupling of different combined magnetic systems.

As a result, we obtained high, non-volatile, and curvature/thickness dependent
changes in the magnetic properties of our studied magnetic films. The high electri-
cal tuning of the magnetic properties of our studied heterostructures was understood
through stain and charge co-mediated mechanisms, which is the interaction between
two relating coupling mechanisms consisting of the strain effect and the interfacial
charge effects. From our results also we confirmed that, charge effects may become
remarkable only when the thickness of the magnetic film and/or the heterostructure
become small.

We believe that these interesting results indicate that the combination of the
magneto-striction and high piezoelectric substrate provides the efficient modulation
of the magnetic properties through the strain effect. We also can confirm that our

heterostructures show a high potential for memory and energy storage applications.
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Chapter 1

Introduction

1.1 Background and motivation

Magnetization tuning undergoes colossal research interest during the last decade due to
its great fundamental and technological importance with broad application prospects
from magnetic memory devices, novel magnetoelectric (ME) sensors to high-frequency
microwave devices [1H4]. However, tuning magnetization by the old conventional ways
consumes a high amount of energy. Thus, a notably and promising way depends on an

electric field to tune or control magnetization with minimal power dissipation|5H7].

Recently, multiferroic materials that possess both ferroelectricity (FE) and ferro-
magnetism (FM) provide a simple and effective way to realize electric field control
of magnetism through the converse ME coupling effect, i.e electric field control of
magnetism without the need for magnetic fields [§, 9]. However, most single-phase
multiferroic (MF) materials are usually characterized by low permittivity or a low
permeability at room temperature and also exhibit weak ME coupling, which limits
their application[10]. Besides, these materials are often complicated to fabricate, poten-
tially leading to electrical-leakage problems due to structural defects and impurities|11].
The studies is focusing on the use of multiferroic thin film heterostructures of fer-

romagnetic/ferroelectric materials as a composite material which typically exhibits
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Introduction 2

very large ME coupling (compared to that of single-phase multiferroics) above room
temperature[l12]. ME effects are realized via cross-coupling between piezoelectric and
magnetostrictive properties of the FE and FM layers, respectively[13, 14]. A common
and easy fabrication method to obtain multiferroics is to deposit ferromagnetic films
on a ferroelectric/relaxor- ferroelectric single-crystal substrate such as PMN-PT, which
displays a high anisotropic in-plane piezoelectric coefficient[I5]. This anisotropic in-
plane piezoelectric coefficient provides an outstanding opportunity for achieving a large
change of in-plane uniaxial anisotropy, and consequently large ferromagnetic proper-
ties tunability via inverse magnetoelastic coupling[16]. Obtaining the magnetoelectric
coupling in multiferroic heterostructures mainly focus on three leading mechanisms in-
cluding strain mediated [I7, (18], charge carriers [19], and exchange bias[20]. The most
investigated and well-known mechanism is the strain mediated, in which the electric
field produces strains inside FE layer which are transferred to the FM layer by con-
vert magnetostrictive effect, resulting in high electric field tunability of the magnetic
properties of the examined structures. On the other hand, in the charge mediated
mechanism, electric field induces charge mediated coupling across FM/FE interfaces
also adjusts the charge carrier concentrations at the FM layers via an accumulation or
depletion process depending on the direction of FE polarization[21]. it seems that the
coexistence of more than one mechanism that can contribute to controlling the mag-
netism in multiferroic heterostructure is a good way that could lead to significantly

enhanced ME coupling in multiferroic heterostructures.

In addition, ferromagnetic thin films with amorphous structures tend to have an
absence of atomic long-range order (only a random short-range order exists), which
leads to a net zero magnetocrystalline anisotropy coefficient [22] compared to crys-
talline thin films. Moreover, Fe-based amorphous alloys display preferred magnetic
properties compared with conventional soft-magnetic crystalline materials, which con-
tain high saturation magnetic flux density (B;), low coercivity (H.), high permeability

(ne)[23]. These alloys have gradually taken important roles in energy conservation
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and eco-friendly applications and have been widely used in various electric devices.
Furthermore, alloys based on the FeSiB system have drawn interest because of their
magnetostrictive and soft magnetic properties displayed in the amorphous form which
leads to high E-field magnetization tunability in multiferroic structures|24]. Thus, the
magnetic properties such as the direction of the anisotropy in the FeSiB thin-film can
be controlled according to the direction of inner stress by inverse-magnetostriction [25].
In amorphous alloys, anisotropy arises originally from magnetoelastic effects caused by
internal stresses produced during the fabrication process[26]. These internal stresses
are distributed in such a way that the volume average of each component of the stress
tensor disappears, but locally these stresses are not zero. Therefore, the domains are
oriented parallel or perpendicular to the local stress axis depending on the spontaneous

magnetostriction of the material.

1.2 Outlines of the chapters

In this thesis we studied the strain effect and the electric field modulation of mag-
netic properties of ferromagnetic thin films in multiferroic heterostructures through
the convert magnetoelectric coupling effect. The experimental results are introduced
from chapter 4 to 6 as shown in fig[I.1] A brief summary of each chapter is shown as
follows.

Chapter 1 : gives an introduction and the motivation of this thesis.

Chapter 2 : describes the theoretical background related to this thesis.

Chapter 3 : provides the information about the heterostructure fabrication and
experimental methods that were used.

Chapter 4 : shows the effect of the curved polyimide substrate on the uniax-
ial magnetic anisotropy of FeSiB thin film. As a result a strong modulation of the
uniaxial magnetic anisotropy is obtained by depositing FeSiB film on top of pre-bent

polyimide sheets with positve and negative curvatures. This modulation can be under-
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Chapter 1
Introduction and motivation

Chapter 2 Chapter 3
Theoretical Background Experimental Methods

Chapter 4 )
Modulation of magnetic anisotropy in FeSiB film sputtered on curved substrate

L 7

r \

Chapter 5
\Thickness—dependent E field-modulated magnetism in FeSiB/PMN-0.3PT heterostructure )

( Chapter 6 )
E field-modulated magnetism in NiFe/Pt/CoFeB/PMN-0.3PT heterostructure
Chapter 7
Conclusion

Figure 1.1: Flow chart of the chapters in this thesis.

stood through the magnetoelastic property of FeSiB film.

Chapter 5 : represents the thickness dependent of E field modulation of the mag-
netoelectric coupling of FeSiB/PMN-PT multiferroic heterostructure. As a result we
found a strong and non-volatile E field modulation of the static and dynamic magnetic
properties of FeSiB film through the cooperation of the charge and strain effect. Also,
this structure showed a very high convert magnetoelectric constant near to 1x10~% s/m.

Chapter 6 : shows the E field modulation of the magnetic properties and cou-
pling /uncoupling behavior of the magnetic tri-layer NiFe/Pt/CoFeB/PMN-PT multi-
ferroic heterostucture. As a result the E field shows a large and non-volatile effect of
the static and dynamic magnetic properties and on the coupling behavior of the tri-
layer system. The E field modulation of the magnetic properties can be understood by
introducing stains at the interface layer through the combined piezoelectric and mag-
netoelastic properties of the MF heterostructure. The structure also showed a high
convert magnetoelectric coupling of 7x1075 s/m.

Chapter 7 : gives the conclusion of the thesis.



Chapter 2

Theoretical background

2.1 Magnetism and Magnetic Materials

The origin of magnetism is first understood in a free atom that has a magnetic dipole
moment [27] even with the absence of an external magnetic field. This can be at-
tributed to the electronic structure existing in the free atom [28], as shown Fig. [2.1]
First, unpaired electrons circulating the nucleus in the atomic orbitals have orbital
angular momenta, which create the atomic magnetic moment. This is just like the
circulating currents made from charged particles producing a magnetic field. Second,
each individual electron has an angular momentum, which also creates the “spin” mag-
netic moment. Moreover, both of magnetic moments, as a result of electrons orbital
motion and spin themselves respectively, can be coupled, which is called spin-orbit
coupling [28]. The coupling also includes orbit-orbit coupling and spin-spin coupling
among electrons, which give a total atomic magnetic moment. After understanding the
atomic origin of the magnetism, the next focus is on the magnetic materials, although
only brief introduction is made except for ferromagnetic materials.

Magnetic materials can be categorized into the following classes: diamagnetic, para-
magnetic, ferromagnetic (FM) and antiferromagnetic (AFM). Materials are classified

as diamagnetic when spontaneous opposing field is induced under an external mag-
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Figure 2.1: Schematic of the origin of magnetism from the electronic structure in a

free atom.

netic field. The electron configuration of diamagnetic material is usually fully filled
that no permanent magnetic moment could contribute to magnetization. Most transi-
tional metal salts are paramagnetic that magnetization increases proportionally to the
applied magnetic field as suggested by Curie-Weiss Law. The net magnetic moment
originates from the partially filled d-shell. With a weak coupling between neighboring
spins through the mediation of anions in the crystal structure, the small magnetization
is perfectly reversible to its random state when applied field is removed. Graphs of M
as a function of H, namely magnetization curves, are commonly used as an illustration
of magnetism types of materials. In paramagnets and diamagnets, the magnetization
curves are represented by a positive and negative slope respectively, both of which
are reversible in dipole moment orientations, restoring its random alignments when
the applied field is removed. In ferromagnetic materials, the neighboring spins are
coupled and aligned in the same orientation to achieve a lower energy state. Ferro-
magnets become paramagnets when the temperature is elevated beyond Curie tem-
perature, T.. Above the critical temperature, thermal energy outweighs the coupling
of spins, and thus destroying the long-range FM ordering. The importance of ferro-
magnets originates from their hysteresis characteristics under applied magnetic field.

The magnetization increases with increasing magnetic field until reaching saturation
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Figure 2.2: Schematic of ferromagnetic hysteresis loop.

M; with a corresponding field H,. Further elevation of magnetic field strength does not
change magnetization value since all magnetic (Weiss) domains are aligned, reaching
its maximum value. A typical hysteresis response is shown in Figure 2.2l When the
applied field slowly decreases, magnetization does not follow the previous path, but a
curve with higher magnetization values due to the strong coupling of domains in ferro-
magnets. When the applied field is removed, the intrinsic demagnetizing field rotates
domains in opposite direction. However, such a field is not strong enough to overcome
the exchange interactions between domains. The magnetization remains as remanence
or remnant magnetization M,.. Fully demagnetization occurs at coercivity or coercive
field strength H,., which is a measure of the “hardness” of the ferromagnetic material

and the energy required for demagnetization.
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Figure 2.3: Crystal structure of the perovskite ferroelectric BaTiO3 with high temper-
ature, paraelectric, cubic phase and room temperature, ferroelectric, tetragonal phases,
showing up and down polarization variants. The atomic displacements are scaled to

be clearly visible.

2.2 Ferroelectricity

Just like ferromagnetism, ferroelectricity is characterized by a spontaneous polariza-
tion in the absence of external electric field. By applying external electric field this
spontaneous polarization can be switched. Generally, ferroelectric materials experience
a structural phase transition from a paraelectric phase to a ferroelectric phase upon
cooling through the Curie temperature, T.. Above T, the crystal has a centrosymmet-
ric structure and has no spontaneous polarization. Nevertheless, below T, the crystal
shows ferroelectricity and has a structure resulting from a change in the symmetry
of the unit cell[29]. One of the well-known ferroelectric structures is the perovskite
ABOj3;. When a perovskite ferroelectric is below the Curie temperature, T, the central
ion in the unit cell is displaced from its equilibrium position to create a spontaneous
polarization, as shown in figure [2.3] Consequently, a perovskite ferroelectric material
transforms from a paraelectric phase with a centrosymmetric structure into a ferro-
electric phase with non-centrosymmetric structure which is usually even tetragonal or
rhombohedral. Below the phase transition temperature, there are at least two direc-
tions along which the spontaneous polarization can exist in a stable state. The most

common examples of perovskite ferroelectric materials are BaTiO3 and PbTiO3 [29].
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Figure 2.4: A typical hysteresis loop in ferroelectrics and corresponding domain

reversal (polarization rotation) and strain—electric field curve
[30].

2.2.1 Polarization switching and domain wall motion

A ferroelectric domain is a region within a ferroelectric in which the spontaneous po-
larization is uniformly oriented in one direction. The interface between two domains is
called domain wall. When an external electric field is applied in a direction opposite
to the polarization, the polarization can be reoriented in the direction of the electric
field[30]. By increasing electric field, the directions of the spontaneous polarization
inside domains will be forced to switch towards the field direction, resulting in a rapid
increase in polarization as shown in segment OAB of figure 2.4, A saturation state
is reached (BC) when all the domains are aligned parallel to the field direction. The
linear extrapolation of the segment BC back to the polarization axis (CBE) represents
a linear dielectric and piezoelectric response. The polarization value at point E (Ps)
represents the saturated polarization, which represents the volume averaging of the

spontaneous polarization of all domains. By decreasing the field strength, the polar-
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ization will decrease to point D. This value is called the remanent polarization (P,.).
This value is nonzero because in piezoceramics some of the domains remain aligned
and the others are reoriented due to grain and domain interaction. The poled state
remain until the applied field in the reversed direction reaches a certain value (at the
point F in the figure). The electric field required to reduce the polarization to zero
again is called the coercive field (E.). Increasing the field again will cause an alignment
of the dipoles in the opposite direction. The piezoelectric responce of the ferroelectric

materials is chractrized by the butterfly shape loop of the strain vs E field as shown in

fig2.4

2.2.2 Relaxor Ferroelectrics

Relaxor ferroelectrics (RFE) or relaxors, exhibit many properties similar to those of
spin and dipolar glasses. Normally relaxor behavior in FE materials results from com-
positionally induced disorder or frustration|3I]. This behavior has been observed and
studied most extensively in disordered ABOj3 perovskite ferroelectrics and is also seen in
mixed crystals of hydrogen-bonded ferroelectrics (FEs) and antiferroelectrics (AFEs),
the so-called protonic glasses. Relaxor ferroelectrics are characterized by a broad max-
imum in the temperature dependence of the real part of the dielectric permittivity
(€)), a frequency-dependent temperature of the dielectric maximum (T,,) and a strong
relaxation dispersion of the permittivity at temperatures around and below T, [32].
In the ABOj3 oxides substituting ions with different sizes, valences, and polarizabili-
ties at both the A and B lattice sites produces dipolar defects and can introduce a
sufficiently high degree of disorder so as to break translational symmetry and prevent
the formation of a long-range ordered state. In these highly polarizable host lattices,
the presence of a dipolar impurity on a given site can induce dipoles in a number of
adjacent unit cells within a correlation length of that site leading to the formation
of polar nanodomains[33]. Indeed, such nanodomains have been observed in many

ABOj relaxors. Two important characteristics of this relaxor state that are distin-
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guished from simple dipolar glasses or spin glasses are the predominant existence of
the dipolar nanodomains and the presence of some degree of cooperative freezing of
the orientational degrees of freedom|34]. The existence of dipole nanoregions due to
the compositionally disorder introduces a high piezoelectric coefficient. One of the
most common and well-known relaxor ferroelectric materials is lead magnesium nio-
bate — lead titanate PbMgy,3Nb;303-PbTiO3 which possesses high ferroelectric and

piezoelectric properties desirable for a wide varieties of applications|35].

2.3 Multiferroic and magnetoelectric materials

Recently, multiferroic materials have attracted big interest because of their large po-
tential for applications in novel electronic devices [0, B6-41]. Multiferroics are these
kinds of materials that have at least two ferroic properties in one system, with the
ferroic properties including ferroelectric, (anti-) ferromagnetism, and ferroelastic. A
combination of these multiple ferroic orders may provide close coupling among them,
facilitate the way to realize cross-control of various ordered parameters. Strong magne-
toelectric coupling can be induced due to the strong coupling interaction between two
ferroic orders[38]. As shown in Figure [2.5] (a) multiferroic materials require two or all
three of the properties, ferroelectricity, ferromagnetism, and ferroelasticity exist at the
same phase[42]. By definition, the magnetoelectric coupling can be named as direct
and converse magnetoelectric coupling. For the direct magnetoelectric coupling, there
is an appearance of electric polarization by the application of a magnetic field. In this
case, the external magnetic field applied on the multiferroic material has the ability to
modulate the electric polarization of that material. Also, electric potential or voltage
output can be induced by the applied alternating magnetic field which may lead to
high-resolution magnetic field sensor applications[43]. As the same way, the converse
magnetoelectric response is the induced magnetization upon the application of an ex-

ternal electric field. This means the modification of magnetic property by an electric
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Figure 2.5: a) Relationship between multiferroic and magnetoelectric materials.(b)

Schematic illustrating different types of coupling present in materials.

[42].
field which provides great opportunities in the voltage control of spintronics, reconfig-
urable electronics, and tunable microwave devices with ultra-low energy consumption
[4, 44] [45]. Multiferroic materials can be subdivided into single phase multiferroics,

composites and multiferroic heterostructures as we will discuss as follows.

2.3.1 Single phase multiferroic

Single-phase multiferroic materials exist in nature or can be synthesized which dis-
play an intrinsic magnetoelectric effect. Single-phase multiferroic materials combine
ferroelectric polarization and ferromagnetic or anti-ferromagnetic magnetization in the
same phase [46]. Therefore, the magnetization can be controlled by the application
of external electric field and likewise the ferroelectric polarization can be controlled
by an applied magnetic field. However, single-phase multiferroic materials are rarely
found. As proposed by Khomskii, multiferroics can be divided into two types: type-I
and type-1T [47]. Type-II multiferroics, in which the ferroelectricity is generated in
specific magnetic ordering, are also called magnetism-driven multiferroics. Although
Type-II multiferroics has the same origin of polarization and magnetism, it shows a

very small polarization and small magnetoelectric constant. On the other hand, single-
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phase multiferroics that do not possess a magnetic origin of ferroelectricity can be
characterized as type-I multiferroics [4§]. BiFeOj is the most common and well-known
type-I multiferroics where ferroelectricity and magnetism are believed to originate from
two different origin. The s lone pair electrons of Bi is responsible for the appearance of
ferroelectricity while the 3d-electrons of Fe is responsible for antiferromagnetic (AFM)
order[49]. For type-II multiferroic materials, electric polarization is believed to be
generated by a specific magnetic order, allowing a remarkable ME response. It was ini-
tially discovered in orthorhombic RMnO;[50] and RMn,Os5[51], and then large number
of fabricated materials showed type-II multiferroicity. Single-phase multiferroic mate-
rials have been widely studied in both bulk and film phases. In most of these materials
the intrinsic magnetoelectric effect only can be found below room temperature. Strong
magnetoelectric coupling above room temperature has not been found in any of these
compounds, which leads to limits the practical applications of single-phase multifer-
roic materials. Consequently, multiferroic composites with higher design flexibility and
stronger magnetoelectric coupling at room temperature have drawn significant interest

in recent few years.

2.3.2 Multiferroic Composites

Because natural multiferroic single-phase compounds are very rare, and their magneto-
electric (ME) responses are also so weak or occur at too low temperatures, multiferroic
composites compining both FE and ferromagnetic phases are a good choice for appli-
cation point of view. They mainly display giant ME coupling responses above room
temperature, which makes them ready for several technological applications. Suchtelen
[52] proposed the concept of a product property in two-phase composite materials in
1972, arising from an elastic coupling between two phases of different properties. Sev-
eral interesting ME composites investigated in recent years can be divided into three
groups.

Bulk Ceramic Composites: The ceramic composites which consist of piezoelec-
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Figure 2.6: Schematic illustration of three bulk composites with the three-common
connectivity schemes: (a) 0-3 particulate composite, (b) 2-2 laminate composite and
(c) 1-3 fiber/rod composite.

tric and magnetic oxide ceramics are investigated. Two-phase composite is defined as
0-3, 2-2, 1-3 which can be understood using the concept of phase connectivity intro-
duced by Newnham et al. [53]. for example, a 0-3 type ceramic composite means
one-phase particles (denoted by 0 embedded in the matrix of another phase (denoted
by 3). Figure represents a schemes used commonly for designing the multiferroic
ceramic composites, in which are (a) 0-3 type particulate composites of piezoelectric
and magnetic oxide grains, (b) 2-2 type laminate composites of BTO based FE ceram-
ics and ferrites, PZT and ferrites (or doped ferrites), (SrBa)NbO and ferrites, and so
on [54], and (c) 1-3 type fiber composites with fibre/rod of one phase embedded in the
matrix of another phase.

Two phase ME Composites of Magnetic Alloys and Piezoelectric Mate-
rials: Iron alloys and rare-earth-iron alloys are very well known for displaying much
higher magnetostriction property compared to the magnetic oxide (such as ferrite) ce-
ramics. Thus, the composites of these alloys and piezoelectric materials should have
much large ME response which displayed through the strain effect.

Nanostructured Composite Thin films: Most recently, motivated by a pioneer
work of Zheng et al.[49], multiferroic nanocomposite thin films consisting of ferroelectric
material (such as BTO, PTO, PZT and PMN-PT) and magnetic/magnetic oxides are
synthesized by thin film deposition techniques have become new routes to multiferroic
composites[bd]. In comparison to bulk multiferroic ME composites, the nanostruc-

tured thin film multiferroics provide more degrees of freedom, such as lattice strain or
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Figure 2.7: Electric field control of magnetic properties

interface interaction, to enhance the ME behavior.

2.4 Electric field control of magnetism and magneto-

electric effect

One of the most important features of multiferroic materials is the coexistence of cou-
pling interaction between two ferroic phases. For example, the coupling between ferro-
electric and ferroelastic phases can generate piezoelectricity. As well coupling between
the ferromagnetic and ferroelastic phases can produce magnetostriction. Also, the
coupling between the ferromagnetic order and ferroelectric phases can produce new
magnetoelectric devices used in a wide variety of applications [56]. Generally, the
magnetoelectric effect is created by a coexistence of the ferroelectric phase and the
ferromagnetic phase in the multiferroic material (or structure). For example, the ap-
plication of a magnetic field can control the electric polarization through the direct
magnetoelectric effect (DME). As the same way, an applied electric field can modulate
the magnetization through the converse magnetoelectric effect (CME). We will discuss

next the effect of electric field on the magnetic properties of multiferroic structure.
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Figure 2.8: Schematic of the different magnetic responses to an electric field in het-
erostructures with different mechanisms: (a) charge, (b) strain, (c) exchange coupling,

(d) orbital, and (e) electrochemistry

There are different ways that the electric field can affect the ferromagnetic properties
of the multiferroic structure, which consequently demonstrates the possibilities of ap-
plications of material with magnetoelectric coupling. Fig shows some examples of
electric control of magnetic properties. As shown from the figure we can realize the E
field modulation of magnetic properties as a change in magnetic anisotropy, exchange
coupling /biase, magnetic moment and also the change in the magnetic order or even

the change in the density of states of the ferromagnetic phase[57].

2.5 Mechanisms under voltage control of magnetism

The main mechanisms for the voltage modulation of magnetism depend on several
parameters. For example, the selection of magnetic and piezoelectric materials, the

thicknesses of the films, the crystal orientations of both FM and FE materials, and the
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operational mode of the electric field. So, there are many possible mechanisms can be
responsible and cooperates for ME coupling primarily due to the diversity of factors that
mentioned above[58]. The most common mechanisms are divided into five types that
are, carrier modulation, strain effect, exchange coupling, orbital reconstruction, and
electrochemical effect. Among them, the first three mechanisms are the most common
mechanisms referring to charge, lattice, and spin degrees of freedom, respectively, which
are usually used to explain the origin of voltage control of magnetism phenomena. As
a result of these mechanisms, various magnetic behaviors such as magnetic anisotropy,
magnetization intensity, exchange bias, magnetoresistance, and Curie temperature can
be manipulated as shown in Fig 2.8l Here is a small introduction to the first three

mechanisms.

2.5.1 Strain mediated coupling

This arises commonly from an elastic coupling between ferromagnetic and ferroelectric
material. For example, in the case of the application of electric field, it produces
strain due to the piezoelectric property of the ferroelectric phase. This strain affects
the ferromagnetic properties through the magnetostriction effect of the ferromagnetic

phase[59H62] .

2.5.2 Charge mediated coupling

The coupling occurs due to the ferroelectric accumulation of charges at the interface
in the case of multiferroic heterostructures. Therefore, the change in these interfacial

charges would induce changes in the magnetic properties|[19} 63, 64].

2.5.3 Exchange bias mediated coupling

The exchange coupling or exchange bias effect is mainly observed at the interfaces

between ferromagnets and antiferromagnets heterostructures, reflected by a shift of the
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magnetization curve away from the origin65], [66]. Mainly, the origin of the exchange
bias is the pinning of the domain walls of the antiferromagnetic phase. Due to the
coupling between the ferroelectric and the antiferromagnetic domains, the application
of the electric field changes the ferroelectric domain configuration which is converted

to magnetization changes[67].



Chapter 3

Experimental and measurement

methods

In this chapter, we will explain the details of our heterostructures fabrications. Also, we
will describe the experimental techniques used to characterize the structures and mea-
sure the magnetoelastic and magnetoelectric coupling of our multiferroic heterostruc-

tures.

3.1 Material fabrication

3.1.1 Magnetron sputtering system

Magnetron sputtering technique is considered as one of the most useful deposition
methods[68]. The metals are deposited with a strong and uniform adhesion without
any change in the composition. The mini/multi sputtering machines were used to
deposit FeSiB amorphous films with different thicknesses and the ferromagnetic multi-
layer heterostructure with the composition of CFB/Pt/NiFe using the DC sputtering
mechanism with a power of 500W. Figure[3.1]shows a photograph of the mini sputtering

system.

19
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Figure 3.1: Photograph of our sputtering system.
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Figure 3.2: Photograph of Joule-heating deposition system.
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3.1.2 Joule-heating evaporation system

The joule-heating evaporation system is a metal-deposition method, in which a target
metal is evaporated through Joule heat and deposited on the sample. The joule-heating
evaporation system was used mainly to deposited copper electrodes to the studied

multiferroic heterostructures.

3.2 Structural and Surface Morphology Characteri-
zation

The crystal structure and the surface morphology of the prepared samples were char-
acterized using X-Ray diffraction (XRD) and atomic force microscopy (AFM). Also,
X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical elements
and bonding of the sample surfaces and to study the heterostructures interface regions

before and after E field application.

3.2.1 X-Ray diffraction (XRD)

The crystal structure of the prepared samples was determined by the X-ray diffraction
technique. A BRUKER D8 ADVANCE Diffractometer operated at 40 kV and 40
mA with a wavelength of 1.5406A (CuKa) was used. The basic law involved in the
diffraction method of structural analysis is Bragg’s law. When monochromatic X-rays
hit upon the atoms in a crystal lattice, each atom acts as a scattering source. The
crystal lattice acts as a series of parallel reflecting planes[69]. The intensity of the
reflected beam at certain angles will be maximum when the path difference between
two reflected waves from two different planes is an integral multiple of as shown in
Fig. [3.3] This condition is termed as adjacent Bragg’s condition and is given by the
relation:

2dsind = n\ (3.1)
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Incident X-rays Diffractive X-rays

2d sin®

Constructive interface when
nA=2d sin®
Bragg’s Law

Figure 3.3: Schematic illustration of XRD.

where n is the order of diffraction, A is the wavelength of the X-rays, d is the spac-
ing between consecutive parallel planes and 6 is the diffraction angle. From X-ray
diffraction pattern we can estimate the crystal structure and orientations, the sample
composition, and different types of phases appearing in the material. We also evaluate
the average crystalline size from the width of the peak in a particular phase pattern. X-
ray diffraction pattern is also considered as an analysis of structural distortion arising

from the variations in d-spacing caused by the strain|70].

3.2.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis
(ESCA) is a technique that analyzes the elements composition and its chemical bonding
state at the sample surface and interfaces[71]. The main technique is irradiating x-rays
on the sample surface and measuring the kinetic energy of the photoelectrons emitted
from the sample surface or interfaces. XPS instrument can obtain information on
elements within a few nanometers of the sample surface. Additionally, the change in
bond energy (chemical shift) caused by the electron state surrounding the atoms to
be analyzed, such as atomic valence charges and interatomic distances, tends to be
greater than the chemical shift observed in Auger electron spectroscopy (AES), which

makes the relative ease with which the state of chemical bonds can be identified another
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advantage of XPS[72]. XPS spectra were obtained using a PHI 5000 VersaProbe III
Photoelectron Spectrometer with monochromatic Al Ko X-ray radiation (1486.6 V).
We can say that the XPS technique is an important tool for studying the E field

modulation of the multiferroic heterostructure interfaces.

3.2.3 Atomic force microscopy (AFM)

AFM is a very high resolution type of scanning probe microscope which is considered
as a powerful technique to measure and observe the topography of the sample on the
nanoscale range[73]. In AFM the information about the sample topography is collected
by the interaction between the surface of the sample and the mechanical probe during
the measurement. Here the probe has a very tiny and sharp tip attached to the end
of a cantilever. The cantilever can be made of single-crystalline silicon or silicon diox-
ide. There are two main methods for measuring the force between the surface and the
probe. One is the contact mode in which the tip is directly in contact with the sample
surface, and the interaction force is dominated by Van der Waal’s interaction|[74]. The
other mode is the tapping mode which is a non-contact mode. A drive signal is applied
by a piezoelectric crystal with typical frequencies to the "Tapping Piezo", which me-
chanically oscillates the probe at its resonance frequency. The interaction between the
tip and the sample surface changes the cantilever oscillation amplitude or the phase
relative to the drive signal. We used AFM technique to study the surface morphology

of our heterostructures.

3.3 Measurements methods

3.3.1 Vibrating Sample Magnetometer

Room temperature magnetic hysteresis (M-H) loops of our heterostructures were mea-

sured by vibrating sample magnetometer (VSM). The sample is placed between the
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poles of an electromagnet with a uniform magnetic field as shown in Fig. The main
driving mechanism is that the sample undergoes mechanical vibrations that induce a
change in the magnetic flux|75]. Then the magnetic flux change induces a voltage in
the pickup coils. The magnetic moment of the sample is measured after careful cal-
ibration of the VSM with a standard sample. The amount of the electrical signal in
the picked-up coil is proportional to the frequency and amplitude of the vibration of
the sample, and the magnetic moment of the sample at the applied magnetic field.
The frequency and amplitude of the vibration of the sample are kept constant by the
reference capacitor. After the calibration of the VSM with the standard sample, the
magnetic moment of the sample is measured. M-H loops also were measured under
the application of bipolar electric field. Copper wires were connected to the measured

samples by silver paste electrodes and up to 14 kV /cm E-field was applied.

3.3.2 High Voltage Set-Up for the Converse ME effect

To study the converse ME coupling effect, a high E field (a maximum of 14 kV /cm) was
applied to the piezoelectric PMN-0.3PT substrate so that a large strain was created
in the sample. Then the effect of the strain on the magnetic properties of the thin
films was investigated. Therefore, for this measurement, a high voltage setup was built
up within the VSM system. As shown in Fig[3.5] the H-field was applied along the
in-plane direction of the PMN-0.3PT, while the E field was applied along with the out

of plane direction of the sample.

3.4 Ferroelectric Hysteresis Loop or P-E Loop

The dielectric polarization as a function of electric field was measured using Sawyer-
Tower (S-T) circuit as shown in Fig[3.6l The S-T circuit is considered as a practical
circuit for the characterization of ferroelectrics and studying fundamental phenomena

such as spontaneous polarization, remnant polarization, coercive-field, and polarization
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Figure 3.4: Schematic illustration of VSM.
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Figure 3.5: our M-E measurement setup.
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Figure 3.6: Schematic illustration of Sawyer-Tower circuit.
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reversal mechanisms|[76]. The circuit mainly consists of two capacitors, one due to
sample (Cy) and the other one is a linear capacitor with a well-known value (C.). They
are in series, where C, is chosen much greater than C, so that voltage drop across C.
is much smaller than that across Cy (sample). So the drive voltage V is almost equal
to voltage across C,. The voltage across Cg, which gives polarization of the sample, is
applied to vertical plates of the oscilloscope, and the drive voltage after safe attenuation
is applied to horizontal plates of the oscilloscope to measure the electric field across

the sample.

3.4.1 Ferromagnetic resonance experiment

FMR absorption is an interesting resonance phenomenon that occurs when a constant
magnetic field and a microwave field are applied to a ferromagnetic specimen simul-
taneously, and the resonance conditions are satisfied[77]. FMR is mainly defined by
a uniform precession of the magnetic moments of the material around the effective
applied field. The conventional method to measure FMR is to keep the microwave fre-
quency constant and vary the magnetic field. At some field the resonance occurs. Here
in our multiferroic heterostructures, the magnetization dynamics have been evaluated
by measuring the derivative ferromagnetic resonance (FMR) spectra before and after
the application of E field. The measurement system for the derivative FMR has been
developed by the broadband power transmission system based on the coplanar waveg-
uide under the external magnetic field. The E field modulation of the FMR spectra

gives us clear information about the magnetoelectric coupling mechanisms.
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Figure 3.7: Our FMR system






Chapter 4

Modulation of magnetic anisotropy in
FeSiB film sputtered on curved

substrate

4.1 Introduction

Functional magnetic and /or spin devices such as magnetic sensor, storage and memory
are driven by manipulating and stabilizing the magnetization of ferromagnets like the
modulation of magnetic anisotropy[78-81]. Magnetic anisotropy is mainly caused by
the symmetry of the crystal structure. Applying magnetic field during the annealing
or the deposition is also known to induce the magnetic anisotropy[82]. In addition, in
the thin film cases, the compressive or tensile strain from the substrate is also able to
induce the uniaxial magnetic anisotropy through the magneto-striction effect|83].

On the other hand, flexible electronic devices based on plastic substrates have at-
tracted considerable attention owing to its wide range of application such as health
care and energy harvesting devices[84]. Since the plastic sheet is highly stretchable,
significant magnetic anisotropy can be induced in the magnetic thin film prepared

on the plastic sheet|85]. So, we used a Polyimide sheet as a substrate. In ferromag-

31
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netic/polyimide sheet hybrid systems, most of the reports studied the modulation of the
anisotropic magnetic constant by bending the substrate after the film deposition|25].
According to reports, the magnetic anisotropy is mainly induced by the magnetic field
during the deposition and the change of the anisotropic constant due to the sheet bend-
ing was discussed. In such cases, since the magnetic field is not perfectly parallel to the
film plane, the additional magneto-static interaction is induced, resulting in the un-
favorable property with the necessity of the complicated analysis. In order to prevent
such geometrical problems, the amorphous ferromagnetic thin films deposited on the
pre-bent polyimide sheets have been used[86]. The induced magnetic anisotropy has
been tuned by the curvature of the polyimide sheets during the deposition. However,
the induced magnetic anisotropy is not sufficiently large because of the material prop-
erties. Here, we focus on the FeSiB, which is one of the representative magnetostrictive

materials.

4.2 Samples preparation and characterization

FeSiB film with a thickness of 20 nm has been deposited on top of 50 um thick polyimide
sheet by the magnetron sputtering system under the base pressure of 2x107° Pa. Here,
we have optimized the distance between the target and sample in order to obtain better
performance. The deposition rate of the FeSiB film is as slow as 0.1 nm/s in order to
avoid the formation of contamination. The FeSiB film has been deposited on the bent
polyimide sheet with a 5 mm x 10 mm rectangular shape. As schematically shown in
Fig. the curvature C of the sheet has been varied from 0.15 mm™' to +0.15 mm™"
by changing the mold shape. After the film deposition, the magnetic properties of the
FeSiB films have been evaluated under the flat-sheet condition. We have evaluated
the surface roughness of the sputtered film by using atomic force microscope (AFM).
For the comparison, the surface roughness for the similarly sputtered film on FZ-Si

substrate has been also evaluated. Figures[4.1[(b) and (c) show the AFM images of the
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Figure 4.1: (a) Schematic illustrations of the film deposition process on the curved
polyimide sheet using convex and concave molds. AFM image of the FeSiB films
deposited on the polyimide sheet(b) and FZ-Si substrate (c).

FeSiB films deposited on the polyimide sheet and FZ-Si substrate, respectively. The
average radius (R,) and the root mean square (RMS) for the polyimide-sheet sample
are 22.5 nm and 1.5 nm, respectively. These values are larger than those for the Si-
substrate. sample, but are comparable with or better than the conventional magnetic
thin films grown on the Si substrate. In addition, the saturation magnetization My for
the FeSiB on the polyimide sheet is approximately 1.45 T, which is almost the same
as that on the Si substrate. These results indicate that our prepared FeSiB film on the

polyimide sheet has a moderate property.

4.3 Results and discussion

4.3.1 Magnetic properties of the non-bent sample

Here we will focus on the magnetic property of the FeSiB film. First, we evaluate
the magnetic isotropy of the non-bent sample. Figure (a) shows the magnetization
curves (M-H curve) under the magnetic field along the longitudinal (0 deg) and trans-
verse (90 deg) directions. Both results exhibit typical M-H loops for soft magnetic
materials with a coercive force of around 20 Oe. We emphasize that two M-H curves

do not show a clear difference, implying no magnetic anisotropy. To confirm more
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Figure 4.2: (a) M-H curves under the longitudinal and transverse magnetic fields
measured by VSM. Angular dependence of the normalized remnant magnetization mr
(b) and the coercive field He (c).

clear evidence, we investigated the angular dependence of the normalized remanent
magnetization m, and the coercive field H.. Figures [£.2(b) and (c) are, respectively,
the remanent magnetization m, and the coercive field H, as a function of the direction
of the magnetic field. Both results clearly indicate the isotropic angular dependence,
meaning that the FeSiB prepared on the flat polyimide sample has no anisotropy. Here,
we emphasize that the FeSiB prepared on the Si substrate with the same recipe shows
a small uniaxial anisotropy and smaller coercive force with 10 Oe. This means that
the moderate surface roughness due to the polyimide-sheet sample compensates the

uniaxial anisotropy|[87].

4.3.2 Magnetic properties of the pre-bent samples

Here, we focus on the influence of the curved substrate on magnetic anisotropy. The
magnetic anisotropy due to the pre-bent sample with the curvature C = 0.127mm™!
was evaluated by the M-H loops with changing the direction of the magnetic field.
In this case, the compressed strain is induced during the M-H loop measurement, as
shown in Figld.3|a). Figure [4.3[(b) shows the M-H loops along with the longitudinal
and transverse directions. A rectangular hysteresis with the Ho = 50 Oe was clearly

observed in the transverse M-H loop, while the M-H loop along the longitudinal di-

rection shows a gradual increase with the magnetic field with the saturation field over
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Figure 4.3: (a) Schematic illustration of the FeSiB film under the compressed strain.
(b) M-H curves of the compressed FeSiB film under the longitudinal and transverse

magnetic fields. (¢) Angular dependence of the normalized remnant magnetization mr

2000 Oe. These results indicate that the longitudinal and transverse directions are hard
and easy axes, respectively. The angular dependence of the normalized magnetization
clearly indicates the uniaxial anisotropy. From the difference between the saturation
magnetic field along the easy and that for the hard axes, the anisotropic magnetic con-
stant can be estimated as 0.130 MJ/m3. This is much larger than the value reported
in CoFeB, indicating the advantage for the use of the magnetostrictive materials|88].
Thus, a large magnetic anisotropy was significantly induced in the FeSiB deposited on
the convex substrate.

We then investigated the magnetic anisotropy with the negative curvature C = -
0.15 mm~! using the concave substrate. In this case, the tensile strain is induced along
the longitudinal direction, as shown in Fig. [£.4(a). Figure [£.4[b) shows M-H loops
along the longitudinal and transverse directions. In the present case, the longitudinal
direction becomes an easy axis, which is opposite to the sample with the positive
curvature. The estimated anisotropic magnetic constant can be estimated as 0.146
MJ/m?3, which is more efficient than that for the positive curvature. This means that
the anisotropic magnetic constant changes from the positive to negative values by the
sign change of the curvature. Since the magneto-striction coefficient for the FeSiB is
positive, these results can be understood by the inverse magneto-striction effect|89].

Finally, we summarize the magnetic anisotropy for various curvatures. Figure 4.5
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Figure 4.4: (a) Schematic illustration of the FeSiB film under the tensile strain. (b) M-
H curves of the FeSiB film with the tensile strain under the longitudinal and transverse

magnetic fields. (c¢) Angular dependence of the normalized remnant magnetization mr

shows the anisotropic magnetic constant as a function of the curvature. The anisotropic
constant systematically changes with increasing or decreasing the curvature. Surpris-
ingly, the large magnetic anisotropy accompanying with no deterioration can be in-
duced. In addition, the sign reversal of the anisotropic constant has been achieved by
changing the curvature sign. These results indicate that the combination between the
magneto-striction and flexible substrate provides the efficient modulation of the mag-
netic property. We also investigate the coercive force along the easy axis as a function
of the curvature. The coercive force increases with increasing the curvature. Since
the magnetization reversal process along the easy axis is caused by the domain wall
propagation, this results indicate the pinning potential for the domain wall increase

with increasing the strain[90].

4.4 Summary

In summary, we have developed the FeSiB film deposition technique on the curved poly-
imide sheet. Although the conventional soft magnetic property has been confirmed in
the FeSiB deposited on the flat polyimide sheet, the systematic change of the mag-
netic anisotropy was obtained by changing the curvature during the deposition. The

significant magnetic anisotropy around 0.15 MJ/m?3 was found to be induced by using
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Figure 4.5: Strain-induced anisotropic magnetic constant and coercive field as a

function of the curvature of the polyimide film during the deposition.
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the curved sheet with the curvature of 0.15 mm~!. These results indicate that the
combination between the magneto-striction and flexible substrate provides the efficient

modulation of the magnetic property.



Chapter 5

Thickness-dependent E
field-modulated magnetism in

FeSiB /PMN-0.3PT heterostructure

5.1 Introduction

Controlling magnetic properties like anisotropy or magnetization direction in a mag-
netic system by the application of electric field i.e. the converse magnetoelectric (ME)
effect has become a prominent subject in the fields of spintronics and multiferroics|30],
91H93]. It can deliver a quick and extremely energy-efficient way for tunning magnetism
compared with the traditional way of using external magnetic fields or spin currents[94].
On the other hand, such electric field tunning of magnetism can be realized by the in-
duced ME coupling effect at the interface region of multiferroic heterostructures which
artificially combines magnetoelastic magnet and piezoelectric/ferroelectric (FE) multi-
ferroic phases. We can realize the modulation of magnetism by E-field on multiferroic
heterostructures is governed by the cooperation of specific mechanisms. The strain-
driven converse ME coupling[37, [95], exchange bias [96], 07|, or interfacial charge-driven

ME effects [98, 99]. Between them, the strain-mediated converse ME effect is gener-

39
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ally the main driving force especially in thicker ferromagnetic film, while the other
mechanism like the charge-mediated is more efficient at lower film thicknesses[58, [100].

In this chapter, the effect of magnetic layer thickness on magnetoelectric (ME) cou-
pling in FeSiB/PMN-0.3PT heterostructures was investigated over different thickness
ranges from 10 nm to 100 nm. FeSiB film was chosen to be the ferromagnetic (FM)
layer due to its excellent soft magnetic properties, relatively high magnetostriction and
large saturated magnetization. The PMN-0.3PT was chosen as the ferroelectric (FE)
substrate due to its large piezoelectric properties especially around the morphotropic
region. 100-oriented PMN-0.3PT single crystal substrate was used to study the effect of
the orientation and ferroelectric domain structure on the ME properties. The results
showed coexistence at room-temperature of two magnetoelectric (ME) mechanisms,
i.e., strain- and interface charge-mediated couplings. The interaction between the dif-
ferent ME couplings leads to a remarkable thickness-dependent voltage modulation of

the magnetic behavior.

5.2 Sample Preparation and characterization

FeSiB films of 10 nm, 20 nm, 50 nm, and 100 nm thickness were deposited on one
side-polished unpolarized commercial ferroelectric (100)- oriented single crystal PMN-
0.3PT substrates with the dimensions of 5 x5 x0.5 mm3. The deposition was held by
DC sputtering technique at room temperature using a FeSiB target without an applied
external magnetic field as shown in Fig[p.I[(a). The base pressure of the chamber was
kept lower than 2 x 10 ~® Pa, and the work power was set to 500 W. During the
sputtering process, argon gas was used as the ambient gas at a flow rate of 10 sccm,
and a working pressure of 0.2 Pa. Figure (b) shows a schematic illustration of our
multiferroic heterostructure. The amorphous nature of FeSiB film was confirmed by
the X-ray diffraction as shown in Fig[5.1|(c) in which all diffraction peaks correspond to

the single crystal PMN-PT substrate. The thicknesses of the films were measured by
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Figure 5.1: (a) Schematic illustration of film deposition. (b) Schematic illustration
of the prepared MF heterostructure. (¢) XRD for the 10 nm FeSiB/PMN-0.3PT.

step profiler (American Electric Power Co., NanoMap-500253PS). Polarization versus
electric field (P-E) loop was measured using Sawyer -Tower circuit at a maximum
electric field of 8 kV /cm to confirm the ferroelectric properties of the substrates. Silver
paste and Cu wires were used for electrical connections in a two-probe configuration
for the voltage dependent measurements. The static and dynamic magnetic properties
and the magnetoelectric coupling were measured at room temperature using a vibrating
sample magnetometer (VSM) and broadband FMR with an electric field applied across

the sample thickness.

5.3 Results and discussion

5.3.1 Ferroelectric properties

Figure [5.2| (a) shows the ferroelectric hysteresis loop of (100)-oriented PMN-0.3PT sin-
gle crystal with silver past as a lower and upper electrode, which demonstrates the
ferroelectric property of PMN-0.3PT single crystal near morphotropic phase boundary
(MPB). As shown from the figure, the ferroelectric hysteresis loop exhibits asymmetric

behavior with E. around 2 kV /cm with saturation around 6 kV /cm. This asymmetric
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Figure 5.2: (a) P-E loop for PMN-0.3PT, (b) phase diagram of PMN-PT around

MPB and illustration of Monoclinic structure.

behavior can be attributed to the generation of an internal bias (E;) inside the ferro-
electric substrate, which is defined as F; = (Ef — E_)/2. This internal bias is caused by
the pinning effect by domain walls in which the spontaneous polarization is absent or
suppressed resulting in an asymmetric hysteresis loop[30]. For instance, it can be noted
that the interface regions between the substrate and the electrodes act as a location of
space charge accumulation, which could represent another source of internal bias field
responsible for deformations and asymmetries in hysteresis loops[101]. Also, PMN-PT
single crystal near MPB composition exhibit a local phase transition or co-existence
of different phases not only with changing temperature but also by applying electric
field [102]. This MPB region exists from approximately 0.3-0.37 mole fraction of PT,
in which the piezoelectric properties have the highest response [I03]. Recently, the
behavior of this MPB region has been understood concerning the easy rotation of the
polarization direction through the formation of intermediate stable monoclinic struc-
tures [104]. Figure[5.2(b) represents the temperature - PT composition phase diagram
around MPB region, and the polarization directions of the intermediate monoclinic
structure (MA, MB, and MC). These complex structures give rise to the formation
of additional internal bias by application of E-field. By calculating the internal bias
generated by E-field on the FE substrate during measurements, it showed a value of

about 1 kV /cm.
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Figure 5.3: (a) M-H loops for the as deposited FeSiB films with different thicknesses,
(b) Angle dependent of normalized M, for all studied thicknesses.

5.3.2 Magnetic properties

For magnetic measurements, in-plane hysteresis loops of M-H curves for different thick-
nesses were measured by the application of magnetic field along [010] direction (parallel
to the structure). The studied FeSiB thin films result to be strongly affected by the film
thickness. As shown in Fig. (a) M-H curve for 10 nm showed a soft magnetic prop-
erty with low coercivity H. = 10 Oe. By increasing thickness, the coercivity increases
and then decreases at 100 nm. From the literature, the origins of the coercive force
are imperfections and magnetocrystalline anisotropy that give rise to the hysteresis
of magnetic materials [I05]. For further understanding of the thickness-dependent of
magnetic properties, in-plane angle dependence of normalized M, was measured for all
thicknesses. @ is the angle between the directions of the applied magnetic field (H) and
the easy axis. Figure (b) shows a uniaxial anisotropy with an easy axis of 67.5° for

10 nm and by increasing the thickness the direction of the uniaxial anisotropy rotates to
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be at 75°, 90°, and 45/255° for 20,50 and 100 nm, respectively. The appearing uniaxial
anisotropy is mainly induced due to the stress applied to the films during sputtering
indicating the change in the anisotropy[106, 107]. By increasing the film thickness, the
anisotropy easy axis rotates due to different strains introduced to the FM films. These
strains are generated from the induced interface defects and the anisotropy from the
magnetic field induced during sputtering (produced nanograin crystalline structure in
the amorphous matrix), also PMN-PT substrate introduces strains to the deposited FM
films. We can say that the anisotropy direction from deposition is equal for all thick-
nesses while the contribution of the interfacial anisotropy reduced at higher thicknesses
and the effect of PMN-PT strain increased due to the increase of the deposition time.
The difference in the interaction between different sources of the uniaxial anisotropy
with different thicknesses makes the uniaxial anisotropy easy axis to rotate. We can
conclude that the effective anisotropy energy at different thicknesses is described as
the following relation.

Keff) = Kmnaocyrtallites)+ Kinter face) + K(substrate)

Figure shows the thickness-dependence of coercive field and normalized Mr
at [010] direction. This figure indicates the dependence of the coercive field on the
anisotropy direction of the different film thicknesses at the virgin state (before E field
application). As we described the magnetoelastic energy (due to strain coming from
deposition) is constant in the film plane. Therefore, the cause for anisotropy changes
is owing to the induced interfacial defects in FeSiB/PMN-PT interface and PMN-PT

Piezo-strains.

5.3.3 Static magnetoelectric properties

To investigate the electric field tuning of magnetic properties of our studied struc-
ture, static ME coupling of multiferroic heterostructures of 10, 20, 50, and 100 nm
FeSiB/PMN-0.3PT was studied by electric-field induced changes in M-H hysteresis

loops. The electric field was applied across the structure thickness as shown in Fig.
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Figure 5.4: H. and M, as a function of film thickness at virgin state.

[.5] and magnetization hysteresis loops are measured in-plane under different values of
bipolar applied electric field E. Generally, the obtained converse ME coupling effects
are all dependent on interfacial effects, i.e., interfacial strain propagation and interfa-
cial charge accumulation[40, T08]. Figure (a) represents the measured M-H loops
for 10 nm thick of FeSiB under the application of bipolar E field as a representative
for thinner films. From the figure, we can see that there is a linear and systematic
increase in the coercivity (H.), and a decrease in remnant magnetization (M,) of the
ferromagnetic film by increasing the applied electric field at the negative direction (E-
field pointing to the FM film). The E field induces a maximum increase in coercivity
by 65 % and a decrease in remnant magnetization by 14 % for 10 and 20 nm thick films.
However, by application of electric field in the opposite direction (pointing away from
the film), there is an abrupt increase in coercivity at 2 kV/cm, showing a distorted

loop shape and asymmetric behavior for both 10 and 20 nm thickness. We confirmed
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Figure 5.5: Schematic illustration of FeSiB/PMN-PT under E field application.

Figure 5.6: (a) M-H loops for 10 nm FeSiB under application of bipolar E field.
(b) and (c) are the measured H. at bipolar E field started from negative/positive
field,respectively. (d) M, as a function of bipolar E field.
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Figure 5.7: (a) M-H loops for 50 nm FeSiB under application of bipolar E field. (b)
M, as a function of bipolar E field and (c) the measured H, at bipolar E field.
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this asymmetric behavior which depends mainly on the sign of the applied E field by
sweeping the E field from positive to negative direction as shown in Fig5.6| (b) and (c).
Furthermore, with applying E-field up to 6 kV/cm the increase in coercivity reaches
its highest percentage by 290 %, while the decrease in magnetization reaches 18.5 % as
shown in Fig. (d). This behavior of E field modulation of the magnetic properties
was confirmed for the small thicknesses (10 and 20 nm thick) which strongly indicates
the charge effect at the interface plays an important role in magnetoelectric coupling
for the small thicknesses as we will discuss later.

On the other hand, there is a major change in the magnetic anisotropy observed by
increasing film thicknesses up to 50 and 100 nm. Figure[5.7|(a) represents the M-H loops
under E field application of 50 nm thick of FeSiB as a representative of large thickness.
There is significant modulation of the magnetic anisotropy under the application of
bipolar E field across the film thickness. We can realize this change by measuring the
E field dependence of M, and H, as shown in Fig[5.7] (b) and (c). There is a gradual
decrease in both M, and H. by increasing negative E field, while there is a gradual
increase in M, and H. by increasing positive E field. This observed behavior is strongly
related to the strain effect which transferred from PMN-PT substrate through the
combined piezoelectric and magnetoelastic properties of both FM and FE layer[108].
This behavior is also confirmed for the highest thickness 100 nm FeSiB. We can say that
the application of negative E field introduces compressive strains, while the application
of positive field introduces tensile strains to the PMN-PT substrate which is transferred

to the FM layer.

5.3.4 Voltage driven Angle dependent changes in Hc and anisotropy

Figure shows the angular dependence of normalized remanence magnetization
(Mr/Ms) curves under electric fields of 0 kV/cm (unpoled state) for all studied film
thicknesses, while Fig. represents the angular dependence of H.. As shown in Fig.

.8 for the small thickness 10 and 20 nm there is a slight change in the anisotropy
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Figure 5.8: Angle dependence of normalized M, before and after E field application
for all studied FeSiB thicknesses

Figure 5.9: Angle dependent of normalized H. before and after E field application
for all studied FeSiB thicknesses
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easy axis direction by 15 © at E field of 6 kV /cm. While the main change appears for
Hc which is changed to a four-fold state and increased significantly in magnitude by
applying E-field. For thicker FeSiB film with thicknesses of 50 and 100 nm, by applying
an electric field of 6 kV /cm the two-fold symmetry seems to disappear and a four-fold
symmetry appears for the film thickness 50 nm, which can be explained as the electric
field induces a four-fold cubic magnetocrystalline anisotropy to the FeSiB layer due to
the strained state on the interface layer. However, for 100 nm thickness, there was a
30° change in the anisotropy easy axis direction. While the Hc shows four-fold tran-
sition by applying E-field for both thicknesses. Also, by removing high electric poling
of 6 kV/cm the film anisotropy and Hc show non-volatile behavior stimulated by the
application of high E-field. This change in the FM film properties can be understood

by both stain and charge co-medieted ME coupling.

5.3.5 Mechanisms of E field control of magnetic properties

We can say that the voltage-induced magnetic anisotropy and coercivity changes come
mainly from two contributions, i.e., magnetoelastic contribution modified via piezo-
strain of the PMN-PT and the interface charges contribution modified via spin polar-
ized charges induced by the electric field application.

(1) Strain effect: We can understand the piezo-strain effect of the PMN-PT sub-
strate by its unique ferroelectric domain structure as shown in Fig/5.10] The unpoled
state represents the PMN-PT state with the Rhombohedral structure before E field
application in which the dipoles have the possibility to be oriented at the eight corners
of the cubic cell (8R state) as shown in Fig[5.10] (a). When the E field is applied across
PMN-PT thickness, the electric dipoles start to align at the <111> direction of the
unit cell (4R state) as shown in Fig5.10] (b). By reversing the E field direction, the
polarization starts to switch by the three different domain wall movements 72°, 180 °
and 109 °. The 72° and 180 ° switch at the in-plane direction, while the 109 ° have

a 90° switching. We can emphasize that the huge and non-volatile piezoelectric effect
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Figure 5.10: Illustration of the polarization switching of the rhombohedral PMN-PT.

of the PMN-PT substrate is induced by the 109 ° domain wall switching[I09] [110].
These strains are transferred to the FM layer through the magnetostriction properties

of FeSiB film and then changes the magnetic anisotropy.

(2) Charge effect:In order to understand the magnetoelectric mechanisms which
contribute to magnetization changes by E field, we studied the interface region of 10 nm
FeSiB/PMN-PT heterostructure before and after E field application. X-ray photoemis-
sion spectroscopy (XPS) provides a clear understanding of the interface chemistry and
bonding so we used XPS as a tool to examine the interface layer between the FM and
FE phases|I11]. As shown in Figl5.11] (a), XPS spectra for all contributed elements
show the existence of intermediate mixed layer induced due to high sputtering energy
represented by Fig. (b). XPS spectra of Fe and lead shows their diffusion beyond
the interface layer as shown in F ig (b) leading to the presence of a mixed interface
layer between FeSiB and PMN-PT. Figure represents the fitted XPS spectra at
the interface region. From Ols spectra, we have confirmed the existence of oxygen va-
cancies peak (VO) at a binding energy of 531 eV beside the lattice oxygen peak (LO)
which has the energy of 529 eV at the interface region as shown in Fig. (a). We

have also confirmed the existence of FeO peak at 708.4 eV from Fe2p spectra as shown
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Figure 5.11: (a) XPS spectra at the interface region for all elements, (b) illustration
of the mixed interface layer. (c) XPS spectra for Fe and Pb ions during milling.

in Fig. (b). The presence of the oxygen vacancies and FeO at the interface layer is
mainly induced due to high sputtering energy during deposition. We can say that due
to the oxygen vacancies at the interface, the ferroelectric polarization act as an E-field
at the interface (field effect) which can tune the local charge densities (electron-hole).
The accumulation/depletion of the charge at the interface layer can also affect the or-
bital occupancy of the magnetic layer resulting in modulation of the magnetic moment
which can be noticed from the shift of Fe and Pb spectra under E field application as
shown in FigJ5.13] E-field-driven charge carrier movement is polarity dependent and
results in strong permanent (nonvolatile) changes. This accumulation/depletion of the
charge at the interface layer act as pinning sites which will hinder the domain wall
motion of the ferromagnetic layer resulting in a large and non-volatile increase in the
magnetic coercivity H, shown at the small film thicknesses[I12]. =~ From our results,
we find that the magnetic anisotropy energy density decreases with the increase of
electric fields. This confirms that the origin of the electric-field effect on the anisotropy
is related to the modulation of interfacial magnetic anisotropy, which is governed by
the accumulation/depletion of spin polarized charges. Also, E field is more likely to

induce the increase of domain walls due to inhomogeneities of the magnetizing phases
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Figure 5.12: (a) XPS spectra for Ols, (b) XPS spectra for Fe2p.

Figure 5.13: XPS spectra for Fe and Pb ions under the application of E field and the

illustration of the charge accumulation/depletion.
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Figure 5.14: H. and normalized M, at E field of 6 kV/cm as a function of film

thickness
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Figure 5.15: M,-E loops for all studied film thicknesses.

at the interface (the charge accumulation is spin polarized and contributes to the to-
tal magnetization at the interface) which is the origin of the higher coercive field for
the smaller thicknesses. E-field control of coercivity (H.) shows a thickness-dependent
behavior as shown in Fig. [5.14] By applying an E field of 6 kV/cm, FeSiB film shows
lower coercivity and higher magnetization by increasing film thickness which indicates
the interface charge effect is dominant at smaller thicknesses. At smaller thickness, the
effect of the interfacial spin polarized charges will hinder the magnetization reversal
due to pining of domain wall and hence increase the Hc. As the thickness increases, the
interfacial effect decreases and the most dominant effect is the strain which increases

the in-plane anisotropy due to the spin-dipole interaction.
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Figure 5.16: (a) derivative M,-E loops. (b) CME constants as a function of film

thickness.
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5.3.6 M-E measurements

In order to estimate the convert magnetoelectric coupling for our multiferroic het-
erostructure, we studied the dependence of the remnant magnetization, M,., on E field.
Figure [5.15| shows the dependence of the remnant magnetization, Mr, on electric field
(Mr-E curves) for the in-plane [010] direction for all studied thicknesses. The results
show a square-shaped M-E loop which confirms the interfacial cooperation of strain
and charge effect for 10 nm. By increasing thickness, the loop changes to mixing of hys-
teresis and butterfly shape, until it shows a fully asymmetric butterfly shape with the
thickness of 100 nm. The hysteresis-shaped M—E loop confirms the interfacial charge
effect, which is different from the asymmetric butterfly-shaped induced by the stain
of PMN-PT substrate. We also calculated the magnetoelectric coupling coefficient by
differentiating M, with E field according to this equation as shown in Fig. (a).

Figure[5.16] (b) shows the magnetoelectric coupling calculated for all film thickness. The
CME constant shows very high values which increase by increasing the film thickness
and ranging from 1.5 107> to 9.75 10~® s/m. This increase of CME constant indicates
the dominated strain effect related to the ferroelectic domain wall switching in PMN-

PT substrate which is the main driven ME force at larger thicknesses.

5.3.7 Microwave Magnetoelectric Interaction

FMR absorption is an interesting resonance phenomenon that occurs when a magnetic
field and a microwave field are applied to a ferromagnetic sample at the same time,
and the resonance condition is obtained[77]. A large number of research achievements
have been reported on E field tuning of FMR involving a wide range of geometries and
materials[I13]. E field control of magnetism may introduce a wide FMR modification

in an energy efficient way for spintronic devices applications[I14].  Figure (b)
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Figure 5.17: (a) Schematic illustration of FMR measurements. (b) FMR spectra at
different frequencies. (c) FMR spectra at 6 GHz under the application of bipolar E
field.

Figure 5.18: (a) E field dependent of FMR resonance field. (b) E field dependent of
FMR linewidth.



Thickness-dependent E field-modulated magnetism in FeSiB/PMN-0.3PT
heterostructure 59

Figure 5.19: (a) and (b) represents FMR linewidth as a function of frequency at
bipolar E field for 20 nm and 50 nm, respectively.

shows the FMR spectra of 10 nm FeSiB as a representative thickness to investigate
the microwave ME interactions with the magnetic field along to [010] direction of
PMN-0.3PT substrate. The E field is applied across the structure thickness as shown
in Fig. (a). Room temperature fixed frequency (from 5 GHz — 11 GHz) FMR
measurements were performed in field sweep mode using Cu-coplanar waveguide in flip-
chip geometry. Figure[5.17](b) shows the FMR spectra for our studied heterostructures,
which indicates the resonance field and corresponding linewidth at each corresponding
frequency. We have observed that the frequency of 6 GHz has the highest absorption
among all frequencies for all studied thicknesses.

To investigate the effect of the electric field on microwave magnetoelectric interac-
tion, the dynamic magnetoelectric response of the films was investigated at a frequency
of 6 GHz under different bipolar electric fields as shown in Fig[5.17) (¢). We swept the
electric field from negative to positive (similar to the static measurements). As shown
in the figure, a gradual shift up to 24 Oe in the resonance field is induced by increasing
the field to -14 kV /cm and shift by 75 (Oe) at 14 kV /cm, showing asymmetric behavior.
We can understand the E field tuning of FMR spectra as follows. The electric field
induces a deformation of the ferroelectric substrate resulting from the 109° ferroelectric
domain wall motion which introduces strains. This stained state transmitted to the

magnetic FeSiB film via the convert magnetoelectric (CME) coupling. Usually, the
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change in FMR field is due to spin-orbital coupling and the magnetostriction induced
by the strain from PMN-PT. However, the change exhibits asymmetric behavior be-
tween the positive and negative E fields which can be attributed to the cooperation of

the interfacial strain and charge mediated coupling.

Figure (a) and (b) shows the FMR resonance field (Hpag) and the peak-
to-peak FMR linewidth (AH) as a function of applied electric field which are ex-
tracted from the FMR spectra that fitted to the derivative of a modified Lorentzian
function[115]. The Hp g field and AH exhibit a strong dependence on the electric field
showing a gradual increase by increasing the electric field. This simultaneous modifi-
cation of AH and Hp,, R is attributed to the strain in the magnetostrictive FeSiB film.
As shown in the figure that at E = 6 kV /cm there is a dramatic change in the FMR
field and AH supporting the results obtained from static measurements. The asym-
metric increase in FMR linewidth with E-field may indicate the two-magnon scattering
due to the charge effect. Also, the E-field modulation of FMR resonance shows mixed
loop/butterfly shape which indicates the cooperation of stain and charge effect. We
can assume that the main mechanism responsible for the asymmetric phenomenon is
related to the accumulation/depletion of the spin polarized interfacial charges. This
interfacial charge restricts domain wall movement and generates biased polarization
and additional strain states at the interface layer. Additionally, not only was a shift in
the resonance field obtained, but also a decrease in the amplitude of the FMR spectra
and broadening of FMR linewidth with increasing electric field was observed, which
indicated that the excitation triggered by the electric field was transferred to the spin

system via the magnetoelectric coupling.

The FMR linewidth AH consists of the intrinsic Gilbert damping contribution (pa-
rameterized by the damping constant «) and the frequency-independent inhomoge-

neous linewidth broadening AH, [115].

AH = AHy + (4ma)/(37y) f (5.2)
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where f is the microwave excitation frequency and ~ is the gyromagnetic ratio.
According to Eq. (5-2), a and AHy can be determined directly by measuring the
frequency dependence of AH. Figure[5.19 (a) and (b) represent FMR linewidth (AH)
as a function of frequency for 20 nm and 50 nm of film thickness, respectively. It has
been found that the FMR linewidth increases with frequency at E = 0 kV/cm. By
application of an electric field of 6 kV /cm, there is a large enhancement in AH values.
Also, FMR linewidth becomes increasingly nonlinear with f at higher frequencies for
smaller thicknesses as shown in Figl5.19 (a). Such a nonlinear behavior is related to
two-magnon scattering, which comes from coupling between the uniform FMR mode
and the degenerate spin waves due to the interfacial spin polarized charges, leading to
an additional magnetic relaxation channel. However, for thicker samples, AH increases
linearly with f over the entire experimental frequency range indicating the decrease of
the interface effect as shown in Fig[5.19 (b). In addition, magnetic damping of FeSiB
film has been determined from the linear fits to the FMR linewidth data AH using
the relation, a= (v/2nf) AH. Generally, spin-orbit interactions are the major origins
of magnetic damping for FM thin films[81]. Figure shows the FeSiB thickness
dependence of the damping constant. As shown in the figure the damping constant
decreases with increasing the thickness at E field of 0, -6, and 6 kV /cm, indicating the
decrease of the interfacial charge effect. We can say that there is a contribution of two
different damping mechanisms in thick and thin films. In thinner films, two-magnon
scattering due to the interfacial spin charges is significant for the FMR linewidth, while
the Gilbert damping dominates the linewidth in thicker films[116]. As the charges at
the interface are spin polarized and contribute to the demagnetizing field and may

induce PMA and two magnon scattering effect.
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Figure 5.20: Thickness dependent of FMR linewidth at applied bipolar E field.
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5.4 Summary

FeSiB films with different thicknesses 10,20,50 and 100 nm was deposited by DC sput-
tering on top of PMN-0.3PT substrate. The XPS spectra were showed a mixed interface
region with the existence of O vacancies and oxidation state of Fe (FeO) at the inter-
face layer between FM and FE layers which was introduced due to the high sputtering
energy during the deposition. We have got E-field control of magnetic anisotropy and
coercivity He depending on E-field polarity and film thickness. We obtained a non-
volatile E-field modulation of the static and dynamic magnetic properties through the
cooperation of the strain and charge effect, however, the interfacial charge effect is
significantly reduced at higher thicknesses and the strain effect dominates. In addi-
tion, FeSiB/PMN-PT heterostructures showed very large CME constants ranging from
1.5x107° t0 9.75x107° s/m for 10 and 100 nm, respectively. We can conclude that our

heterostructures show a high potential for memory and energy storage applications.






Chapter 6

E field-modulated magnetism in
NiFe /Pt /CoFeB/PMN-0.3PT

heterostructure

6.1 Introduction

Electric-field manipulation of magnetic properties in multiferroic is considered an effi-
cient way of authorizing memory and magnetic microwave devices with ultralow power
consumption[I17]. Multiferroic heterostructure which mainly consists of combined fer-
romagnetic and ferroelectric layers provides the most consistent and reliable E field
tuning of magnetic properties. In this type of heterostructures, strain or charge in-
duced by an electric field applied on the ferroelectric layer is capable of manipulating
the magnetic anisotropy of the adjacent magnetic layer, resulting in a magnetoelectric
effect[T118]. Due to its high piezoelectric coefficient, PMN-0.3PT single crystal with 100
orientation is a good candidate as a FE layer in our study. NiFe film is used in our
tri-layer heterostructure due to its high saturation magnetization[119], low coercivity
[120] and small ferromagnetic resonance linewidth. Also, CoFeB film is used due to

its unique properties like the induced PMA under the application of E field[I21]. In
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this ME MF tri-layer heterostructures, we aim to study the effect of the E field and
the magnetoelectric coupling mechanisms on the interface layers between the two FM
films separated by Pt spacer. Usually, at the interface layer between different magnets,
there is a possibility of some coupling between the different magnetic layers which leads
to modulation of the magnetic properties[122], 123]. By depositing NiFe and CoFeB
separated by Pt layer on top of PMN-0.3PT substrate, we aim to control the magnetic

properties of the tri-layer by using an external E field.

6.2 Sample fabrication

NiFe, Pt, and CoFeB films of 5 nm thickness of each were deposited on one side-
polished unpolarized commercial ferroelectric (100)- oriented single crystal PMN-0.3PT
substrates with the dimensions of 5 x5 x0.5 mm. The deposition was held by DC
sputtering technique at room temperature without an applied external magnetic field.
The base pressure of the chamber was kept lower than 2 x 10 ~° Pa, and the work
power was set to 500 W. During the sputtering process, argon gas was used as the
ambient gas at a flow rate of 10 sccm, and a working pressure of 0.2 Pa. For electrical
measurements, Cu was evaporated as a lower electrode and Cu wires were connected

with silver past to apply E field across the sample thickness.

6.3 Magnetoelectric Static Measurements

Magnetic properties for the tri-layer heterostructure at the virgin state (Before E field
application) were measured by M-H loops at 0 and 45 deg, as shown in Fig. M-H
curves show a uniform loop with soft properties and a coercive field of 8 Oe. However
the loop at 45 deg shows a higher remnant and lower saturation field indicating the
anisotropic property of the deposited films. For further understanding of the mag-

netic anisotropy of the as-deposited tri-layer, we measured the angle dependence of
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Figure 6.1: Schematic illustration of the Tri-layer heterostructure
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Figure 6.2: (a)M-H loops at 0 and 45 deg, (b) Angle dependent of normalized M,

normalized M,. The tri-layer heterostructure shows a uniaxial magnetic anisotropy
with an easy axis at 45 deg which is induced during the deposition. From these re-
sults, we can see the coupling between the upper and lower magnetic layers. Owing to
the unique properties of Platinum it can easily introduce the coupling between CoFeB
and NiFe layers which can be understood by the weak ferromagnetism induced in the
Pt spacer between two ferromagnetic layers[I124]. We can say that the nonmagnetic
spacer becomes weak ferromagnet (fm) because of the magnetic proximity effects from
two ferromagnetic metals. In this case, the ferromagnetic coupling occurs between two

ferromagnetic layers through the exchange coupling via the fM Pt layer[125].

Static magnetic properties under the application of electric field were characterized
by M-H loop measurements. Magnetic field was applied parallel to the heterostructure
at |010] direction and at the easy axis direction, while E field was applied across the
structure thickness. From Fig. (a) we can see that, by applying E field at [010]
direction we get two-step loops. Also, the increase of the bipolar E field induces an
increase of Hc or domain walls and a decrease in magnetization as shown in fig.
(b) due to the inhomogeneities of the magnetizing phases at the magnetic interfaces.
Generally, in strong/weak /strong ferromagnetic tri-layer it can easily tune the magnetic
properties by temperature or strains through the change the Curie temperature of the

weak magnetic layer[126]. We can say that due to the low curie temperature of Pt
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Figure 6.3: (a)M-H loops under the application of bipolar E field at [010] direction,
(b) M, as a function of applied E field.

Figure 6.4: (a)M-H loops under the application of bipolar E field at easy axis direc-
tion, (b) M, as a function of applied E field.

which is around room temperature, the E field induces phase transition of Pt layer to
become paramagnet and then the two ferromagnetic layers become uncoupled. On the
other hand, at the easy axis direction as shown in Fig. (a), M-H shows the same
properties as shown in [010] direction. However, Fig. (b) shows a decrease in M” by
increasing negative E field while it shows an increase by increasing positive E field. we
can say that the main mechanism of the E field modulation of the magnetic properties
of the tri-layer is that E field introduces some compressive/tensile strains to PMN-
PT substrate which depend on E direction through the piezoelectric property. These
strains are transferred to magnetic tri-layer and then change the magnetic properties

due to magnetostriction property.
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Figure 6.5: (a)Angle dependent of M, at the virgin state and at 6 kV /cm, (b) Angle
dependent of H. at the virgin state and at 6 kV /cm.

To have a deep understanding of the E field modulation of the magnetic properties
of the tri-layer structure we measured the angle-dependent of M, and H. before and
after the application of E field. As shown in Figl6.5|(a) at E field of 6kV /cm the uniaxial
anisotropy is changed to biaxial anisotropy. Also, H. shows the same tendency as shown
in figl6.5] (b). we can say that, due to the polarization switching of PMN-PT under the
application of electric field, the substrate undergoes a nonvolatile strain resulting from
the 109° domain wall switching[I09]. These tensile/compressive strains are transferred
to the CoFeB layer depending on E field direction and then changes the interfacial
anisotropy due to the spin-orbital coupling. This interfacial magnetoelastic anisotropy
will affect the interface between magnetic layer making the Pt layer unmagnetized and

consequently uncoupling the two magnetic layers.

6.4 Magntoelectric coupling

In order to calculate the magnetoelectric coupling of the tri-layer multiferroic het-
erostructure, we measured the M,-E curves. The magnetic field was applied at [010]
direction and at the easy axis direction at 200 Oe to reach saturation. After remov-
ing the magnetic field, the M, was measured by sweeping bipolar E field across the
structure thickness. Figure|6.6[ (a) and (b) show the M,-E loops at [010] and easy axis
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Figure 6.6: (a) M,-E loop at [010] direction, (b) M,-E loop at easy axis direction

direction.

direction, respectively. From the figure, we can see that the loops have the butterfly
shape, which indicates the induced interfacial magnetoelastic anisotropy due to the
PMN-PT strain effect. The convert magnetoelectric coupling constant of the tri-layer
heterostructure was calculated from M,-E loop to be 5 to 7.7 x 107> s/m according to

the following equation.

QACcME — Mo(AMr/AE) (61)

Such a high value is related to the strain mediated magnetoelectric coupling in the

tri-layer heterostructure.

6.5 Magnetoelectric dynamic measurements

Ferromagnetic resonance (FMR) is an important and versatile technique that is widely
used for studying magnetic anisotropy and relaxation in thin films and multi-layers[127].
Broadband FMR measurements were performed in field sweep mode using Cu-coplanar
waveguide in flip-chip geometry. The magnetic field was applied along [010] direction of
the tri-layer heterostructure. As shown in Fig. (a) the frequency of 5 GHz has the
highest absorption among all frequencies for all film thicknesses. Also, from the figure

we can see that the FMR spectra have one uniform absorption peak which indicates
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Figure 6.7: (a) FMR spectra at different frequencies, (b) FMR spectra at 6 GHz
under the application of E field.

Figure 6.8: (a) FMR spectra at different frequencies, (b) FMR spectra at 6 GHz
under the application of E field.

the coupling between the two magnetic layers as confirmed from static measurements.

Because FMR is more sensitive to the magnetization changes, we studied the E
field control of the resonance field and damping constant. Figure (b) shows the E
field modulation of FMR spectra. By applying E field around the saturation field (-/+
6kV /cm), we obtain a significant modulation of FMR spectra as shown in the inset of
ﬁg. (b). The spectra show a double absorption peak related to the two ferromagnetic
layers CoFeB and NiFe confirming the uncoupled state. We can say that the application
of the E field introduces interfacial strains at the tri-layer heterostructure. This strain
makes the Pt layer unmagnetized and then breaks the coupling between the upper and

lower magnetic layers.
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Figure 6.9: (a) FMR spectra at different frequencies, (b) FMR spectra at 6 GHz
under the application of E field.

To confirm the strain mediated magnetoelectric coupling of the FMR spectra of the
tri-layer and by fitting the FMR spectra, we studied the change of the resonance field
Hrayr and the FMR linewidth AH as a function of the applied E field. Figure (a)
and (b) shows the Hgpy g and AH changes with E field for the peak related to CoFeB
layer, respectively. From the figure, we can see that the loops have the shape of the
butterfly which is related to the strain effect from the PMN-PT substrate. The same
tendency is shown for the Hpy g and AH loops related to the NiFe layer as shown
in Fig. (a) and (b). Figure shows the FMR linewidth AH as function of
frequency. It has been found that the FMR linewidth AH shows a linear increase with
frequency at E = 0 kV/cm. By the application of electric field of -4 and 4 kV /cm, there

is a large enhancement in AH.

In addition, magnetic damping of the tri-layer heterostructure has been determined
from the linear fits to the FMR linewidth AH. Generally, spin-orbit interactions are
the major origins of magnetic damping for FM thin films[128]. We can say that by
the application of E field the tri-layer structure undergoes compressive/tensile strains
which are transferred from PMN-PT substrate. The tri-layer heterostructure shows a
damping constant of 0.02141 at E = 0 kV/cm and a value of 0.03308 at E = 4 kV /cm.
The large change in « suggests a strong correlation between magnetostriction and the

intrinsic Gilbert damping mechanism.
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Figure 6.10: (a) FMR spectra at different frequencies, (b) FMR spectra at 6 GHz
under the application of E field.
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6.6 Summary

NiFe(5 nm)/Pt(5 nm)/CoFeB(5nm)/PMN-0.3PT tri-layer multiferroic heterostructure
was fabricated by sputtering technique. We got non-volatile E-field modulation of
the static and dynamic magnetic properties through the strain effect related to the
109° polarization switching of ferroelectric domain in (100)-oriented PMN-0.3PT single
crystal. The tri-layer multiferroic heterostructure showed a very large CME constant of
7.7x 1075 s/m related to the strain effect. Also, the damping constant increases by the
application of bipolar E field. Due to the strain effect from PMN-PT substrate under
the application of E field, the tri-layer system undergoes a change of the interfacial
properties. We can say that the Pt layer undergoes a paramagnetic transition which

breaks the coupling between the upper and lower magnetic films.






Chapter 7

Conclusion

In this thesis, the main focus was on studying the electric field effect on the magnetic
properties of ferromagnetic thin films in newly designed multiferroic heterostructures.
To achieve this goal, three different heterostructures were fabricated. By measuring the
static and dynamic magnetic properties under the application of bipolar E field, the E
field modulation of the magnetic properties was achieved. This convert magnetoelectric
coupling is driven mainly by the cooperation of the strain and charge effect at the
interface layer of the studied heterostructures. However, the dominant mechanism
was the strain effect through the coupling between piezoelectric and magnetoelastic
properties of the FM/FE layers.

The detailed conclusion for each experiment is described as follows.

Modulation of magnetic anisotropy in FeSiB film sputtered on curved
substrate.

FeSiB film was deposited by sputtering technique on the curved polyimide sheet.
Although the conventional soft magnetic property has been confirmed in the FeSiB
deposited on the flat polyimide sheet, the systematic change of the magnetic anisotropy
was obtained by changing the curvature during the deposition. The significant magnetic
anisotropy around 0.15 MJ/m? was found to be induced by using the curved sheet

with the curvature of 0.15 mm~!. These results indicate that the combination between

7
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the magneto-striction and flexible substrate provides the efficient modulation of the
magnetic property.

Thickness-dependent E field-modulated magnetism in FeSiB/PMN-0.3PT
heterostructure.

FeSiB film with different thicknesses 10,20,50 and 100 nm was deposited by DC
sputtering on top of PMN-0.3PT substrate. The XPS spectra showed a mixed interface
region with the existence of O vacancies and oxidation state of Fe (FeO) at the interface
layer between FM and FE layers which was introduced due to the high sputtering
energy during the deposition. E-field control of magnetic anisotropy and coercivity He
was found to be depending on E-field polarity and film thickness. A non-volatile E-
field modulation of the static and dynamic magnetic properties were achieved through
the cooperation of the strain and charge effect. However, the interfacial charge effect
was significantly reduced at higher thicknesses and the strain effect dominates. In
addition, FeSiB/PMN-PT heterostructures showed very large CME constants ranging
from 1.5x107° t0 9.75x107° s/m for 10 and 100 nm respectively. I can conclude that
this multiferroic heterostructure shows a high potential for memory and energy storage
applications.

E field-modulated magnetism in NiFe/Pt/CoFeB/PMN-0.3PT heterostruc-
ture.

NiFe(5 nm)/Pt(5 nm)/CoFeB(5nm)/PMN-0.3PT tri-layer multiferroic heterostruc-
ture was fabricated by sputtering technique. Non-volatile E-field modulation of the
static and dynamic magnetic properties was obtained through the strain effect. This
strain effect is related to the 109° polarization switching of the ferroelectric domain
in (100)-oriented PMN-0.3PT single crystal. The tri-layer multiferroic heterostructure
showed a very large CME constant of 7.7 x 1075 s/m related to the strain effect. Also,
the damping constant increases by the application of the bipolar E field. Due to the
strain effect from PMN-PT substrate under the application of E field, the tri-layer sys-

tem undergoes a change of the interfacial properties. The static and dynamics results
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confirm that the Pt layer undergoes a paramagnetic transition under the application

of E field which led to the uncoupling between the upper and lower magnetic films.
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