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Abstract

The results of this thesis can be separated in two main lines: i) growth and characteriza-
tion of ferroelectric thin films; ii) magnetoelectric characterization of Fe thin films grew on
BaTiO3 substrates. We succeed to fabricate simple thin films of BiFeO3 and SrRuO3 by
RF-magnetron sputtering. The films where characterized by several structural and spec-
troscopic techniques, showing that in some cases we obtained very high quality epitaxial
films. Besides the results on thin film growth, we characterized the ferroelectric domains
of a thin iron magnetic film grown on top of a ferroelectric BaTiO3 substrate. This kind of
system behaves as a magnetoelectric multiferroic heterostructure. We studied the inter-
action between ferroelectric and ferromagnetic domains mostly by photoelectron emission
microscopy (PEEM). This technique allows one to obtain microscopic information about
the electric and magnetic domains in the sample. We were able to demonstrate the inter-
action between the magnetic and ferroelectric degrees of freedom in such heterostructures.
We found that the underlying ferroelectric domains on BaTiO3 in some situations deter-
mine the orientation of the top Fe magnetic layer. These results show the potential of
such artificial magnetoelectric heterostructure to control the magnetic state through the
application of electrical voltages.

Keywords: Multiferroics. Ferroelectrics. Magnetoelectrics. Thin films. Photoelectron

emission microsocopy.



Resumo

Os resultados dessa tese podem ser separados em duas linhas principais: i) crescimento
e caracterização de filmes finos ferroelétricos; ii) caracterização magnetoelétrica de filmes
finos de Fe crescidos sobre substratos de BaTiO3. Conseguimos fabricar filmes finos sim-
ples de BiFeO3 e SrRuO3 por RF-magnetron sputtering. Esses filmes foram caracterizados
por diversas técnicas estruturais e espectroscópicas, demonstrando que em alguns casos
obtivemos filmes epitaxiais de alta qualidade. Além dos resultados em filmes finos, neste
trabalho de doutorado também investigamos a interação entre os domínios ferromagnéti-
cos e os domínios ferroelétricos de um filme fino magnético crescido sobre um substrato
ferroelétrico. Esse tipo de sistema se apresenta como uma heteroestrutura multiferroica
magnetoelétrica. O objetivo desse trabalho é compreender como se dá a interação de um
filme fino de ferro crescido sobre um monocristal ferroelétrico de BaTiO3. Para esse fim
empregamos principalmente a técnica de microscopia de emissão de fotoelétrons (PEEM).
Essa técnica permite obter informação micrométrica sobre o estado de polarização elétrica
e magnetização da amostra. Dessa forma demonstramos que sob condições controladas
existe uma interação entre os domínios ferroelétricos e ferromagnéticos nessa heteroestru-
tura. Nossos resultados mostraram que os domínios ferroelétricos do substrato de BaTiO3

determinam a orientação dos domínios magnéticos de camadas ultrafinas de Fe. Esses re-
sultados demonstram o potencial desse tipo de heteroestrutura para aplicações onde um
estado magnético pode ser alterado através de um potencial elétrico.

Palavras-chave: Multiferroicos. Ferroelétricos. Magnetoelétricos. Filmes finos. Micro-

scopia de emissão de fotoelétrons.
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Chapter 1

Introduction: magnetism and

ferroelectricity

Although ferroelectric materials are less known than ferromagnetic materials,

ferroelectrics are already used in many applications. Some of these applications just de-

pend on the piezoelectric, pyroelectric or dielectric properties of ferroelectric materials, as

it is the case for micro motors, micro capacitors, piezoelectric generators, or microsensors

[1]. But other applications are also related with the existence and the possible switch

of the electrical polarization for ferroelectrics. An example of these applications are fer-

roelectric random access memory (FeRAM) memories, which are non-volatile memories

[2]. Each memory cell (bit) is formed by a capacitor, constituted by a thin ferroelectric

film between two electrodes and whose electric polarization corresponds to the values 1

or 0 of the bit, and of a transistor, which makes possible to select the desired cell among

the others. A voltage greater than the voltage required to switch the electric polarization

is applied only if the two inputs of the transistor, one corresponding to “Bit line” and

one to “Word line”, are active. When the cell is selected, the current passing through

the capacitor is compared to the current passing through another similar capacitor, used
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as a reference. If the two do not have the same electric polarization, the difference of

intensity between the two will be appreciable (if the capacitor has an electric polariza-

tion reversed in comparison to the electric field generated by the applied voltage, we will

have, in addition to the leakage current, a current related to the switch of the electric

polarization). This configuration is called 1T1C (1 transistor, 1 capacitor), but a 2T2C

configuration can also be found, where another transistor/capacitor set is added as refer-

ence for each cell, to avoid the fatigue due to a unique reference for all cells. These FeRAM

memories are already commercialized, for example, SAMSUNG uses a thin film of lead

titanate zirconate (PZT) of 4 Mbit, and configuration of 1T1C. The fact of switching the

electric polarization each time it is opposite to the applied electric field implies that the

reverted polarization must be switched again for not loosing the information of the bit,

the reading is thus destructive. These polarization switchings generate significant mate-

rial degradation.However, even with this material degradation, FeRAM are more fatigue

resistant than the most commonly used FLASH memories. The biggest disadvantage of

FeRAM, compared to Flash, is the price and the small memory density, points that can

be improved with the study of new materials. On the other hand, with the possibility

of growing extremely thin films, it is possible to change the electric polarization of ferro-

electrics with a voltage of only 1V, whereas flash memories can not be used with less than

5V [3]. Another ferroelectric memory, which is not yet commercialized, is the ferroelectric

field effect transistor (FeFET) memory [2], in which a ferroelectric thin film is used instead

of a dielectric layer normally found in a field effect transistor (FET) memory. Writing is

done with the application of voltage pulses, which determine the electric polarization of

the ferroelectric. This polarization will generate charges on the surfaces. At the interface

between the ferroelectric and the semiconductor, opposite mobile charges will appear on

the semiconductor side, and these charges will change the resistance between the source
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and the FET drain. The reading is made by measuring the resistance between the source

and the drain, and in this case is not destructive, and thus more resistant to the fatigue

(it is only necessary to change the polarization for the writing, which is less frequent than

the reading). On the other hand, a buffer layer must be used between the ferroelectric

and semiconductor layers to prevent injection of charges, even if this reduces the voltage

applied to the ferroelectric. In order to improve the use of FeFET and to imagine com-

mercialization, the leakage current must still be reduced as it complicates the reading of

the state [4]. Magnetic memories, such as hard disk drive or magnetoresistive random

access memory (using magnetic tunnel junctions), are still more widely used. But using

the coupling between magnetic and electric order in multiferroic magnetoelectric mate-

rials, one could use the advantage of both types, implementing magnetic memories with

electrical writing, or memories of four states (two for magnetization and two for electri-

cal polarization). Magnetic multiferroic could also find other application as microwave

components, magnetic field sensors or even for magnetoelectric probes for scanning probe

microscopy [5].

The objective of this thesis is to study the interaction between magnetic and fer-

roelectric domains in multiferroic, magnetoelectric systems. To accomplish this work, we

grew ferromagnetic and ferroelectric thin films, and characterized their chemical composi-

tion, crystalline structure and electronic structure. Finally we determined the microscopic

interaction between ferroelectric or ferromagnetic domains.

To understand the concepts involved in this work, in this chapter we introduce

the background theory for this project, recalling some basics about magnetism, ferro-

electricity, multiferroicity and the magnetoelectric coupling mechanism. In chapter 2 we

present the experimental techniques used along this work. Finally, in chapters 3 and 4
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we present and discuss the results obtained during this project.

1.1 Magnetism

Classical mechanics can give useful insights on magnetic effects. Considering

that the movement of the electron consists on a constant circular orbit around the nu-

cleus, we can for example explain the diamagnetic effect, present in all materials, as

explained in [6], when you turn on a magnetic field, currents are generated inside the

atom by induction. According to Lenz ’s law, the direction of these currents (and thus

the induced magnetic moments) will be opposite to the direction of the initial magnetic

field. The gyromagnetic ratio of a particle (ratio of the magnetic moment divided by the

angular momentum) calculated classically gives 𝛾 = 𝑒
2𝑚

, with 𝑒 the charge of the particle

and 𝑚 its mass. Although not valid only for general case, it gives the 1
𝑚

dependence

of the magnetic moment, explaining why magnetism of electrons is much higher than

magnetism of protons, and thus why electron contribution is generally the only one con-

sidered. However,the explanation of magnetism effect with classical mechanics is quite

limited. For example, classically, diamagnetism and paramagnetism should cancel each

other, and it is not possible to explain the quantization of magnetic moments of isolated

atoms. Indeed, magnetism is a quantum-mechanical phenomenon. Magnetism of matter

comes from spin and orbital momentum contribution of an electronic incomplete shell,

as for a complete shell the individual electron contribution cancel each other. More pre-

cisely, for one electron, the total magnetic dipole moment 𝜇𝐽 , resulting from both spin

and orbital momentum is related to the total angular momentum 𝐽 of this electron by :

𝜇𝐽 = 𝑔𝐽𝜇𝐵
𝐽

~
(1.1)
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With 𝑔𝐽 the Landé factor and 𝜇𝐵 the Bohr magneton. When magnetic moments

of individual electrons are ordered (anti-)parallel over several atoms (long range ordering),

the material is said to be (anti-)ferromagnetic. On the contrary, a material showing

individual magnetic moments without long range ordering is said to be paramagnetic.

For all ferromagnetic materials there is a transition temperature, named Curie

temperature, 𝑇𝑐, above which thermal fluctuation overcome the magnetic long range or-

dering, corresponding to a phase transition to the paramagnetic phase.

Finally, depending on the external applied magnetic field, the magnetization

history of the sample and its interaction with the environment, ferromagnetic materials

develop regions of uniform magnetization, called magnetic domains. These domains are

particularly important within this project and will be discussed in detail on the next

section.

1.1.1 Magnetic domains formation

Whereas electric dipolar interaction is enough to explain the ordering of elec-

trical polarization in ferroelectric materials, the magnetic dipolar interaction is too weak

to explain alone the magnetic ordering. A difference in energy for states of different spin

can be explained by exchange interactions. With the need for the many-body electron

wavefunction to be antisymmetric, electrons of same spin can not be at the same posi-

tion (Pauli principle), and then electrons of same spin tend to avoid each other, which

results in a minimization of coulomb repulsion. This Coulomb exchange favors ferro-

magnetism, whereas kinetic exchange, due to the possible hopping of electrons between

atoms leading to the reduction of the kinetic energy when electrons are delocalized, favors

anti-ferromagnetism [7]. In crystalline magnetic materials, whereas the spin moments are



Chapter 1. Introduction: magnetism and ferroelectricity 19

isotropic and do not interact directly with the lattice, the electronic orbitals have an

interaction with the crystal field generated by the lattice. These electrostatic interac-

tions lead to an alignment of the electronic orbitals in preferential directions according

to their symmetry. This anisotropy existing for orbital magnetic moments is coupled to

the spin moments via spin-orbit coupling [8]. The preferential axes for magnetization

are named easy axes, whereas the axis for which the maximum energy is necessary for

aligning the magnetization are hard axes. The effective anisotropy energy is the energy

necessary to rotate the magnetization from easy to hard direction. The minimization of

the magnetostatic energy can also be seen as a source of anisotropy. The magnetostatic

energy is a consequence of dipole-dipole interaction between magnetic moments. It can be

decomposed into two contribution, one volume contribution depending on the gradient of

magnetization, and the other is a surface contribution. This surface contribution depends

on the term 𝑀⃗.𝑛⃗, 𝑛⃗ being the surface normal. This 𝑀⃗.𝑛⃗ term can be seen as a pseudo

magnetic charge as it is at the origin of a demagnetizing field, which oppose to the initial

magnetization 𝑀⃗ . For a thin film, the magnetization will prefer lying along the plane of

the film, to minimize these pseudo magnetic charges and thus the demagnetizing field.

This preferential anisotropy can be described as a shape anisotropy.

Although exchange coupling is the strongest interaction (some eV/atom), they

operate at small length scales, whereas magnetostatic and anisotropies interactions op-

erate at larger length scale. Thus ferromagnetic domain pattern is determined by the

competition between exchange, anisotropy and magnetostatic energies.

The magnetostatic energy favors the formation of domains, in order to close the

magnetic flux inside the material. The formation of domains results in the presence of

domain walls between different domains, where the magnetization is not homogeneous.
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Figure 1 – Rotation of the magnetization for a Néel wall (a), and a Bloch wall (b) [10]

Because of exchange interactions it is not possible to have big disparities in the magnetiza-

tion direction between two neighboring atoms, thus the change in the magnetization will

be distributed along several atoms [9]. The competition between the exchange, anisotropy

and magnetostatic energies will define the type of domain walls. The width and the energy

of the domain walls are characteristics of the material. A strong exchange interaction fa-

vors large walls whereas a strong anisotropy favors narrow walls, as more energy is needed

to move apart from the easy magnetization axes.

The module of the magnetization is supposed to be constant along all the wall,

so the change of magnetization is done only by rotating the magnetization along the wall.

Thus, for 180°domain walls for example, two types of domain walls are possible, Bloch
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domains walls and Néel domain walls, according to the two possible axes of rotation, as

shown in Fig. 1. Néel walls generate pseudo magnetic charges inside the wall, whereas

Bloch walls generate pseudo charges at the surface, thus, in general Néel walls appear in

thin ferromagnetic films, whereas Bloch walls appear in bulk ferromagnetic materials.

When applying a strong magnetic field, the magnetization of the ferromagnetic

domains align with the magnetic field. This can be done by a growth of domains which

already have their magnetization aligned or by a rotation of the magnetization of other

domains. This results in a hysteresis curve when plotting the magnetization as function

of the applied magnetic field. After application and then removal of the applied field, the

final magnetization is not null, but has a remanent value. One needs to apply an opposite

magnetic coercive field to be macroscopically demagnetize the material.

1.2 Ferroelectricity

A material is ferroelectric if it has a spontaneous electric polarization, and if that

polarization can be reversed by the application of an electric field. The existence of an

electric polarization implies restrictions on the symmetry of the crystal (see 1.3.2). If the

operation of space inversion symmetry is contained in the point group of the crystal, the

crystal can not have an electric polarization. Among the 32 crystalline point groups, there

are 21 that do not have this inversion symmetry. Among these 21, 20 are piezoelectric

[11]. The piezoelectricity corresponds to the appearance of an electric polarization when a

mechanical stress is applied in the material. For these piezoelectric point groups, only 10

of these 20 point groups have an spontaneous electric polarization [11] and are called polar

point groups. All these polar point groups are pyroelectric, that is, they present a change

in the electric polarization when the temperature of the material changes, what can be
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detected by a flow of charges at the surface of the crystal. Among these polar groups,

some have the property of ferroelectricity (their electric polarization can be switched).

This means that a ferroelectric material also has properties of pyroelectricity and piezo-

electricity, which can be understood physically. As the electric polarization is related

to a displacement of the ions (the polarization is coupled to the crystalline structure),

anything that will influence the structure will change the value of the electric dipoles. As

temperature and stress influence the structure, then a variation of temperature, or the ap-

plication of a force, will generate a change in the electric polarization. It is the symmetry

of the crystal which will determine the possible directions for the electric polarization.

Ferroelectric phase transition

The ferroelectric property is only present for a certain range of temperature

and pressure. In particular, ferroelectrics are paraelectrics at high temperature. We then

have a phase transition when the temperature decreases, from the paraelectric phase to the

ferroelectric phase, for a certain temperature called the Curie temperature [12]. Two types

of ferroelectric transitions can be distinguished. An order-disorder transition, where, in

the paraelectric phase, the material presents a “disordered” microscopic polarization, the

electric dipoles at the origin of the electric polarization are not correlated to each other,

even at the microscopic level. In other words, their orientations are random. The second

transition is a displacive transition, where the electric polarization does not exist in the

paraelectric phase, even microscopically, and the ferroelectricity is due to the displacement

of the ions when the temperature is lower than the Curie temperature. In this last case,

the paraelectric phase is of higher symmetry than the ferroelectric phase. The origin of

displacive transitions is usually described by a softening of a phonon mode. These two

models of transitions are ideal models, in fact the transition can be a mixture of the two
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Figure 2 – Left panel: high temperature structure for a cubic perovskite. Right panel:
tetragonal structure of the ferroelectric phase, as found for example in PbTiO3
or PbZrO3 [14].

[13].

The phase transition may be of first or second order, depending on how the

symmetry of the paraelectric phase is broken. A phase transition is first order if the order

parameter (here the electric polarization) appears discontinuously when the temperature

becomes lower than the Curie temperature. The two symmetry groups in the paraelectric

and ferroelectric phases may or may not have a group / subgroup relationship. A ferro-

electric phase transition is of second order if the polarization appears gradually. Then the

symmetries of the two phases are related and the symmetry group of the most ordered

phase must be a subgroup of the most symmetrical phase. Below the Curie temperature,

the interaction between the dipoles becomes preponderant, and tends to align the electric

dipoles, creating regions where the electric polarization is homogeneous. In analogy with

ferromagnetic materials, these regions are called ferroelectric domains.

Types of ferroelectrics

The electric dipoles present in ferroelectrics can have different origins. Several

ferroelectric materials are perovskite oxides. Perovskites are materials with chemical

formula ABO3, the structure of which is depicted in Fig. 2. The atom at the center of
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the oxygen octahedra (for the high temperature phase) is a transition metal atom. The

origin of ferroelectricity in those materials (as for BaTiO3) is generally a covalent bonding

between a transition metal cation with empty 𝑑 orbitals and an oxygen anion with fully

occupied 𝑝 orbitals, which favors the displacement of the cation toward the anion. The

chemical bond enables the formation of electric dipole whereas the repulsion between

electron clouds favors non-polar cubic structure [12]. For those materials, the origin of

ferroelectricity is thus a polar distortion. When polar distortion is the driving mechanism

of ferroelectricity, the materials are said to be proper ferroelectrics. Another case of polar

distortion for ferroelectrics is the case of BiMnO3 and BiFeO3. For those materials the

ferroelectricity has another mechanism, which implies another atom than the transition

metal. The origin comes from the two electrons of Bi3+, which are initially 2𝑠, but they

are hybridized with 𝑝 orbitals. These two electron do not participate in chemical bonding,

and that have a high polarizability. They are called “lone pairs” [15]. The orientation of

this pair of electrons in one direction generates the electrical polarization and is considered

as a polar distortion. Thus BiMnO3 and BiFeO3 are also proper ferroelectrics.

The origin of improper ferroelectrics is different of a polar distortion. It can

be geometric (structural transition driven), charge ordering (for electronic ferroelectric),

or magnetic (magnetoelectric mechanism). For these improper ferroelectrics, their de-

scription within the Landau theory is not done as a primary order parameter, but as

a secondary order parameter coupled to a primary nonpolar lattice distortion or to a

magnetic order parameter [12].

An example of geometric ferroelectric is the hexagonal perovskite YMnO3. The

driving mechanism in this material is a rotation of the oxygen bipyramids. This rotation

usually does not result in ferroelectricity as for a cubic perovskite structure this rotation
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keeps the center of symmetry [12]. But in the case of the hexagonal YMnO3 geometry,

this rotation leads to ferroelectricity.

Long-range ordering

The appearance of an electric dipole does not always result in ferroelectricity.

The long-range ordering of electric dipoles is due to the dipole-dipole interaction. But

other interactions can overcome this one and can result in an ordering where the existing

electric dipoles cancel each other and no macroscopic electric polarization is present.

This configuration would be the electric analogous of antiferromagnetic materials, thus

antiferroelectric materials [12].

1.2.1 Ferroelectric domains

The formation of the domains is governed by the minimization of the energy of

the system. Domain walls cost more energy than domains. So a perfect infinite crystal

would minimize its energy having all the electric moments aligned in a single domain.

But if it is not infinite, an electric moment that is not parallel to the surface will generate

charges on that surface. These surface charges 𝜎 = 𝑃 .𝑛⃗, (given by the Maxwell’s laws),

with 𝑛⃗ the vector normal to the surface, will generate a depolarization field, opposite in

direction to the electric moment. This field has a cost in energy, which is lowered by the

existence of domains of reversed polarization. To some extent, the domains cancels the

depolarization field. This depolarization field tends to stabilize the existence of a large

number of domains [16].

For thin films, the importance of this depolarization field has a greater weight,

so thin films generally have a higher density of domain walls. On the other hand, the
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depolarization field interacts with the electric polarization of the domains, and this inter-

action may even cancel ferroelectricity if the film is too thin. One solution to minimize

these surface charges (which generate the depolarization field) is to use two electrodes in

contact with the two surfaces, which will provide a screening of the surface charges. Neu-

tralizing the depolarization field decreases domain density because it is the depolarization

field that causes the emergence of a large number of domains to be energetically interest-

ing [12]. The ferroelectric surface charges can also been screened by other mechanisms,

like by mobile charges inside the ferroelectric, or by adsorbates present at the surface or

ferroelectrics [17]. As elastic energy also has a great importance, anything that influences

this energy, such as the stress caused by an epitaxial growth on a crystal substrate, can

also influence the morphology of the domains, or even the existence of ferroelectricity. For

example, bulk SrTiO3 is not ferroelectric, but it can become ferroelectric in the presence

of stress [12].

Similarly to the ferromagnetic material, plotting the electric polarization as func-

tion of the applied electric field gives rise to an hysteresis curve, characterized by the value

of the remanent polarization and coercive electric field. This hysteresis curve represents

the alignment of the ferroelectric domains with the applied electric field, by growth or

shrinking, nucleation and vanishing of these domains. Also, there is a smaller contribution

of the dielectric property present for all ferroelectric materials.

1.2.2 Domain walls

In a perfect material, the area of the domain walls should be minimized, which

implies that the walls should be “smooth”, but with the existence of defects, the morphol-

ogy may be different [16]. When an external electric field is applied, nucleation, extinction



Chapter 1. Introduction: magnetism and ferroelectricity 27

Figure 3 – a) Ising wall, b) Bloch wall, c) Néel wall e d) Ising-Néel mixed wall [16]

or motion of domain walls can happen. After applying this field, the domains are usually

not the same as before applying the field. The symmetry of the point groups gives us

the different possible directions for the electric polarization (section 1.3.2). For example,

a rhombohedral structure, has eight possible directions [18] corresponding to the axes

of rotation, on the diagonals of the pseudo cube. The polarization of two neighboring

domains may then make between them an angle of 180, 71 or 109°.

For 180°domain walls with the domain wall perpandicular to the electric polar-

ization, there is an electrostatic repulsion of the dipoles. This costs more energy but these

type of domains can also be observed. Two kinds of domains can be observed, when the

polarizations of both sides of a 180°wall converge their arrows, we call these domain walls

“head to head”. Otherwise we refer to “tail to tail” domain walls [16]. Head to head

walls are generally insulating, and tail to tail generally conductive, allowing them to be

observed with conducting AFM or PEEM (these microscopy techniques will be described

in chapter 2). Comparing them with walls that are parallel to the polarization, it has

been observed in electron transmission microscopy that these head to head or tail to tail

walls are about 10 times wider than parallel polarized walls [19].

Contrary to magnetic moments, the polarization is not quantified, so it is possible
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to change the amplitude of these moments arbitrarily. It is then possible to reverse the

polarization along the wall without changing the orientation of the polarization but only

its module. These walls are called Ising walls, and are described in panel (a) of Fig. 3.

Ferroelectric materials can also display the types of walls that exist in ferromagnetism,

where the polarization flips along the wall with a continuous change in the polarization

orientation inside the wall. In analogy with the magnetic case, these are called Bloch or

Néel walls. Finally, a mixture of more than one type of wall is also possible. Fig. 3 sketches

these kind of ferroelectric domain walls. Ising walls cost less energy because the coupling

between the polarization and the stress implies that generating a rotation of the electric

polarization has a cost of elastic energy. Another reason is that a component perpendicular

to the plane of the wall will generate charges [16]. The reference [16] presents a whole

discussion about magnetic and ferroelectric domain walls, including their potential use as

basic bricks of new devices.

1.3 Multiferroicity

So far we have made a short review of magnetism and ferroelectricity. These are

two of the most employed ferroic properties in technological applications. In this section

we will introduce the materials that present both magnetism and ferroelectricity. We

will recall that those are not the only ferroic properties, but as a matter of fact, within

the scientific community there is a misuse of the term multiferroic material assuming it

present magnetic and ferroelectric properties. For the most of this work, this will be the

use we will made of the term multiferroic: a material or heterostructure that presents

both some (anti)ferromagnetism and ferroelectricity.
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1.3.1 Ferroic properties

Ferroelectricity and ferromagnetism are only two of the four primary ferroic

properties, the other two being ferrotoroidicity and ferroelasticity. These four properties

have in common a phase transition with the emergence of an order parameter and of

domains, where this order parameter is homogeneous. This order parameter is the po-

larization (as we have seen), a magnetization, a toroidal moment, and a strain tensor for

ferroelectricity, ferromagnetism, ferrotoroicity and ferroelasticity respectively. For ferro-

electricity, ferromagnetism and ferrotoroidicity, their order parameters have at least two

possible directions, and the application of an external field, corresponding to the conjugate

variable of the order parameters, can change these directions. The conjugate variable is

the electric field for ferroelectricity, the magnetic field for ferromagnetism, the source field

(corresponding to the vector product of the electric field and the magnetic field) for the

ferrotoroidicity , and the stress tensor for ferroelasticity. We then have similar hysteresis

curves for these four ferroic properties, plotting the order parameter as a function of the

conjugate variable of the order parameter.

Multiferroic materials are materials having at least two primary ferroic proper-

ties. Recently, this definition was generalized to the presence of antiferromagnetism or

ferrimagnetism in addition to ferromagnetism[20].

There are two types of multiferroics, the multiferroics in a single phase, and the

composite multiferroics. These last ones are system where two single ferroic materials are

put together and their resulting interaction leads to multiferroicity. They normally are in

the form of alloys of such materials or heterostructures grown on a crystalline substrate.

There are also secondary ferroelectric properties, such as piezoelectricity (the
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appearance of a moment of polarization when we apply a stress or the appearance of a

deformation when we apply an electric field) or magnetostriction (the appearance of a

magnetic moment when we apply a tension or the appearance of a deformation when we

apply a magnetic field).

Landau’s theory allows us to understand that these secondary ferroic properties

correspond to a coupling of primary ferroic properties [21].

1.3.2 Symmetry

We will describe the phase transitions with some more details. As we have al-

ready seen for ferroelectrics, at high temperature the material has a phase of high symme-

try, which is called “prototype”. At the transition temperature, a spontaneous symmetry

break occurs. The ferroic phase has a lower symmetry than the “prototype” phase. The

new point group of the ferroic phase is in general a subgroup of the point group of the

phase of the prototype [13], [12]. We characterize the phase transition of a multiferroic by

first writing the point group of the prototype, followed by the letter F (for Ferroic), and

the point group of the ferroic phase. For example: 42m1’Fmm2 [22, 23]. The symmetry

of point group can give us several informations. Now we will focus on the ferroelectric

and ferromagnetic properties, which are important for applications. According to the

Neumann principle, the macroscopic properties have at least the symmetries of the point

group of the ferroic phase [18].

The polarization moment is invariant under time inversion symmetry opera-

tion but is non-invariant under space inversion (it means that if we apply the inversion

operation of the space, the polarization moment must be reverted). In contrast, the

magnetization moment is invariant under the spatial inversion symmetry operation but
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is non-invariant under time inversion.

Thus each time the point group of a ferroic phase is invariant by spatial inversion,

this phase can not be ferroelectric. And each time the point group of a ferroic phase is

invariant by time inversion, this phase can not be ferromagnetic [20]. With the symmetries

of the point group of the ferroic phase we can predict the possible orientations of magnetic

and electric moments [23]. For example, if the system has a symmetry operator of the

type mirror plane, then 𝑃 will be contained in the plane of the mirror, and 𝑀 would be

perpendicular to this plane.

The joint symmetries of the prototype and ferroic phase may give us even more

information. First we introduce the concept of orientation state, which is one of the

possible states that a ferroic material can assume without the application of its conjugated

external field [23]. For example, for a ferromagnetic material, the magnetization direction

of each magnetic domain in remanence would be an orientation state. We can find all

possible orientation states by applying to an arbitrary orientation state a set of symmetry

elements that belong to the point group of the prototype but do not belong to the point

group of the ferroic phase. The number of possible orientation states is the number of

elements of symmetry of the point group of the prototype divided by the number of

elements of symmetry of the point group of the ferroic phase [23]. If the orientation of

the order parameter is different in all these obtained orientation states, we say that the

order parameter has a distinction of full orientation states.

To check this, we must first know one possible orientation of the order param-

eter. The symmetries contained in the point group of the ferroic indicate the possible

orientations, as we have already seen. We choose a direction and then apply this set of
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symmetry operations, contained in the point group of the prototype and not in the punc-

tual group of the ferroic [23] (as to obtain the states of orientations). If all directions are

different, the system has complete distinction, if not all are different, it is said of partial

distinction. If all are equal and the order parameter is different from 0, the system is

said of null distinction [20]. The distinction for order parameters can give us interesting

information. For example, if polarization and magnetic moment have two complete dis-

tinction, it means that if we change the polarization moment orientation with an electric

field, we will also change the orientation of the magnetic moment. In this case, the system

present complete coupling. On the other hand, if one of the two has zero distinction, it

will not be possible to change its orientation.

But symmetries analysis do not give information about the amplitude of their

order and their couplings. This requires understanding the coupling mechanisms, which

will be discussed in the next section.

1.4 Magnetoelectric coupling

In this section we will recall the main magnetoelectric coupling mechanisms for

the two possible types of multiferroic structures, single phase multiferroics and multiferroic

heterostructures.

1.4.1 Single phase multiferroics

Many perovskites are ferroelectrics (for example BaTiO3 or PbTiO3), and also

many are ferromagnetic (like YTiO3). But there are few perovskites having the two

properties [12]. The magnetic order is generally due to the partial filling of the 𝑑 shell

of the transition metal. However, in most perovskites, the ferroelectric order needs an
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empty 𝑑 shell, because it allows a favorable state of a covalent bond with an oxygen [24].

This fact is due to a hybridization of the 𝑑 shell of the transition metal with the 𝑝 shell

of the oxygen. We will have then a displacement of that transition metal towards the

oxygen. This explains why in general one can not find a perovskite with both properties.

Multiferroics in single phase are classified according to their origin of ferroelec-

tricity. If the origin corresponds to a magnetic order, they are classified as type II multi-

ferroics. For any other origin, they are classified as type I [25]. Single phase multiferroicity

has several origins [15, 25].

1.4.2 Multiferroic heterostructures

Because of the difficulty to find multiferroic magnetoelectrics in single phase with

both strong ferroic properties (high curie temperature, magnetization and electrical po-

larization) and strong magnetoelectric coupling, other well studied multiferroics materials

are multiferroic heterostructures. We will present here mechanisms for materials with an

existing interface between ferromagnetic and ferroelectric materials. The quality of the

interface between the two materials will determine the magnetoelectric coupling. Thus

most of multiferroic heterostructures correspond to deposited thin films by sputtering or

pulsed laser deposition.

1.4.2.1 Carrier mediated and bonding magnetoelectricity

At the interface of a ferroelectric with another material, surface charges appear

at this interface on the ferroelectric side (𝑃 .𝑛⃗, with 𝑛⃗ the vector normal to the interface).

If the other material in contact is a ferromagnetic metal, those surface charges in the

ferroelectric will lead to a spin dependent screening in the metal part on the first layers
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near the interface. This effect of ferroelectric charge screening is also named ferroelectric

field effect.

This spin dependent change in the band structure, corresponding to a redistri-

bution of the electrons over the magnetic orbitals, may lead to a change in the magnetic

properties (magnetocrystalline anisotropy, microscopic magnetic value, or may even re-

sults in a phase transition) for those first layers of atoms. Similarly, hybridization of

orbitals at the interface, which also influence the spin splitted band structure, can also

lead to a change in the magnetic properties of the ferromagnet or even induce magneti-

zation into the ferroelectric [26].

1.4.2.2 Strain transfer

For a thin magnetic film grown on a ferroelectric substrate, the strain imposed by

the substrate in the thin film can strongly influence its magnetic properties due to inverse

magnetostriction effect. Actually, there is no need to have a ferroelectric and ferromag-

netic material to have strain induced magnetoelectricity. For example a piezomagnetic

material deposited on a layer of a piezoelectric, could reach large values of magnetoelec-

tric coupling coefficient due to the elastic coupling. The coefficient will only depend on

the piezoelectric and piezomagnetic coefficients and on the quality of the surface. The

advantage of using a ferroelectric material is that the stress does not disappear without

application of electric field, and a change in the electric polarization by application of

an electric field may lead to a simple way to change the applied stress. Whereas carrier

mediated and bonding magnetoelectricity mechanisms are efficient only in the first layers

near the interface, strain transfer can be efficient on a much larger number of layers,

depending on the quality of the deposited film.
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Figure 4 – Tetragonal BTO unit cell

1.5 Thin iron layers on BaTiO3: some previous results

The main results from this PhD work are on the understanding of the magneto-

electric coupling at the interface between an iron thin film on barium titanate substrate.

This section gives an introduction to this system, reviewing part of the results that can be

found on the literature and can be of help to analyze the data we will present on chapter

4.

1.5.1 BaTiO3 ferroelectric domains

BaTiO3 is a cubic perovskite above around 393 K (120°C), with 𝑇𝑖4+ ion in

the center of an oxygen octahedra. The 𝑇𝑖4+ are also in the center of the unit cell and

𝑂2− ions at the centers of the unit cell faces. 𝐵𝑎2+ ions occupy the corners of the unit

cell. A transition from cubic to tetragonal phase occurs decreasing the temperature to

120°C, tetragonal BaTiO3 unit cell is elongated along one axis of the unit cell, with

an opposite displacement of the Ti and O ions along this same axis as it can be seen

(exaggerated) on Fig. 29. Those ionic displacements leads to ferroelectricity, the electrical

polarization reaching up to 26 𝜇C/cm2. Tetragonal to orthorhombic transition is observed

for temperature below 275 K (2°C). For the tetragonal phase, the polarization can only
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Figure 5 – Deviation of the lattice for perpendicular domains due to tetragonality [28]

be along one of the 3 axis of the unit cell and there is only 6 possible directions for the

polarization. The characteristics of the domain walls separating two domains of different

polarization are defined by electric and stress boundary conditions, implying no charges

at the domain walls and a continuity of the lattice strain.

Two types of domain walls are present for tetragonal ferroelectrics, 180°and

90°domain walls. Two parallel domains with opposite direction result in 180°domain

walls at the interface. As the two domains have the same lattice strain, no restriction

conditions are needed for the shape of the wall, and watermark like patterns may appear

[27].

For two perpendicular domains, a domain wall direction at almost 45°from the

electric polarization of each domain enables to reduce lattice mismatch and to have a

neutral domain wall.

As the unit cell is tetragonal, there is a slight deviation of the lattice to reduce

lattice mismatch, so that the angle between the two elongated axis (and thus the two

polarizations) is not exactely 90°(it is actually 90.62°) [28], as can be seen (exagerated) in

Fig. 5. Indeed, lattice parameter for the tetragonal phase is 403.6 pm, along the elongated

axis and 399.2 pm for the 2 others, so the tetragonality of the unit cell is close to 1%.
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Figure 6 – Types of domain configuration for tetragonal ferroelectrics [10]

The need of neutral walls restricts the possible direction for the polarization (so that the

projection on the normal to the interface of the difference of electric polarization is zero,

Δ𝑃 .𝑛⃗ = 0), although charged domain walls are sometimes present.

For a BaTiO3 single crystal cut along one of its main axis, the ferroelectric

domains can be in-plane and are denominated 𝑎1 and 𝑎2 domains, or out-of-plane 𝑐 called

domains. Each kind of domain follows one of the three orthogonal main axis of the crystal,

and thus 𝑎1 and 𝑎2 in plane domains have polarization perpendicular to each other. Fig. 71

illustrates these kind of domains in BaTiO3 single. Fig. 71-top shows the configuration
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for 𝑐 domains of opposite polarization. The stripe like domains shown are possible, but in

this case one can also have more irregular, watermark patterns. Fig. 71-middle shows a

domain configuration for a succession of 𝑎1/𝑎2 domains. In this case the stripe like pattern

is expected to minimize the domain wall and elastic energies. Fig. 71-bottom shows a

domain configuration for a succession of a/c domains, i.e., in and out-of-plane domains.

All these configurations respect the requirements that we saw before (for minimization

of stress and neutral domain walls). For the case depicted on the bottom figure, we see

that the tetragonality results in a rough topography at the surface, characteristic of 𝑎/𝑐

domains configuration.

The BaTiO3 single crystals we used in this thesis were cut to have surfaces (100)

or (001). The surface of (100) BaTiO3 single crystals has generally in-plane domains (𝑎1

and 𝑎2), whereas (001) cut usually shows all domain types. But after annealing, due to

the formation of oxygen vacancies at the surface, in-plane domains are stabilized, even

for a (001) BaTiO3 crystal.

1.5.2 Fe on BTO

The Fe/BaTiO3 system, with a thin Fe layer deposited on a BaTiO3 substrate,

is a system showing magnetoelectric coupling. Fe and BaTiO3 have a good lattice match,

which enables the Fe epitaxial growth, with an in-plane Fe [110] q BaTiO3 [100] alignment.

Assuming a full strain transfer in the case of epitaxial growth, out-of-plane 𝑐 ferroelectric

domains impose a compressive strain on Fe in-plane lattice parameters of 1.6 %. Fig. 7

shows the stress induced on Fe by in-plane and out-of-plane BaTiO3 domains [29]. As

shown in Fig. 8, on a TiO2 terminated BaTiO3, the Fe atoms grow upon the oxygen,

whereas for BaO terminated BaTiO3, the Fe atoms grow on oxygen and barium [30].
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Figure 7 – Stress induced on Fe in-plane lattice parameters when it is grown on in-plane
BaTiO3 domain and out-of-plane BaTiO3 domain [29]

Figure 8 – Fe growth on BaTiO3, Fe is upon Ba and O for BaO terminated BaTiO3 and
upon O for TiO2 terminated BaTiO3 [30].
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Theoretical calculation showed that for Fe grown on BaTiO3 with ferroelectric

out of plane domains, orbital and charge coupling resulted in a change in magnetic prop-

erties for the first layers of Fe grown on up or down BaTiO3 domains and also resulted

into induced magnetic moment in the Ti and O ions at the interface [26]. Ref.[31] also

showed a tunnel magnetoresistance dependence on BaTiO3 up or down polarization for

the Fe/BaTiO3 system, with a 10% difference in Fe magnetization at the interface.

In [29], the authors grew 20 nm of Fe at 573 K (300°C) by molecular beam

epitaxy on a BaTiO3 (001) single crystal, with a capping layer of 5 nm of Au. Notice that

the growth temperature is well above the tetragonal-cubic transition of BaTiO3. After

decreasing the temperature to room temperature, the cubic to tetragonal BaTiO3 phase

transition induces a different strain imposed on Fe according to the BaTiO3 ferroelectric

domain laying above it. By means of MOKE microscopy, they showed that this strain

transfer resulted in a strong induced magnetoelastic anisotropy in Fe, sufficient to pin the

magnetization of Fe. For in-plane BaTiO3 domain, the Fe magnetic easy axis was pinned

to the direction perpendicular to the BaTiO3 ferroelectric domain direction, whereas for

out-of-plane BaTiO3 ferroelectric domains, the Fe magnetization direction was pinned to

the [100] or [010] (or equivalent) Fe axis, corresponding to the [110] or [1-10] or equivalent

BaTiO3 axis, due to a biaxial induced magnetic anisotropy. Those [100] or [010] Fe axis

also correspond to the magnetocrystalline anisotropy direction of bcc Fe. The ferroelectric

domain pattern is thus imprinted into the magnetic domain pattern by strain transfer.

1.6 Objectives of this work

This thesis can be outline in two main goals: i) to grow and characterize ferroelec-

tric and magnetoelectric thin film systems; ii) to explore the potential of synchrotron based
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photoemission electron microscopy in the investigation of magnetoelectric heterostruc-

tures, in particular taking advantage of the intrinsic element sensitivity of soft X-rays

spectroscopies. These two main goals are reflected in the two results chapters presented

in this thesis.
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Chapter 2

Experimental Methods

Along the work of this thesis we have been involved in the growth and charac-

terization of the samples we have worked on. In this chapter we describe the techniques

needed to characterize the properties of these samples. The characterization always starts

with the determination of their structural, morphological and compositional properties.

These are the first indications of the sample quality. Those that present the best results

during the initial characterization are selected to pass through further tests to determine

their magnetic and ferroelectric properties. Finally, in some cases we also investigated

the electronic structure of the sample. One of our goals was to correlate the macroscopic

properties of the samples with their electronic structure.

In the following sections we briefly describe the experimental techniques em-

ployed during this work.

2.1 Sputtering

We have used the sputtering technique to grow our first ferroelectric films on

silicon substrates. These were mostly “case studies” samples that gave us some experience
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on the technique. As ferroelectrics are intrinsically insulators, whereas the electrodes are

metallic, we end up using two variations of this deposition system, each one suitable

for different transport properties of the element under evaporation. In the following we

describe the sputtering thin film deposition technique and give some information about

the growth of our samples.

2.1.1 Direct Current sputtering

In Direct Current (DC) Sputtering, thin films are grown by condensation on a

substrate of particles ejected from a target by a plasma. Vacuum of the order of 10−5 Pa

is necessary to get a minimum of contamination and to create this plasma. A plasma is

a situation where neutral gas atoms, ions, electrons and photons exist in a near balanced

state simultaneously [32]. To create a plasma for sputtering an inert gas (often argon) is

used, with usually a pressure between 100 to 10,000 Pa [33]. The argon atoms are ionized

and then accelerated toward the target by an electric potential between the target (which

get a negative potential and is thus the “cathode”, as we can see it as a passive device) and

the rest of the equipment (which includes the substrate) [32]. Those ions can therefore

collide with the target atoms and eject them by momentum transfer. Then those ejected

atoms travel in a straight line and may reach the substrate if they do not collide with

something else, and those “adatoms” condensate in the substrate. If the ions energy is

sufficient they can set off collision cascades, leading to the ejection of the target atoms

and also ejection of secondary electrons, which may ionize other argon atoms and thus

contribute to maintain the plasma. Other secondary processes can occur, an important

one is the production of oxygen anions of high energy, in case of the use of oxygen gas to

form the plasma. Those anions can influence a lot the structure of the films, as we will
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Figure 9 – Schematic of DC sputtering [34]

explain below. Collision of an electron with an argon cation results in the emission of a

photon, whose energy is characteristic of the plasma color.

Fig. 9 shows a schematic configuration of DC sputtering. The positive argon

ions, while colliding with the target, can be trapped in it, and this brings a positive

charge in the target if the target is not conductive. This positive charge can prevent

the collision of other positive ions. That is why in DC sputtering the target must be

conductive, to neutralize those charges. The utilization of a reactive gas, sometimes

needed to get the desired stoichiometry, as the use of oxygen gas to grow oxides, can be

a problem as it can react with the surface of the target and make it insulating. But as

long as the partial pressure is low this effect should not appear. Without using reactive

gases the stoichiometry of the film should be the same that the target one. Indeed, even

if the probability of being sputtered is different for each element of the target, this fact is

compensated as only the atoms present in the surface can be sputtered. So if one element

is more sputtered it will be less present in the surface, which equilibrate the sputtered
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rates of different elements.

However, the stoichiometry can change a little because of the volatility of one

element if the substrate is maintained at high temperature, or because of resputtering.

Indeed, energetics anions can be produced from secondary processes (like O−
2 ), and may

be accelerated toward the substrate and induce resputtering, and the difference of resput-

tering rate for each element is not compensated [35]. In this technique, a lot of electrons

can be lost (they are not used to ionize argon atoms) which leads to low deposition rate

[36], but this low ionization efficiency can be easily improved.

2.1.2 DC Magnetron Sputtering

To overcome the low ionization efficiency it is possible to create a magnetic field

near the target in order to constrain electron motion near this target, thus improving con-

siderably the probability of ionization of argon atoms and thus the collision of argon ions

with the target. This technique is called magnetron sputtering [36]. The magnetic field

can be confined over a very small region above the target or can be confined over a bigger

region where the substrate can be placed. These techniques are respectively balanced and

unbalanced magnetron sputtering [36]. The balanced magnetron sputtering decreases the

probability of energetic ion (electron and anion) collisions with the substrate. Energetic

anion bombardment can cause resputtering, which can be harmful for the stoichiometry

and can introduce defects on the film, but on the other hand, electron and anion collisions

enable to increase the energy of the adatoms, which is also important for a crystalline

growth, as we will see below.
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2.1.3 RF Magnetron Sputtering

RadioFrequency sputtering uses an alternative potential (whose frequency is in

the radiofrequency range) between the target and the rest of the equipment instead of a

constant one. Ar cations can be trapped into the target and become a positive charge for

insulating targets. But with RF sputtering, when the potential in the target get positive,

the secondary electrons just emitted before are attracted by the target and can collide

with Ar cations trapped in the target and neutralize the charge. As a continuous compo-

nent is added to the AC signal, the target get positive for a very short time [33] (much less

than half a period), so that positive ions who are heavier should not have time to reach

the substrate. With RF sputtering it is therefore possible to sputter insulating targets.

On the other hand, for the same deposition rate, the cost of RF sputtering is higher than

the DC one, partly because an impedance adaptation is needed to avoid reflexion of the

power in the AC source, which lower the efficiency. RF Sputtering, like DC Sputtering,

is also generally used with a magnetic field, and is therefore RF Magnetron Sputtering.

2.1.4 Sputtering Conditions of some perovskites

As we saw in the previous part, sputtering parameters influence a lot the struc-

ture of the film. Here we will see what are the conditions generally used to growth two

perovskites, SrRuO3 (SRO) (used as electrode) and BiFeO3 (BFO) (multiferroic), as they

are the two most important materials we tried to grow until now.
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Growth of SrRuO3 films

SrRuO3 (SRO) is an orthorhombic distorted perovskite at room temperature. It

is a commonly used electrode to grow multifunctional oxide films. It possesses a good

resistivity (280𝜇Ω.cm for bulk, [37]), and good lattice match with other distorted per-

ovskite. Using SRO enables to grow other distorted perovskite (like BiFeO3) epitaxially

with less leakage current and fatigue than with other metallic electrodes. This can be un-

derstood by the quality of the interface, which shows fewer defects like oxygen vacancies

than with metallic electrodes, and those defects are known to increase leakage current

and fatigue [38]. A good quality of the interface also provides a good screening of the

polarization charges [39], which is important for ferroelectric properties.

However, energetic ionic bombardment on the substrate during sputtering de-

position is a problem for growing SRO, and SRO thin films are often grown by PLD or

MOCVD. With sputtering, the out of plane lattice parameter and unit cell volume are

larger and the resistivity is higher (and with a negative temperature dependence) than

with other methods [40]. Ref. [41] also showed that Sr ions switched place with Ru ions in

SRO films because of sputtering damage. But it is possible to reduce this damage. In Ref.

[37], they showed that it was possible to grow good quality SRO films with an increase of

the pressure. They used in plane RF sputtering, a power of 50 W, a temperature 823 K, a

distance between target and substrate of 12 cm and a Ar:O2 ratio of 4:1. With a pressure

of 27 Pa (close to 0.2 mTorr) they managed to growth 60 nm SRO on (001)SrTiO3 with a

resistivity of 250𝜇Ω.cm (close to the single crystal one), and with a positive temperature

dependency (which corresponds to a metallic behavior). It is also possible to use 90∘-off

axis sputtering [42].
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SrTiO3 substrate is often choose to growth perovskite because it shares the same

structure and similar lattice parameter with a lot of other perovskite crystals. But it is

also possible to use other less expensive substrate. In Ref. [43], epitaxial growth of SRO

thin films by RF sputtering on Pt(111)/𝛾-Al2O3(111)nSi(111) was observed. They used

RF power of 15W, 1 Pa pressure with an Ar:O2 ratio of 4:1, and a deposition temperature

of 973 K. On Ru/SiO2/Si by RF magnetron sputtering the SRO structure was observed

[44] but other phases corresponding to oxided Ru at the interface with Ru also appeared.

Finally, in Ref. [38], SRO was deposited on SiO2/Si with DC magnetron sputtering.

The SRO was found polycristalline but, for a set of parameters, a good resistivity of 440

𝜇C.cm was found. 15 mn preheating time, 823 K deposition temperature (or more), lower

deposition rate and 20-30 per cent oxygen ratio were found to decrease the resistivity.

Growth of BiFeO3 films

Bulk BiFeO3 (BFO) is a rhombohedral distorted perovskite at room temper-

ature [45], but in thin film it has often been observed to have a monoclinically dis-

torted rhombohedral structure [46], although it can also have the bulk structure [45], or

tetragonal structure [47], [48]. BFO is a room temperature multi-ferroic with coexist-

ing anti-ferromagnetic, ferroelectric and ferroelastic orders. A significant enhancement of

magnetization compared with the bulk has also been observed [46], and is attributed to

the presence of oxygen vacancies in thin films. The polarization lies in the [111]pseudo

cubic direction, and the anti ferromagnetic plane (G type) is located perpendicular to the

polarization direction. For bulk, BFO crystals with high electrical resistivity have been

produced only in 2007 [49], resulting in low leakage current, which allowed to measure a
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value of electrical polarization of about 100 𝜇C/cm2, in agreement with thin films values

and theoretical calculations [49]. BFO thin films present a value of electric polarization

close to the bulk value, although it can be lower due to the presence of other phases or if

the film is polycristalline. At 80K a thin film grown by PLD also observed a polarization

close to 166 𝜇C/cm2 [50] (and 110 𝜇C/cm2 at room temperature). BiFeO3 stoichiometry

is difficult to obtain. Usually, growth of BFO is done with BiFeO3 target enriched with

Bi, to compensate preferential resputtering of Bi [51] and volatilization of Bi on the film

at high temperature. Resputtering effect is more pronouced with O2 gas as previously

explained [35]. However, Ref. [52] mentions a deficit in Fe.

With a non stoichiometric deposition, various other phases can be observed, like

Bi2O3, Bi24Fe2O39, Bi25FeO40, Bi2Fe4O9 and Fe2O3. To obtain the pure BFO phase, ad-

justment of pressure and temperature must be done. In Ref. [53] (where PLD deposition

was used), it was observed, in relation to the optimized conditions where only BiFeO3

phase was present, that increasing temperature or decreasing the pressure lead to the

presence of the Fe2O3 phase, whereas decreasing temperature or increasing the pressure

lead to the presence of the Bi2O3 phase. In spite of the difficulties to get a stoichio-

metric deposition, good quality BFO films can be obtained by sputtering. In Ref. [54],

off-axis sputtering was used to decrease the damage effect of ionic bombardment. With a

5 per cent excess of Bi, BFO was epitaxially deposited at 963 K on 100 nm SRO on two

(100)STO substrates, one with 0,8∘ miscut and one with 4∘ miscut. For the deposition

with the former, the secondary phase Fe2O3 was found whereas for the latter, only the

BFO phase was found, it is believed that a high miscut degree helps incorporating and

retaining Bi, which could explain why Fe2O3 is only found in the lowest miscut [54].

In Ref. [55] it was also observed the epitaxial deposition of pure BFO phase.
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They used a temperature deposition of 883 K, a ratio Ar:O2 of 2:1, and a total pressure

of 0.5 Pa. Polycristalline pure BFO phase also observed with RF magnetron sputtering,

using 7 Pa, a Ar:O2 ratio of 4:1, and a deposition temperature of 923 K [56], and in

Ref. [57], BFO thin films were deposited on SRO buffer layer by RF sputtering with

220 Watts, 953 K, deposition rate of 33 pm/s, 133 Pa, 200sccm Ar, 30 sccm O2, on

SRO/Pt/TiO2/SiO2/Si.

2.2 Scanning microscopy

Scanning probe microscopy comprises a very broad range of techniques that allow

one to investigate in details the morphology, magnetism, electric polarability among other

properties of surfaces. The first scanning probe technique was the scanning tunneling

microscopy (STM), which since its start in 1981 brought a wealth of information about

the surface of metals and semiconductors. In the next sections we describe the atomic

and piezoresponse force microscopies, which have been routinely used to characterize our

samples.

2.2.1 Atomic force microscopy

Atomic Force Microscopy (AFM) uses a very thin tip whose radius of curvature

is of some nanometers, fixed to a cantilever with tens of microns in length, whose me-

chanical properties, such as stiffness constant and resonance frequency, can be precisely

determined. The AFM technique is based on the interaction between the tip and the

atoms on the surface of the sample. The interaction can have several origins, like Van

der Waals force, electrostatic and magnetic. The different interaction sources can be in-
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Figure 10 – Sketch of deflection measurement in an atomic force microscope [58].

Figure 11 – Lasers position in the photodiode [59].

tensified by a suitable fabrication of the tip. Contrary to tunneling microscopy, it is not

necessary to have a conductive sample for AFM. The resulting forces will generate a tip

movement detected by the deflection of a laser beam reflected on the cantilever. The laser

source is fixed and its deflection, after reflection on the cantilever (Fig. 10) is detected by

a set of 4 photodiodes mounted in quadrant. The tip can have two types of displacement:

a vertical movement which is usually the only one used for the AFM, and a twisting move-

ment which is interesting for piezoelectric force microscopy (PFM) as will be shown in

section 2.2.3. A vertical movement will imply a laser deflection as shown in Fig. 11 on the

right. A torsional motion will imply a movement almost in the perpendicular direction, as

shown in Fig. 11-left. The 4-photodiode system allows quantifying these movements and

separating them. The reference position is at the center of the photodiode array. With the
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conventions of Fig. 11, the vertical signal is given by ((𝐴+𝐵)−(𝐶+𝐷))/(𝐴+𝐵+𝐶+𝐷)

and the lateral signal by ((𝐵 +𝐷) − (𝐴+𝐶))/(𝐴+𝐵 +𝐶 +𝐷), each photodiode giving

a signal proportional to the distance between the center of the array and the position of

the laser in that photodiode.

There are several modes to obtain sample topography. In contact mode, the tip

is approximated until it has repulsive interactions, and then to keep constant the distance

between tip and sample, the position of the cantilever is adjusted to compensate for the

tip deflection (the laser should always be in the center of the photodiodes). This mode is

more accurate but is more likely to damage the tip or sample.

In the tapping mode, we oscillate the cantilever at a fixed frequency. The feed-

back here is made on the amplitude of the oscillations, the height of the cantilever is then

adjusted to leave constant the amplitude of these oscillations. This mode allows to leave

the tip farther away from the sample, which is safer. Depending on the samples and tips

the lateral resolution can range from 0.1 to 10 nm.

2.2.2 Conducting Atomic Force Microscopy

Conducting atomic force microscopy (c-AFM) is a variation of atomic force mi-

croscopy. In this case the tip is covered with a metallic layer and the system measures the

electrical current passing between the tip and the lower electrode below the sample (as

for tunneling microscopy). To do this, a negative voltage is applied below the sample and

one measures the electric current given by the electrons coming out of the sample through

the tip. This measurement can be done in parallel with the standard AFM. It allows to

obtain the topography and conductivity of the sample. It has been successfully used to

investigate the ferroelectric domain walls, and it is one of the techniques that allowed to
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Figure 12 – Position of the laser in the photodiodes, vertical movement [61]

Figure 13 – Position of the laser in the photodiodes, lateral movement [61]

confirm that tail-to-tail walls are conducting [60], as mentioned in section 1.2.2.

2.2.3 Piezoresponse force microscopy

Piezoresponse Force Microscopy (PFM) allows to determine the piezoelectric

properties of the sample. In this case a voltage is applied to the sample surface through

a conducting tip. If the sample is piezoelectric, this voltage will lead to a mechanical

deformation under the tip. Strictly speaking, this is the inverse piezoelectric effect, where

the application of a electric field induces a mechanical deformation. As the feedback

loop keeps the tip at constant distance from the sample, one can detect the piezoelectric

deformations by measuring the height of the tip. As ferroelectrics are always piezoelectrics

by symmetry (section 1.2), PFM is widely used to visualize ferroelectric domains. The

mechanical deformation of the ferroelectric due to the inverse piezoelectric effect is very

small, what makes the expected signal very small too. To overcome this fact and get a

measurable signal, the applied voltage is AC modulated to have the possibility to extract
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the useful signal from the noise by means of lock-in amplification.

From the obtained vertical signal we can deduce the orientation of the out-of-

plane component of the electric polarization. The induced mechanical deformation has

the same frequency as that of the applied voltage, but may have a difference of phase.

If it is in phase with the applied voltage, as shown in Fig. 12 on the left, when the

field is positive (negative voltage applied to the sample) the domain will expand and

the tip will be deflected upwards. We define this as in-phase measurements. When the

polarization is in the opposite direction, the movement of the ferroelectric surface, and

thus the deflection of the tip, will be in the opposite direction and then the phase shift

between the electric signal and the signal given by the photodiodes has a phase of 180°.

The phase of the vertical signal, which can be 0 or 180°, gives the orientation of the

polarization for out-of-plane ferroelectric domains.

The lateral signal is given by the twisting of the tip. This signal is related with

the lateral component of the polarization along the direction of movement of the cantilever,

as shown in Fig. 13. Thus, with a set of measurements in orthogonal directions of the

sample, PFM is in principle able to provide a three dimensional description of the electric

polarization [62].

Finally, controlling the amplitude of the applied voltage during the PFM scan,

we are able to switch the polarization of the sample and use the PFM tip to “write”

ferroelectric domains [63].

2.3 X-ray diffraction
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Diffraction experiments deliver a lot of information about sample crystallinity,

symmetry of the crystals, lattice parameters, size of grains, presence of defects, presence of

different phases or preferential direction of a polycrystal. X-ray diffraction corresponds to

elastic scattering of photons with matter. It can be classically described by the movement

of electrons of the atoms due to the electric field of the light. Thus, every electron is like a

punctual source of elastic light emission, and these different emitted light waves interact

with each other.

It can be shown that, for an almost plane incident wave, the amplitude of the

scattered wave with momentum transfer 𝑄⃗ = 𝑘⃗𝑓 − 𝑘⃗𝑖, with 𝑘⃗𝑖 and 𝑘⃗𝑓 the initial and

scattered wave vector, the pattern of the scattered waves, observed at a large distance from

the sample, is proportional to the Fourier transform of the electronic density,
∫︀
𝜌(𝑟)𝑒𝑖𝑄⃗𝑟⃗𝑑3𝑟

[64]. For an infinite periodic lattice with electronic density present only at the lattice

points, which is described as an infinite Dirac sum, the Fourier transform is an infinite

Dirac sum, corresponding to the reciprocal lattice, of the momentum transfer. This means

that diffraction is possible only if the momentum transfer corresponds to a reciprocal

lattice vector. Taking into account that the crystal is not infinite, and that the X-ray

beam probes only a small part of it, the probed electronic density can be seen as an

infinite Dirac sum multiplied with window functions. The Fourier transform of a product

of function is the convolution of the Fourier transforms of these functions. As the Fourier

transform of a rectangular window function is a cardinal sine function (or sinc function),

the Fourier transform of the probed electronic density will corresponds to an infinite sum

of cardinal sine functions, each one centered on a reciprocal lattice point. In particular, for

thin films or crystals, the direction perpendicular to the surface is generally the direction

for which less atoms are probed. Thus it would corresponds to a smaller window function
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Figure 14 – Ewald sphere for a 2D lattice.

and thus the diffraction peaks will be elongated in that direction. These are called crystal

truncation rods [64].

Thus the momentum transfer does not need to correspond exactly to a reciprocal

lattice vector, a slight change from these values will also lead to scattering: spatial lim-

itation of the probed electronic density leads to the broadening of the diffraction peaks.

The energy of the X-rays can also influence the size of this window function, as higher

energy X-rays will penetrate more in the crystal. But the electrons can not be considered

localized at the lattice points of a crystal. Considering that the electronic distribution is

not present only at the lattice points but corresponds to the distribution of the electrons

in an atom, with the atoms at each lattice point, and the presence of a motif, with the

sum of several atoms in the unit cell, the electronic density is described by the convolution

of an infinite Dirac sum with the electronic distribution of a unit cell, and then multiplied

with window functions. The Fourier transform of a convolution of two functions corre-

sponds to the product of the Fourier transform of each function, so the unit cell electronic

distribution will influence the distribution of the diffraction amplitude by a multiplicative

factor which will modulate the amplitude of the peaks, usually decreasing the intensity

for peaks away from the direct diffraction spot.

Thus the Fourier transform of the electronic density of a crystal corresponds to
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its reciprocal lattice with broadened lattice points and with a modulation of their intensity.

Diffraction will occur if the momentum transfer 𝑄 is equal to a vector of this reciprocal

lattice. This condition can be described with the help of the Ewald sphere. This sphere

is constructed from the 𝑘𝑖 wave vector. As 𝑘𝑖 and 𝑘𝑓 have the same amplitude due to the

elastic scattering, the 𝑘𝑓 vector will also be contained in this sphere. With the origin of

the reciprocal lattice on the end of the 𝑘𝑖 vector, diffraction will occur if the Ewald sphere

intercept a lattice point of the reciprocal lattice, as shown in Fig. 14. For this condition to

be satisfied, the energy of the X-rays (and thus the Ewald sphere radius) can be changed,

or the crystal can be rotated (thus rotating the reciprocal space lattice). Generally, the

energy of the X-rays is constant and the sample is rotated, as well as the detector. The

diffraction corresponding to a reciprocal lattice vector 𝑄 can be associated in the direct

space to the reflexion of a family of parallel planes, perpendicular to this vector, with a

distance 𝑑 between them, as shown in Fig. 15. Those X-rays will interfere constructively

if their optical path difference is equal to a multiple of their wavelength. Constructive

interferences from the reflexion on these planes lead to 𝜆 = 2𝑑𝑠𝑖𝑛(𝜃), which corresponds

to the Bragg law, with 𝜃 the angle between the incident X-ray beam and the diffraction

plane in the sample. As 𝑄⃗ = 𝑘⃗𝑓 − 𝑘⃗𝑖, 𝑄 can also be related to 𝜃 by 𝑄 = 4𝜋𝑠𝑖𝑛(𝜃)
𝜆

.

In the next paragraphs we will present three diffraction techniques that we have

used, 𝜃-2𝜃 scans, X-ray reflectivity (XRR) scans and reciprocal space mapping (RSM).

2.3.1 𝜃-2𝜃 scans

Various experiments using diffraction are available. For thin films grown over a

crystalline substrate, the configuration used is often 𝜃-2𝜃 scans. These scans consist of
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Figure 15 – Bragg reflections [65]

Figure 16 – Configuration of a 𝜃-2𝜃 scan [66]

measuring the diffraction intensity for reciprocal space vectors along the axis perpendic-

ular to the surface of the sample. This means that the planes which reflects the X-ray

are parallel to the surface. For that, the angle between 𝑘⃗𝑖 and the sample surface must

always be half of 2𝜃, the angle between 𝑘⃗𝑖 and 𝑘⃗𝑓 . During the measurement the X-ray

source is fixed, whereas the sample holder and the detector rotate along the same axis,

perpendicular to the plane of Fig. 16. The sample holder and the detector are rotated

simultaneously, the sample holder by 𝑑𝜔 and the detector by 2𝑑𝜃, with in this case 𝜔 = 𝜃

for all the measurement. 𝜃-2𝜃 scans thus probe the reciprocal lattice along the normal to
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Figure 17 – Schematic representation of a diffractometer.

the surface. For that configuration to be possible, the alignment of the sample surface,

in relation to the X-ray source and to the detector, must be done beforehand. For this

thesis the sample measured by diffraction were thin films grown over a monocrystal of

cubic (001) SrTiO3 (STO). A possible miscut angle can make the 001 axis of the crystal a

bit different from the normal of the surface, thus, in order to probe the reciprocal lattice

along the (001) axis of the substrate, the (001) or (002) Bragg peaks have to be used for

precise alignment.

We name 𝑥⃗, 𝑦⃗, and 𝑧⃗ the axis of the crystalline substrate (with 𝑧⃗ perpendicular

to the surface). Fig. 17 show the schematic of a typical diffractometer used as sample

holder. It enables rotations in 3 directions, rotation of 𝜔, 𝜓 and 𝜑 as shown in the figure.

The 𝜑 rotation axis of the sample holder do not necessarily correspond to the

𝑧⃗ axis of the crystalline substrate. This is not important for doing 𝜃-2𝜃 scans but have

its importance for doing reciprocal space maps as described in section 2.3.3 further on.

Indeed in this case a 𝜑 rotation is usually needed. It is possible to align the 𝑧⃗ to the 𝜑
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rotation axis when the sample is mounted on a goniometer. Using the reflection of a laser

on the surface of the sample, a 𝜑 rotation will induce an elliptical movement on the laser.

The goniometer is adjusted so that a 𝜑 rotation does not induce any movement of the

reflexion of the laser. For that we may mark the position of the laser for 𝜑 equal to 0, 90,

180 and 270°, and then adjust the goniometer so that the reflexion of the laser is at the

center of the ellipse.

The incident X-ray direction is fixed for the measurement. For a fixed detector

position (determined by 2𝜃) the measured reciprocal lattice vector is also fixed (equal to

𝑘⃗𝑓 − 𝑘⃗𝑖, with the direction of 𝑘⃗𝑓 determined by the position of the detector), so for the

position of detector corresponding to the 2𝜃 of a Bragg peak (usually the 002 Bragg peak

for the STO substrate), we now have to move the sample so that the 002 reciprocal vector

get aligned to this 𝑘⃗𝑓 − 𝑘⃗𝑖 vector, and then we will measure the intensity corresponding

to the 002 Bragg peak. To align the position of the detector in relation to the X-ray

source, the sample holder is removed, and a 2𝜃 scan (rotation of the detector) is taken

to determine the 2𝜃 position for maximum intensity, then this position is set to 2𝜃 = 0 .

After that, the sample holder is translated until the X-ray beam is cut by half. Then an

𝜔 scan (rotation of the sample holder as shown in Fig. 17) is done and 𝜔 is set to zero

for the position of maximum intensity, a 𝜓 scan (see Fig. 17) is performed, also searching

the position of maximum intensity, although at 𝜔 = 0, the intensity detected is not really

sensitive to the 𝜓 angle. To completely align the surface of the sample, the 𝜔 and 2𝜃

angles of sample holder and detector are changed, with 𝜔 = 𝜃 corresponding to the Bragg

angle of the 002 planes of the substrate.

Then, an 𝜔 and a 𝜓 scan are again performed, searching the position of maximum

intensity of the diffraction peak. This 𝜓 position should then be set to zero and the 𝜔
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Figure 18 – Reflectivity in function of sample roughness [67]

position to 𝜃. After this alignment, 𝜃 -2𝜃 scan can be performed, and it is possible to

identify all the reflecting planes of the thin film and the substrate almost parallel to

the sample surface, corresponding to a reciprocal lattice vector along the 𝑧⃗ axis of the

substrate. With the Bragg law, the Bragg angles can be related to the distance between

the planes responsible for the diffraction. As the 𝑑 distance of the diffracting planes

is a characteristic of the material and of the orientation of the planes, it is possible to

determine if the thin film is polycrystalline, if it has preferential orientations or various

phases. From 𝜃 or 𝑑, we can deduce the value of lattice parameters or equivalently the

values of the reciprocal lattice vectors.

2.3.2 X-ray Reflectivity

Doing 𝜃-2𝜃 scans with 𝜃 (incidence angle) below 10∘ also gives informations

about the sample, even if no diffraction peaks are visible. This measurement corresponds

to X-ray Reflectivity (XRR).

For a infinite and uniform sample, either crystalline or amorphous, for 𝜃 below
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the critical angle of the material, the X-rays are completely reflected. Then, with in-

creasing 𝜃, the reflectivity decreases rapidly [67], and this decrease is intensified with the

rugosity of the sample, as seen in Fig. 18, because roughness increases diffuse scattering

leading to a rapid decrease of the signal [64]. With a thin film above the infinite sample

with a different electron density, when the incidence angle is above the critical angle,

some X-rays can be subjected to various refractions and reflexions at the air/thin film

interface and the thin film/substrate interface before reaching the detector. There exist

incident angles so that all those X-rays and the ones directly reflected by the ar/thin film

interface interfere constructively (or destructively), this will lead to oscillations appearing

in the reflectivity signal. Those oscillations are called Kiessig fringes. Their periodicity is

characteristic of the films thickness. Indexing the maxima of the oscillation it is possible

to determine the value of the film thickness :

𝑑 = 𝛽𝜆

2

Where the 𝛽 coefficient corresponds to the slope of the index number of the

maximas of the fringes in function of the valor of the corresponding 𝑠𝑖𝑛𝜃 [33].

Therefore with increasing thickness the angular periodicity decreases, and in-

versely, with decreasing thickness the angular periodicity increases.

It is usually not possible to detect films with thickness of less than a few nanome-

ters, especially if the rugosity of the surface is important, which will attenuate rapidly

the signal with increasing angles, and thus the oscillations could not appear. Conversely,

for thickness of more than nearly 100nm, the instrument angular resolution may not be

sufficient to observe the oscillations [33].
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Figure 19 – Reflectivity in function of interface roughness [67]

As the reflection at the thin film/infinite substrate interface depends on the

difference of density between the thin film and the substrate, and depends on the rugosity

of this interface, the amplitude of the oscillations will also depends on those parameters

[67]. The larger the difference of density, the higher the amplitude of the oscillations (and

also the higher the critical angle). The amplitude of the oscillations also decreases with

increasing interface roughness [67], as shown in Fig. 19.

Finally, if more than one layer is present, various oscillation frequencies will

appear. These oscillations can be modeled to give structural information about the het-

erostructure, like the thickness of each layer and the quality of their interface.

2.3.3 Reciprocal space mapping

𝜃-2𝜃 scans give a measure of the reciprocal lattice of the sample, with the inten-

sity of the peak as function of the 𝑄𝑧 component of the reciprocal lattice vector (with 𝑄𝑥

and 𝑄𝑦 null). But it is also possible to obtain the diffraction intensity as function of other

components of 𝑄⃗, using reciprocal space mapping (RSM) as we describe in the following.
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We saw above that the 𝜑 axis of rotation of the sample holder should be aligned

with the surface normal of the sample (corresponding in a good approximation to the

𝑧 axis of the substrate) for 𝜃-2𝜃 scans, but the 𝑥 and 𝑦 axis still not correspond to the

other rotation axes of the sample holder (of angles 𝜓 and 𝜔). For that the 𝜑 angle

should be adjusted. It can be done with the measurement of a reciprocal lattice vector

which is not parallel to the 𝑧 axis of the sample. We will use the example of the (103)

peak of STO or its equivalent. From the configuration where the measured reciprocal

lattice vector corresponds to the (002) Bragg peak of STO (with the sample aligned as

explained above), the 𝜔 angle corresponds to the angle between the incident X-ray and

the perpendicular plane to the 𝑧 axis, and is equal to 𝜃 (the half angle between incident

and scattered beam ), and the 𝜓 angle is zero.

To measure the (103) peak we have to place the detector at the right 2𝜃103

position, and the sample holder corresponding position of 𝜔 = 𝜃103. But this would be

still for a reciprocal lattice vector parallel to the z axis. It is necessary to rotate the

sample holder to align the 103 peak with the measured reciprocal lattice vector. This

could be done with a rotation of the 𝜓 axis but then the associated peaks of the thin film

would appear for a different value of 𝜓, and it would not be possible to see them doing a

simultaneous rotation of 𝜔 and 2𝜃 as it is usually done for RSM. Thus to find the peak

the 𝜔 angle is changed from the 𝜃103 position to ± 18.4°, the angle between the 103 peaks

and the 𝑧 axis. Then the sample is rotated along the z axis (𝜑 angle) until finding a peak.

As the 𝑧 axis may not correspond exactly to the 𝜑 rotation axis in spite of the previous

alignment, 𝜓 and 𝜔 angles should be adjusted again, looking for the maximum of intensity,

and set respectively to zero and 𝜃103 ± 18.4°. Now we can say that the crystallographic

axes of the substrate are aligned with the rotation axes of the sample holder. We take
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for convention 𝑥⃗ the axis of the substrate parallel to the 𝜔 rotation axis, and 𝑦⃗ the axis

of the sample parallel to the 𝜓 rotation axis.

The simplest way to measure diffraction peaks with the reciprocal space vector

not parallel to the 𝑧 axis is to measure scans similar to 𝜃 -2𝜃 but with 𝜔 different from

𝜃. RSM is done by 2 axis measurements scans, rotating simultaneously 𝜔 and 2𝜃 (sample

and detector), with 𝑑𝜃 = 𝑑𝜔, so that the offset 𝜔 − 𝜃 is constant along the scan. Several

scans are measured with different values of 𝜔 − 𝜃 offset, enabling a broad range of values

and to plot the intensity of diffraction in function of 𝑄𝑦 and 𝑄𝑧 for a given 𝑄𝑥 component

(usually null). For that we have to express the probed reciprocal vector as function of

the measured angles. After a rotation of 𝜒 and/or 𝜔 from its inicial 𝜒 = 0 and 𝜔 = 𝜃

position, the inicial 𝑥, 𝑦 and 𝑧 axis of the sample are changed into the 𝑥′, 𝑦′ and 𝑧′ axis.

But as the measured vector is fixed by the detector, the reciprocal lattice vector which

is measured is still along the initial 𝑧 axis. So in order to know the components of the

measured reciprocal lattice vector relative to the new axis of the substrate, we have to

project the 𝑧 axis on the new axis 𝑥′′, 𝑦′′, and 𝑧′′ of the substrate. It gives considering

first a 𝜔 rotation and then a 𝜓 rotation :

𝑧⃗ = 𝑐𝑜𝑠(𝜔 − 𝜃)𝑐𝑜𝑠(𝜓)𝑧′ + 𝑐𝑜𝑠(𝜔 − 𝜃)𝑠𝑖𝑛(𝜓)𝑥′ − 𝑠𝑖𝑛(𝜔 − 𝜃)𝑦′

To express the probed reciprocal vector in function of the angles, we use 𝑄 =

4𝜋𝑠𝑖𝑛(𝜃)
𝜆

. Thus we can write 𝑄⃗ = (4𝜋𝑠𝑖𝑛(𝜃)
𝜆

)(𝑐𝑜𝑠(𝜔 − 𝜃)𝑐𝑜𝑠(𝜓)𝑧′′ + 𝑐𝑜𝑠(𝜔 − 𝜃)𝑠𝑖𝑛(𝜓)𝑥′ −

𝑠𝑖𝑛(𝜔 − 𝜃)𝑦′)

In practice only the 𝜔 angle is rotated, giving : 𝑄⃗ = (4𝜋𝑠𝑖𝑛(𝜃)
𝜆

)(𝑐𝑜𝑠(𝜔 − 𝜃)𝑧′ −

𝑠𝑖𝑛(𝜔 − 𝜃)𝑦′)
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Figure 20 – Coordinates system used to calculated the radiation emitted by a relativistic
electron [68].

Figure 21 – Spatial distribution of the radiation emitted by a relativistic electron [68].

Or equivalently : 𝑄⃗ = (2𝜋
𝜆

)((𝑠𝑖𝑛(2𝜃− 𝜔) + 𝑠𝑖𝑛(𝜔))𝑧′ − (𝑐𝑜𝑠(2𝜔− 𝜃) − 𝑐𝑜𝑠(𝜔))𝑦′)

RSM is interesting for example to check if a thin film has the same in plane

lattice parameter as the substrate (strained film), or to look for the presence of different

ferroelastic domains.

2.4 Synchrotron radiation

The radiation emitted in a synchrotron is related to the transversal acceleration

of relativistic charges (electrons moving in a storage ring). The relativistic electromagnetic
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theory allows to understand the spatial distribution of this radiation, and its dependence

with some parameters of the ring. With the Liénard Wiechert potentials, and considering

the radiation of a charge in a circular orbit, it is possible to find the electromagnetic fields

emitted by this charge, and we can deduce from these fields the emitted power per unit

of solid angle [68], [69]:

𝑑𝑃

𝑑Ω = 𝑒2𝑎2

4𝜋𝑐3
(1 − 𝛽𝑐𝑜𝑠𝜃)2 − (1 − 𝛽2)𝑠𝑒𝑛2𝜃𝑐𝑜𝑠2𝜑

(1 − 𝛽𝑐𝑜𝑠𝜃)5 (2.1)

With the coordinates used in Fig. 20, and 𝛽 the value of the electron velocity

divided by the speed of light, and 𝑎 the value of acceleration. The spatial dependence of

this power is represented in Fig. 21. We can see that for relativistic charges, most of

the radiation is emitted tangentially and in the direction of the motion. In the plane of

the electron orbit, the angle at which we can consider all the radiation emitted is of the

order of 1/𝛾, with 𝛾 = 1√
1−𝛽2

. This factor 𝛾 (which we can relate to the energy of the

electrons) is therefore important to have a small emitted photon beam (which permits

to have an higher brightness). It justifies the use of relativistic charges to have a large

𝛾. The brightness represents the number of photons per second, per unit area and solid

angle, and for 0.1 % width in frequency (convention to compare between synchrotrons).

In addition, if we integrate the power over all solid angles, considering that the 𝛽 is almost

equal to 1 (which is a good approximation, the electrons having an energy of more than

1 GeV), we find that the total emitted power is proportional to 𝛾2, thus we also see here

the importance of having relativistic charges. The discussion above is valid only for one

electron, and characterizes the emission at one point of the electron trajectory, with the

electron in a circular orbit.
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Figure 22 – The three ways to produce radiation in a synchrotron: bending magnets,
wigglers and undulators [70].

Figure 23 – Brightness of different synchrotron sources in low and high energy machines
[70].

In the storage ring, there is not just one electron but several equidistant bunches

of electrons. As they loose energy because of radiation, a radio-frequency cavity periodi-

cally accelerate them, so that the energy of the electron is almost constant. Thus radiation

is emitted every time a bunch of electron pass through the bending magnet, resulting in

a pulsed time structure. In modern synchrotrons, each pulse lasts around a few tens of

picoseconds with a broad variation of time between pulses that can range from a few

nanoseconds to several microseconds. This time structure makes possible to perform

time-resolved experiments.
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In spite of the ultra high vacuum in the storage ring, collisions between the

electrons and any atom or molecule present in the storage ring continuously decrease the

number of electrons in the storage ring. At LNLS in Campinas, reinjection of electrons

is made more or less after every 12h. During this elapsed time, the loss of electrons in

the storage ring made the photon emission progressively lower. The trajectory of the

electrons is not perfectly circular in the storage ring, but is composed of straight sections

and region where the electron trajectory is curved to close its path into a polyhedron.

These curves are imposed by bending magnets.

2.4.1 Insertion devices

The most basic sources of radiation in a synchrotron are the bending magnets

that keep the electrons in a closed trajectory. But these magnets have a limited perfor-

mance. To obtain brighter X-rays beams, it is possible to use insertion devices installed in

the straight sections between bending magnets. These devices are composed of periodic

arrays of permanent or electro-magnets. The resulting periodic magnetic field deviates

the electron beam from its reference trajectory within the straight section. Modern syn-

chrotron sources are built to optimize the emission by insertion devices.

In general insertion devices will bend the electron trajectory several times as

depicted in Fig. 22. Depending on how much the electrons are deviated from their straight

trajectory, the emitted radiation will have two distinct behaviors:

Strong deviations : In this case each half-period of the magnetic array behaves as

independent bending magnets. The final intensity is proportional to the number of

repetitions or periods of the magnetic array. These devices are called wigglers, and
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deliver X-rays beams around one order of magnitude more intense than bending

magnets.

Weak deviations : in this case the effective magnetic field of the insertion device is small

enough in order that the deviation of the electrons can be well approximated by a

sinusoidal function. Within this approximation there is a constructive interference

among the radiation beams emitted by each period of the magnet array. This

interference provides X-rays beams several orders of magnitude more intense than

bending magnets. In this case the emitted radiation is not continuous anymore, but

has peaks were the intensity is maximum. These devices are called undulators.

Fig. 22 shows the spectra of the radiation for bending magnets, wigglers and un-

dulators. In the case of wigglers, as there is no interference the emitted spectra is similar

to the spectra of a bending magnet, which consist of a broad spectra. The intensity is

just summed incoherently for each curve of the electron bunch. For undulators, the inter-

ferences result in a much more intense emission (the brightness value is higher by several

orders of magnitude) and a discretized spectra. The frequency of the peaks appearing

in the wavelength spectrum depends on the spatial frequency of the magnets and on the

magnetic field generated by these magnets. By changing the gap between the two arrays

of magnets, and thus the magnetic field seen by the electrons, we can then change the

value of the energy peaks of the undulators. Fig. 23 shows brightness values that can be

reached with the different devices. For the undulators, the brightness values correspond

to the maximum that can be reached by changing the gap between the array of magnets

for one energy considered. For the wiggler and bending magnet, it corresponds to the full

spectrum, we see that above a certain value of energy, the emission decays a lot. This

can be explained by relativistic electromagnetic theory [69].
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The much higher brightness for undulators is also due to its low emittance com-

pared to bending magnet or wigglers. The emittance corresponds to product of the

angular distribution and the size of the beam and this parameter is conserved along the

path of the beam. Thus a low emittance enables to focus more the beam onto the sample,

and then improve the brightness. For an undulator, the angular distribution is limited by

the 𝛾 angle, and the size of the emitted photon beam is roughly the size of the bunch of

electrons.

2.4.2 Polarization of the photon beam

The photon beam can be described as an electromagnetic wave, and the spin of

the photon can be related to the polarization of this electromagnetic wave. For a polarized

plane wave with propagation wave vector 𝑘⃗ along the 𝑧 axis and 𝑤 the angular frequency of

the wave, the polarization of the wave is described by the spatial and temporal dependence

of the electric field (phase relation between space and time), 𝐸⃗ = 𝐸0𝑥𝑐𝑜𝑠(𝑘𝑧−𝑤𝑡+𝜑1)𝑒𝑥 +

𝐸0𝑦𝑐𝑜𝑠(𝑘𝑧 − 𝑤𝑡 + 𝜑2)𝑒𝑦. Thus, in the (x,y) plane, if 𝐸0𝑥 = 𝐸0𝑦 and 𝜑1 − 𝜑2 = ±𝜋
2 , the

electric field will have a circular movement in this plane (circular polarization), which

corresponds to photons with up or down polarization, depending on the direction of

rotation. If the two components are in phase, 𝜑1 − 𝜑2 = 0, then the movement of the

electric field is linear, with the direction of electric field oscillations defined by the 𝐸0𝑥

and 𝐸0𝑦 components, this type of polarization is said to be linear. It can be seen as

an equal contribution from photons with spin up and down. In the more general case

of 𝜑1 − 𝜑2 ̸= 0 and 𝐸0𝑥 ̸= 𝐸0𝑦, or in the case of 𝜑1 − 𝜑2 ̸= ±𝜋
2 or 0, the electric field

oscillation will describe an ellipse.

For synchrotron radiation, a linear motion of the electrons, as present in wiggler
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and undulators for the transversal motion, will result in a linear polarization of the emitted

photons, in the same direction as the direction of motion of the electrons. This can be

understood classically by the radiation of an electron in the presence of an alternate

electric field. If the electrons have an helical motion, and thus their transversal motion is

circular, the emitted photons will have a circular polarization. This helical trajectory of

the electrons is possible to obtain modifying the configuration of the two arrays of magnets

in an undulator. Circular photon polarization can thus be obtained. For bending magnets,

looking away from the orbit plane of the electrons, the projected movement can be seen

as an ellipse and thus an elliptical polarization is observed. Looking in the orbit plane of

the electrons, the motion is similar to horizontal oscillations, thus the photons emitted in

this plane have horizontal polarization. In this case it is possible to use mostly circularly

polarized photons selecting the out of plane emitted photons, the two circular polarization

are available, selecting the photons above or below this plane.

2.4.3 U11 beamline

The U11 beamline at the Brazilian National Synchrotron Light Laboratory

(LNLS) uses an elliptical undulator with a spatial period for the magnets of 50 mm

and producing a magnetic field of around 1 tesla. The dispersive element used is a plane

grating monochromator, which also focus the beam vertically (thanks to a variable line

spacing) into the exit slit placed after the monochromator. A toroidal mirror collimates

the beam vertically before it gets to the monochromator, and after the monochromator

another toroidal mirror collimates the beam vertically and horizontally into the sample.

Before the grating, a plane mirror is used to have the possibility to change the incident

angle on the grating [71]. The energy range available is between 100 and 1500eV. The
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resolution in energy Δ𝐸/𝐸 is adjustable by selecting the opening of the exit slit of the

monochromator. In general this resolution is better for low energy photons, going from

a few meV at 100 eV up to almost 1 eV at higher energies. One can always improve the

energy resolution reducing the aperture of the exit slit, but this also reduces the X-ray

intensity at the sample. The user must always trade between energy resolution and X-ray

intensity, optimizing for the specific experimental requirements.

In the next sections we will see that synchrotron radiation is widely used for two

electron emission techniques, X-ray absorption spectroscopy (XAS) and Photoemission

electron microscopy (PEEM).

2.5 X-ray spectroscopy: photoabsorption and photoemission

Synchrotron are extremely versatile materials science tools. One single machine

normally offers several techniques. Here we will concentrate on those that have been

used during this work. In the following sections we will discuss the basic aspects of

X-ray absorption and X-ray photoemission spectroscopies, in the energy range named

soft X-rays, where operates the beam lines used to study the samples we grew. This

energy range covers roughly the spectral range of photons from a few hundreds up to a

few thousands of electronvolts. We conclude this section discussing the photoemission

electron microscopy (PEEM), which allowed us to obtain detailed information about the

magnetic and ferroelectric domains in Fe/BaTiO3 heterostructures.

2.5.1 Absorption of photons by matter

Both X-ray absorption spectroscopy (XAS) and X-ray Photoemission Spec-

troscopy (XPS) start with the absorption of a photon by an atom. The exact mechanism
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involved in the interaction depends on the energy of the photon and atomic number of the

atom. In the soft X-ray range, the photoelectric effect is by orders of magnitude stronger

than the remaining interaction channels.

In the photoelectric effect the electric field of the photon interacts with one

bound electron and transfers its energy to the electron. In this process the photon is

annihilated and the electron will be excited from its ground states. The final state of the

electron depends on the photon energy and must be one of the following:

The photon transfers enough energy to take the electron from the atom In this

case the electron becomes free from the atomic binding. Once out of its original

atom the electron can be reabsorbed by the material, or if it is close enough to the

surface, the electron can be ejected from the sample to the vacuum. In this last

case the electron will carry a kinetic energy that will be the difference between the

original photon energy, ~𝜈 and the binding energy of the electron-atom, 𝐸𝐵. To

be exact, the ejected electron must also expend some energy to leave the material

itself, which is called work function, 𝜑.

The energy of the photon excites the electron within the same atom Here the

photon energy ~𝜈 is not enough to take the electron out of the atom. But still, the

electron is excited to an empty state in the same atom. This process is resonant,

which means that its cross section increases abruptly when the energy of the photon

is exactly the difference in energy between the final and initial electron state. This

means that the probability of absorbing photons with the right energy to promote

internally one electron is much higher than to absorb a photon with arbitrary energy.

The increase in the absorption probability is called absorption edge.
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Figure 24 – An example of full photoemission spectrum. In this case the sample is pure
cooper illuminated with ultra-violet source.

Each part of the process above gives rise to one spectroscopic technique: when

the electron is ejected from the sample we have XPS. When the electron is excited within

the same atom we have XAS. In the next sections we give more details about each of

these techniques.

2.5.2 The photoemission process

In X-ray photoemission spectroscopy, XPS, the absorption of a photon results

in a transition between a state of a core level electron to the continuum of energies

represented by the vacuum. The emitted electron is then a photoelectron. Because of

the conservation of energy in the absorption process, we can deduce the initial binding

energy of the photoelectrons 𝐸𝑏 = ~𝜈−𝐸𝑘 −𝜑, with 𝐸𝑏 the binding energy, ~𝜈 the photon

energy, 𝜑 the work function which is material dependent, and 𝐸𝑘 the kinetic energy of

the photoelectron.

The photoemitted electron can be detected by hemispherical analyzers, which

will measure their kinetic energy. A typical photoemission spectra is shown in Fig. 24.

Various types of electrons are present in those spectrum. The fine peaks correspond to

photoemission electrons, which did not get inelastically scattered. Their binding energy
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is characteristic of the electronic transitions and thus of the chemical element. They also

can correspond to Auger electrons, in this case, their kinetic energy is characteristic of

the chemical element, and does not depend on the energy of the photon. Indeed, after

the emission of an electron, the core level hole can be filled by electrons from higher

energy levels which results in the emission of an Auger electron (see part Auger), or in

the emission of a photon (in this case the process is called fluorescence).

The broader part on the right, corresponding to electrons with low binding

energy, are electrons emitted from valence states. Also, the inelastic interactions of elec-

trons with atoms lead to a cascade emission of low kinetic energy electrons (secondary

electrons). They form a continuous background in the spectra with a peak at low energy.

Synchrotron light is not a pre-requisite to perform XPS. One can use a UV lamp, which

allows the high resolution in the low photon energy range. We speak then of UPS, Ultra-

Violet Photoemission Spectroscopy), and then only the valence electrons part is present

in the spectrum. One can also use standard X-rays sources.

As the mean free path of interactions between electrons and atoms is of the order

of some nanometers for the range of energy considered, electrons emission techniques are

surface techniques and are sensitive to the environment. Usually XPS is done under ultra

high vacuum conditions to avoid surface contamination.

Photoemission spectroscopy has been widely used to check the chemical compo-

sition of samples and in this case is know by ESCA, which stands for electron spectrocopy

chemical analysis. This is done quantifying the areas below the photoelectron peaks for

each element in the sample. As one can know the cross-section for each transition, is pos-

sible to get the surface stoichiometry of the sample with good precision even for very light
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element like carbon or oxygen, which are difficult to observe by other standard techniques.

2.5.3 X-ray absorption spectroscopy

The photon absorption coefficient of an atom is proportional to the probability

of transition from the initial state to the final state within the same atom, which is given

by the Fermi’s golden rule [72]. This transition probability depends also on the density

of unoccupied that can receive the excited electrons and respect the energy conservation.

The possible final states of the electron are the unoccupied states that respect the selection

rules for the dipolar approximation [72]. This means the orbital moment of the excited

electron must change by ±1 and the spin must be conserved.

The resonant energy where the absorption is maximum depends on the difference

of the electron energy between final and initial states. As these energies are unique for

each chemical species, XAS is element selective, and gives information on valence state,

structure and chemical environment. It can also gives information on spin with x-ray

magnetic circular dicroism as we discuss in the next section.

In order to measure XAS, one needs to change the photon energy and measure

its absorption. This requires a broad photon energy range source, which in general is a

synchrotron. In the soft X-rays range the photoabsorption is measured indirectly. When

an electron is excited in the atom a core hole is created. This state is metastable. When

the atom returns to its initial state some electrons on higher orbitals occupy the core

hole and in the process loose energy to the system. This energy is dissipated with the

emission of secondary electrons or with the emission of fluorescence photons. In the soft

X-rays range secondary electrons are much stronger than fluorescence and they are used

to have the indirect measurement of the absorption. To measure the number of secondary
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electrons leaving the sample, the sample is grounded, so every time an electron leaves the

sample, an electron from the ground arrives at the sample. The use of a current meter

allows to measure, for each photon energy, the number of electrons per unit time that

leave the sample and thus the absorption coefficient as function of the photon energy.

This indirect way to measure the X-ray absorption is called total electron yield (TEY)

detection.

2.5.4 X-ray magnetic circular dichroism

With synchrotron radiation it is possible to obtain X-rays with circular polar-

ization. This allows to obtain the orbital and spin magnetic moments for the different

elements of the sample. To do that, it is necessary to measure two X-ray absorption

spectra, one with left circular polarization and the other with right circular polarization.

The difference in absorption in the two spectra constitutes the X-ray magnetic circular

dicroism (XMCD).

Here we will just consider a one electron picture to explain those XMCD effects.

The transition probability to excite an electron (through the absorption of a photon by

the atom considered) from initial state 𝑖 to a non occupied final state 𝑓 is given by the

Fermi’s golden rule, and is proportional to the squared transition matrix element, 𝑀2
𝑓𝑖,

with :

𝑀2
𝑓𝑖 = (|⟨𝑓 |⃗𝜖.𝑟⃗|𝑖⟩|)2 (2.2)

The factor 𝜖⃗.𝑟⃗ corresponds to the interaction between the electron and the potential vector

generated by the photon in the dipole approximation. Assuming the dipolar approxima-

tion for the electric field of the photon, an initial state described by the quantum numbers
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|𝑛, 𝑙,𝑚𝑙, 𝑠,𝑚𝑠⟩, and a final state by |𝑛′, 𝑙′,𝑚′
𝑙, 𝑠

′,𝑚′
𝑠⟩ , calculation shows that the transition

matrix element is not null only if the following selection rules are satisfied :

𝑙′ = 𝑙 ± 1;𝑚′
𝑙 = 𝑚𝑙 + 𝑞; 𝑠′ = 𝑠;𝑚′

𝑠 = 𝑚𝑠 (2.3)

The selection rule 𝑚′
𝑙 = 𝑚𝑙+𝑞 represents the conservation of angular momentum:

the angular momentum of the incident x-rays is transferred to the excited photoelectron.

From those rules it can be understood that, for a given final state, the absorption of a

photon may satisfy those rules only for 1 circular polarization, because if the photon can

not transfer its spin angular momentum to the core shell electron, there is no absorption.

For example, for a transition from an initial 2p state (without considering the spin-orbit

coupling in the 2p level) to a final 3d state with 𝑚′
𝑙 = +2, only a photon of positive

helicity can be absorbed, which would correspond to a transition from an initial state with

𝑚𝑙 = +1, thus respecting the selection rules. Nevertheless, this difference in absorption

for the two circular polarizations of the photon leads to a circular dichroic signal only if

the material has an orbital magnetic moment. If the available final states (the valence

band empty density of states) have no imbalance of states for the angular momentum,

there will be no dichroic signal when taking into account all initial and final states. This

is coherent with the fact that circular dichroism measures the magnetism of the material.

For maximum effect, the photon propagation vector needs to be aligned with

the magnetization direction, the magnetization measured is actually the projection of the

magnetization on the photon propagation vector. This preferential absorption in function

of polarization of the photon enables to measure the orbital moment from the XMCD

signal, but while using |𝑛, 𝑙,𝑚𝑙, 𝑠,𝑚𝑠⟩ and |𝑛′, 𝑙′,𝑚′
𝑙, 𝑠

′,𝑚′
𝑠⟩ for describing initial and final
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Figure 25 – Transition intensities from spin-orbit and exchange split 𝑝 core states |𝑗,𝑚𝑗⟩
to spin-up exchange split 𝑑 valence orbitals. The + , - and 0 labels correspond
to the value of allowed X-rays helicity in the transition. Taken from [73]

states, it is not possible to relate the XMCD signal to the spin moment.

Although the spin does not appear directly in the hamiltonian of (2.2) (which

results in 𝑚′
𝑠 = 𝑚𝑠), the spin moment becomes involved in the dipole matrix element

through the spin-orbit coupling in the core shell [72] (the spin-orbit coupling of the valence

shell can usually be neglected). For example for the 𝐿3 edge, the initial states are the

2𝑝3/2 spin-orbit coupled states. As those levels have different proportion of spin up and

down, for final states of a given spin, the probability of transition into a state of one spin

(+1/2 or −1/2) will be different for the 2 circular polarizations, making the absorption

process spin dependent. Fig. 25 shows the calculation of the individual contribution of

transition intensities (to within a constant, see [73]) for transition from 2𝑝 states into 3𝑑

states. Only final states of spin up (+1/2) are represented, for transitions into 3𝑑 spin

down states, the results are equivalent but with reversed photon helicity. The 2𝑝 initial

states are assumed to be spin-orbit split (and are therefore described by their total angular

momentum) and exchange split (which lift the degeneracy in 𝑚𝑗), the final states are the

d valence orbitals (𝑑𝑥𝑦, 𝑑𝑥𝑧, 𝑑𝑦𝑧, 𝑑𝑥2−𝑦2 , 𝑑3𝑧2−𝑟2 orbitals) also assumed to be exchange

split.
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Figure 26 – Schematic XMCD effect for a strong ferromagnet (filled majority band) for
transition from 2p spin-orbit splitted states to exchange split 3d states, 𝜎+

are photons with positive helicity and 𝜎− with negative helicity. [8]

From those individual contributions of Fig. 25, summing the contribution from

all states, it is possible to calculate the probability of electronic transition from a 2𝑝3/2

state (or a 2𝑝1/2 state) with spin=+1/2 into the 3𝑑 final states of also spin=+1/2 (as

the spin can not change). The transition probability are shown in Fig. 26 [8], for a

strong ferromagnet (filled majority band). Since 2𝑝3/2 and 2𝑝1/2 levels have opposite

spin-orbit coupling, the spin polarization will be opposite at the 2 edges [73], and so the

spin contribution to the XMCD signal have opposite signal for those 2 edges.

It is possible to relate the difference of XAS signal with the two circular polar-

ization independently to the spin and the orbital moment of the sample.

2.5.5 X-ray linear dichroism

XAS of single crystal with charge or magnetic moment anisotropies will show

different absorption depending on the angle between crystalline axis and the direction

of electric field 𝐸 of the linearly polarized X-rays beam. This effect is know as linear

dichroism.
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For linear polarized X-rays, the electric field vector acts like a search light for the

direction of the maximum and minimum of empty valence states. Thus the absorption

will be stronger in the direction with more empty states. With this effect one can prove

the anisotropy in electron occupation either by rotating the sample around the X-ray

beam direction or by changing the polarization of the beam. Usually the last option is

done.

Linear dichroism can also arise from magnetic effects within the atom. For a

magnetic state with collinear spin alignment, spin-orbit coupling may lead to the de-

formation of the charge. This charge distortion is of uniaxial symmetry about the spin

direction and will change the way X-rays of different polarizations will be absorbed.

The linear dichroism was heavily used to study the ferroelectric domains and we

will discuss it further in the results section.

2.6 Photoemission electron microscopy

In photoemission electron microscopy (PEEM), atoms of a sample are excited

through the absorption of photons (UV lamp, He lamp or synchrotron light in our case).

This photon absorption results mostly in the emission of secondary electrons, which are

accelerated (thanks to an high voltage applied to the sample) and collected into the

microscope. Then a series of magnetic lenses enable to magnify the image of the sample

formed by those electrons, while conserving information the spatial distribution of the

electrons.

When an electron gun is used as a source instead, we speak about low energy

electron microscopy (LEEM). Whereas PEEM is based on the photoemission process, for
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LEEM, the electrons used for imaging come from an electron gun. As for other electron

emission technique, the LEEM/PEEM is a surface technique.

Fig. 28 represents the LEEM/PEEM system from SPECS available in Camp-

inas (although the electron gun is not available). Other measurements have been done in

Berlin, at the UE56-SGM1 beamline of BESSY II, where a similar equipment is used (also

from SPECS), but with an aberration-correction which uses a second magnetic prism and

with an electron gun. It can be seen that the electron beam leaving the sample first go

through the objective lens and then through the transfer lens. The combination of objec-

tive and transfer lens are used to image the sample in the diagonal of the magnetic prism

(where field apertures can be inserted) and to image the diffraction plane (corresponding

to the focal plane of the ensemble objective and transfer lens) into the entrance of the

prism (where entrance slits can be inserted). For the diffraction plane at the entrance of

the prism, electrons leaving the sample with parallel trajectory are focused at the same

“point” within this plane. For the PEEM mode, this plane thus display the angular dis-

tribution (𝑘𝑥 , 𝑘𝑦) of the electrons leaving the sample. When using the LEEM mode (with

the electron gun as the source), what is displayed for this diffraction plane will depends on

the energy of the electrons reaching the sample. When the energy of the electrons leaving

the electron gun is equal to the energy of acceleration from sample to objective lens (gen-

erally 15000 eV), the hight voltage on the sample will decelerate the electrons and they

will reach the sample with almost no energy. In this mode (mirror electron microscopy

mode), the electrons are reflected before hitting the sample surface. The contrast mecha-

nism is based on local changes in the electric field on the sample surface. In this case the

diffraction plane will only show a fine spot corresponding to the reflected electrons. When

the energy of the electrons reaching the sample increases, the electrons can penetrate more
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the sample, and so the diffraction plane will display, besides the reflected electrons spot

and the angular distribution of the secondary electrons, a diffraction pattern if the sample

is crystalline. In the magnetic prism, the electrons are 90∘ deflected into the center of the

projector lenses, which will form the image in the fluorescent screen. The entrance plane

of the prism is also imaged into the exit plane of the prism (where the contrast apertures

can be inserted). The projectors lenses give the possibility to switch between the image

mode (when imaging the diagonal of the prism) and the diffraction mode (when imaging

the exit of the prism), and also to switch between different available magnifications for

these two modes. The magnification determines the field of view (FOV) imaged. The

prism can also be seen as an energy filter because of his dispersive properties [74]. Indeed,

a slit can be placed at the entrance of the prism where is imaged the diffraction plane.

With PEEM mode, this slit enables to select one component of the angular distribution of

the electrons (the component perpendicular to the direction of the slit, let say k𝑥). After

going through the prism, which has a dispersive field around the direction perpendicular

to the slit, the diffraction plane imaged at the exit of the prism will present the energy

dispersion on the 𝑥 axis and the angular distribution 𝑘𝑦 on the 𝑥 axis. With a diffraction

mode, it is thus possible to obtain angle-resolved photoelectron spectroscopy with this

entrance slit, but a field apperture should be also inserted in the image plane to select a

small region of the sample to avoid straight light. Then by changing the position of the

entrance slit, and thus the selection of the 𝑘𝑥 component it is possible to obtain the whole

(𝐸, 𝑘𝑥, 𝑘𝑦) phase space. With an entrance slit already inserted, it is possible to insert

an aperture (the contrast aperture) in this plane (the exit plane of the prism) to select

the energy of the electrons, and then to go back to the imaging mode so that the image

corresponds to electrons of a selected energy (and angular distribution).
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Figure 27 – PEEM topographical contrast on the left and workfunction contrast on the
right [75]

Figure 28 – Schematic of the LEEM/PEEM, SPECS P90 brochure

Using PEEM with UV lamp, the energy of the photons (around 5 eV) is quite

similar to the work function contrast of most sample. Thus the electrons leaving the

sample (corresponding to photo-electrons) have low energy. Using X-ray, the energy of

the photons is much higher. Most of the electrons leaving the sample in this case will

be secondary electrons, so most of the electrons emitted will still have low energy (some

eV), but the dispersion in energy of the electrons will be much larger. That is why in

order to improve the resolution with UV lamp, only the contrast aperture in the exit

plane of the prism need to be inserted, to decrease the angular distribution dispersion

of the electrons, whereas with X-rays, both entrance slit and contrast aperture have to

be inserted to decrease angular distribution dispersion and energy dispersion. Without
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aberration correction, a resolution of around 8nm was achieved by SPECS with UV lamp.

With LEEM, generally neither entrance slit nor contrast aperture are needed to achieve

a good resolution. Even without aberration correction, a resolution of around 2nm was

achieved by SPECS.

2.6.1 Contrast

The contrast observed can be due, among others, to topography, workfunction,

magnetic or electrical variation in the sample. Topographic contrasts occur for rough

samples, this contrast is due to the curvature of the accelerator field around surface ob-

jects [75], as illustrated in Fig. 27, in the left image. This curvature of the field influences

the trajectory of the electrons, and thus the image. Using UV lamp with energy close to

the sample working function, the contrast that dominates is the working function contrast

(shown in Fig. 27, in the right image). Since the photo-electrons emitted are low energy

electrons, differences in the work function in the sample result in an important contrast.

Ferroelectric domains may have charges in their surface, for example, out-of-plane ferro-

electric domains with up polarization will present positive charges, and negative charges

with down polarization. These charges result in a difference in the work function, it is

possible to image ferroelectric domains with UV lamp. However, two in-plane ferroelectric

domains with perpendicular polarization can not be differentiated. All types of in-plane

domains are seen with the same contrast. Ferroelectric domains can also be observed with

LEEM, using an electron gun, with a contrast also based on the surface charges. Using

synchrotron light, which allows to select the energy and the polarization of the photon, it

is possible to get elemental and chemical contrast (using an energy corresponding to an

absorption peak of an element in a specific valence state), and using circularly or linearly
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polarized light at a specific element energy it is also possible to observe ferromagnetic,

anti-ferromagnetic or ferroelectric domains of the considered element, as will be explained

below. It is also possible to get x-ray absorption spectra for a specific region of the sample

(𝜇-XAS). For that, images at various photon energy are taken and the intensity depen-

dence of a specific region of the image on the energy of the photon will constitute the

spectra. Also with synchrotron light it is possible to do pump and probe experiments,

which give information about the dynamics of the system. But the changes in the sample

must be repetitive. A first pump pulse enable to initiate the dynamic of the system, and

a second probe pulse to measure the state of the system. The evolution of the changes

is determined by changing the time difference between pump and probe [76]. The probe

pulse corresponds to a pulse of photons of the synchrotron, which has a width between

50 and 80 ps. The pump probe corresponds, for example, to a magnetic field pulse if we

want to measure the dynamics of the magnetic domains. Other contrasts are available

with LEEM. It is possible to get 𝜇LEED pattern, and selecting one diffraction point with

the contrast aperture, it is possible to get dark-field imaging.

2.6.2 Observation of BaTiO3 ferroelectric domains: XLD images

Besides UV lamp and electron gun, linearly polarized X-rays can also be used to

image ferroelectric domains. We will explain here the observation of ferroelectric domains

of a tetragonal ferroelectric like BaTiO3 (BTO) cut along the (001) or (100) directions.

For the observation of ferroelectric domain with PEEM, a treatment of the ferroelectric

single crystal is necessary to clean it and make it conductive. This treatment is described

in Ref [10], it consists first on a cleaning with ozone, in a chamber with a mercury lamp

which produce ozone from the oxygen contained in atmospheric air, for 30 mn, in order
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Figure 29 – BTO structure in the tetragonal phase

Figure 30 – Herringbone structure for ferroelectric domains, taken from [77]

to remove the carbon contamination. Then, after insertion of the sample in the PEEM

which is operated in vacuum, an annealing of the substrate at 600 ∘C with an oxygen

pressure of 4.10−6 mbar is done for 1 hour to obtain a good surface reconstruction of the

BTO surface. Then an annealing of 2 hours at 700 ∘C in vacuum (base pressure of around

10−9 mbar) is done to create oxygen vacancies, which make the sample conductive [10].

There are 3 possible axis for the electric polarization in tetragonal BTO, with the

polarization axis along the tetragonal distortion axis (Fig. 29). However, after annealing,

most of domains are in-plane domains. For those domains, in order to avoid charges at

the walls of the domains, the direction of the domain walls make a 45∘ angle with the

electric polarization axis. Various patterns are possible, one of them being illustrated in

Fig. 30 [77].

The linear dichroic contrast (XLD) uses structural differences of domains. Above

120∘C, BTO is a cubic perovskite, with Ti atoms at the center of the oxygen octahedra.

This octahedral environment leads to the lift of the degeneracy of the five 3𝑑 orbitals,

with the 𝑒𝑔 orbitals (𝑑𝑥2−𝑦2 and 𝑑𝑧2 orbitals) which point on oxygen atoms having higher
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Figure 31 – Splitting of d Ti orbitals for a 𝑧 domain of BTO, that is, along the 𝑐 axis.
[10]

energy, and the 𝑡2𝑔 orbitals (𝑑𝑥𝑦, 𝑑𝑥𝑧 and 𝑑𝑦𝑧 orbitals) having lower energy. With cubic to

tetragonal phase transition (occuring around 120∘C), the Ti atom is displaced in direction

of one oxygen (along 𝑥, 𝑦 or 𝑧 axis of BTO), responsible for ferroelectricity. This dis-

placement of Ti atoms lifts the degeneracy of the 𝑡2𝑔 and 𝑒𝑔 orbitals through hybridization

with the 2𝑝 oxygen orbitals (Fig. 31). The difference of energy between 𝑑𝑥𝑦, 𝑑𝑥𝑧 and 𝑑𝑦𝑧

orbitals is not observable directly in a spectra of a BTO ferroelectric domain, and 𝐿2 or

𝐿3 edges present only 2 peaks related to 𝑡2𝑔 (first peak) and 𝑒𝑔 (second peak) orbitals

(Fig. 31), but it is the splitting in the 𝑡2𝑔 orbitals responsible for the ferroelectric contrast

of the PEEM images as will be explained below.

For a 𝑧 domain, the 𝑑𝑥𝑦 orbital is the one of lower energy, as shown in Fig. 31,

whereas for 𝑥 (𝑦) domain, the orbital of lower energy is 𝑑𝑦𝑧 (𝑑𝑥𝑧). Those orbitals have an

axis for which the density of hole available is minimum. For the orbitals of lower energy,

those axis are respectively the 𝑥, 𝑦 and 𝑧 axis for the 𝑥, 𝑦 and 𝑧 domains. The PEEM

images are taken with an energy of photons corresponding to the difference of energy

between the 2𝑝3/2 core level of Ti and those 𝑡2𝑔 orbitals (first peak of the 𝐿3 edge). The

electronic transitions to these orbitals will have a lowest probability of occurring if the
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Figure 32 – Linear vertical polarization (𝑙𝑣), and linear horizontal polarization (𝑙ℎ). 𝑋
and 𝑌 axis are along the surface of the sample, with 𝑋 axis parallel to the
vertical axis of photon polarization. 𝑙ℎ axis make a 20∘ angle with the 𝑍 axis.

polarization of the photon is parallel to the axis of minimum density of hole available

of the corresponding orbital (which also corresponds to the electric polarization axis for

the orbitals of lower energy), this is because the electric field vector of the photon acts

like a search light for the number of valence holes [10]. If the probability of transition is

lower, less electrons will be emitted and the image will be seen darker. This contrast does

not depend on the direction of the electric polarization, both opposite directions for the

electrical polarization would give the same contrast. So it is possible to know the axis of

the electric polarization but not its direction.

The geometry of the PEEM experiment is shown in fig. 32. Two linear polar-

ization of the photons are available, vertical polarization of the photons corresponds to

X-ray electric field, which determines the beam polarization, totally in the plane of the

sample. Horizontal polarization corresponds to photons polarization mostly out of plane,

with a small in plane component perpendicular to the vertical axis (Fig. 32).

For in-plane domains, the best contrast is obtained for electronic transitions into

the 𝑡2𝑔 orbitals of lower energy, and with linear vertical polarization of the photon. In this

case one can rotate the sample along the normal to the surface axis. Doing so, it is possible
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Figure 33 – X-ray linear dichroism (𝑙ℎ− 𝑙𝑣 polarization) spectra for out of plane domains
(𝑐), in-plane domains parallel to 𝑙𝑣 polarization (𝑎2), and the other perpen-
dicular in-plane domain (𝑎1 and 𝑎3), taken from [78].

to get the polarization of the photon beam parallel to the ferroelectric polarization axis for

one of the 2 possible in-plane ferroelectric domains, (100) or (010). The domains which are

seen darker (lower probability of transition) have their ferroelectric polarization parallel

to the photon vertical polarization, whereas the other in-plane domains are perpendicular.

It is thus possible to determine the axis of the electric polarization of the BTO domains.

To verify that the domains seen are actually in-plane domains, it is possible to take an

image with the UV lamp, with which a different contrast should be observed for out of

plane domains. The fact that the domain are at 45∘ in relation to the electric polarization

axis also shows that the domains are in-plane. Similarly, an inversion of the contrast

happens when taking images for transitions to the 𝑡2𝑔 orbitals of higher energy, with the

same photon polarization, or with the same energy of the photon (i. e. for transitions to

𝑡2𝑔 orbitals of lowest energy), but with an horizontal polarization of the photon, which

then corresponds to a linear dichroic contrast. Thus it is possible to improve the contrast

of the image taking the subtraction of 2 images, one with linear vertical (𝑙𝑣) polarization

and lower photon energy and the other with the same photon energy and linear horizontal

(𝑙ℎ) polarization, or with the same 𝑙𝑣 polarization and higher photon energy.
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It is also possible to take X-ray absorption spectra (XAS) with PEEM, taking

several images with different photon energy. Selecting an area in the image, it is possible

to make a XAS for this specific area. Doing this for the 3 possible electric polarization

axes of BTO domains, with 𝑙𝑣 and 𝑙ℎ photon polarization, and taking the difference of

the spectra, enables to get the dichroic contrast for each type of domain, as illustrated in

Fig. 33 [78].

2.6.3 Observation of ferromagnetic domains: XMCD images

While taking a PEEM image, it is possible to observe a magnetic contrast (the

projection of the magnetic moment on the direction of the X-rays beam) taking the

differences of the image with left and the image with right circular polarization at the

energy of maximum XMCD signal (corresponding usually to the peak of absorption of

the considered edge).

2.7 Auger electron spectroscopy

Auger electron spectrocsopy (AES) is another emission electron technique, it

can be used for determining the thickness of a deposited thin film. This method consists

on exciting the atoms of a sample with an energetic beam of electrons (between 1 and 5

keV), and collecting the outgoing electrons resulting from the relaxation of those excited

atoms.

The emission of Auger electrons is a three electron process. First, an electron

from a core level is ionized by an incident electron. Then this hole is filled by another

electron from a less energetic level, and the energy liberated during this process is trans-

ferred to another electron so that this energy is enough to emit this last electron from the



Chapter 2. Experimental Methods 93

atom. This last electron corresponds to an Auger electron. The Auger process is named

after the initial level of those three electrons, for example 𝐾𝐿𝑀 , the first letter being

the level of the initial hole, the second being the level of the electron which fill this hole

and the third the level of the electron emitted. Thus, displaying the number of electrons

in function of their energy, some peaks will be visible, corresponding to the emission of

those Auger electrons. Auger peaks are characterized by the fact that the energy of those

peaks does not depend on the energy of the incident electron beam, but are characteristic

of the energy level of the three electrons involved in the process, thus they are charac-

teristic of the corresponding chemical element. The emitted electrons are collected by a

cylindrical mirror analyzer, composed of two coaxial cylinders. A negative potential is

applied on the outer cylinder, deflecting the emitted electrons and selecting the energy

of the electrons reaching the detector. Using a modulation of this potential and a lock-in

amplifier to detect the signal enables to have directly the derivative of the number of

electrons in relation to the energy, as function of the energy (𝑑𝑁
𝑑𝐸

), which makes the signal

less sensitive to the background of secondary electrons. As the mean free path of this

electrons is only a few nanometers (as the energy band measured varies usually between

100 to 1000 eV), only the atoms of the surface are probed. Auger electron spectroscopy

enables the characterization of the atoms of the surface and to study the nature of their

bonding.

We can calculate the thickness of the film measuring the Auger signal before

and after deposition. The thickness 𝑑 of the film is then 𝑑 = −𝜆(𝐸).𝑙𝑛( 𝐼𝐴𝐷

𝐼𝐵𝐷
). With 𝜆(𝐸)

the inelastic mean free path of the of the emitted electron in the material under probe,

which depends on its kinetic energy 𝐸. 𝐼𝐴𝐷 the signal of the Auger peak after deposition

and 𝐼𝐵𝐷 the signal of the Auger peak before deposition. In practice, as we have the value
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for the derivative of the number of electrons emitted in relation to the energy, instead of

observing a unique peak we see a positive peak followed by a negative peak. The value we

measure for the signal corresponds to the difference between the maximum of the positive

peak and the minimum of the negative peak.
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Chapter 3

Results on Multiferroic thin films

growth

The first part of this PhD work was dedicated to grow ferroelectric and multifer-

roic films. For that we used the sputtering setup available as an open user facility at the

Brazilian Nanotechnology Laboratory, LNNano. In this chapter we report on the results

obtained, in particular section 3.2 describes the growth and characterization of BiFeO3

thin films on SrTiO3 substrates, which were published in reference [79].

3.1 Growth of multiferroic films on silicon substrates

The main reason to grow ferroelectric films on Si substrates was to get used with

the sputtering system, once that this kind of substrate is widely available. These films

were also used to get acquainted with the characterization techniques. Despite the fact

that the following depositions had little success, they were the preparation for the more

elaborated ones using more suitable substrates. In the following we describe the systems

grew at the very beginning of this work and the results of their characterization.
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3.1.1 Growth of YMnO3 on silicon

YMnO3 (YMO) presents two possible crystalline structures: i) hexagonal ℎ-

YMO: where the Mn ions are located inside an oxygen bipyramids; ii) orthorhombic 𝑜-

YMO: in this case the compound shares the perovskite structure and the Mn ions lie inside

oxygen octahedra. In the hexagonal phase it is a multiferroic material with ferroelectric

transition at 900 K and antiferromagnetic Néel temperature at 90 K. An important point

about the hexagonal phase is that contrary to the perovskite based ferroelectrics, ℎ-YMO

has a unique polarization axis along the 𝑐 direction. Thus, its polarization can have

only two orientations, either parallel or antiparallel to the 𝑐-axis. This characteristic

makes it attractive to devices where the polarization is used to store information. At low

temperature, in the antiferromagnetic phase, it presents a strong magnetoelectric effect

that has been used to control the exchange bias direction [80].

The samples were grown by sputtering at the AJA system from the LNNano. We

used untreated silicon substrates, with the natural oxide layer. To be able to measure the

electrical polarization we deposited an aluminum bottom electrode of around 30 nm. Part

of this electrode was covered to be exposed after the end of the deposition. We deposited

iron as top electrode, which besides serving as electric contact, could eventually play the

role of a soft magnetic layer in an exchange-bias device. To avoid the oxidation of the

iron layer, another 5 nm of aluminum was finally deposited on the top of the structure.

The final structures were of the type:

Si/SiO2[native]/Al[30nm]/YMnO3[100nm]/Fe[30nm]/Al[5nm]

The YMO deposition was done at 0.4 Pa of 20 sccm argon and 1 sccm oxygen.
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Figure 34 – Oxygen 𝐾 edge absorption spectra on YMnO3 films. At left is show the
reference spectra for both ℎ-YMO and 𝑜-YMO. At right the spectra obtained
for our samples, as grown and treated by rapid thermal annealing (RTA).

We used a commercial YMO target, and employed 50W of RF power. In the case of Fe

and Al the pressure was similar but with argon only, using 80 W of DC power.

The thickness of the several layers was measured with a perfilometer also at

LNNano, in special samples where each layer was individually exposed. Some of the

samples were subject to a rapid thermal annealing (RTA) in order to obtain the desired

hexagonal phase as found in the literature [81]. The RTA treated samples have been

annealed to 1123 K for 180 seconds. The warmup and cooldown ramps took less than a

minute.

Figure 34 shows the oxygen 𝐾 edge spectra measured by soft X-ray absorption at

the PGM beam line. The results indicate that we did not succeed to obtain a pure YMO

phase, neither the hexagonal or orthorhombic. The signal certainly has an important

contribution from the natural formed oxide at the surface of the aluminum capping layer.

This was the case for both as grown and annealed samples. Furthermore absorption

spectra at the Fe 𝐿23 edges show a diffusion of Fe into the capping Al layer with the RTA

procedure. Fig. 35 shows absorption spectra using two detection modes. At left is show
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Figure 35 – Iron 𝐿2 and 𝐿3 absorption. The spectra at the left panel were detected using
total electron yield (TEY) which gives extremely surface sensitivity to the
signal. The right panel shows spectra measured by fluorescence, which are
much more bulk sensitive. In both panes is indicated the spectra for the as
grown and RTA treated samples.

total electron yield (TEY) results, which are very surface sensitive. In this case we can

see that before the annealing the Fe signal was negligible whereas it was present after

the RTA treatment. This is a strong indication that Fe migrated towards the surface of

the sample. The same measurement was done detecting fluorescence signal (fig. 35-right)

which probes more the bulk of the sample. In this case, before the annealing we were

able to detect Fe, even if its signal is small. But again, after annealing the signal is much

stronger, corroborating the information that Fe migrated to the surface of the sample.

3.1.2 Growth of BaTiO3 on silicon

We grew also BaTiO3 (BTO) films. In order to probe its ferroelectricity, we

grew the BTO film on SrRuO3 (SRO) buffer layers. SRO is a metallic oxide at room

temperature and is widely used as electrode in complex oxides structures given that it

has also the perovskite crystalline structure. Our samples had 100 nm of BTO, 30 nm of
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Figure 36 – In (a) we show XPS (X ray Photoemission Spectroscopy) and in (b) UPS
(Ultra Violet Photoemission Spectroscopy) of the BaTiO3 samples family.

SRO on SiO2/Si substrates. We grew also pure BTO and pure SRO films for control. We

did not used any capping layer in this case.

The deposition was made by sputtering at the AJA system of the LNNano. We

used 0.4 Pa of a mixture of 20 sccm of argon and 1 sccm of oxygen. SRO layer was grew

using 75 W of DC power, and BTO 50 W of RF power. The substrate temperature was

kept at 573 K in all cases.

We used photoemission spectroscopy to characterize the films. Fig. 36 shows

the core levels (XPS) and valence band (UPS) for one BTO/SRO film and the pure BTO

and SRO control samples. Again, photoemission is a very surface sensitive technique and

its signal arises mostly from the first atomic layers of the sample surface. Both XPS and

UPS results show the expected behavior. BTO/SRO and BTO have the same line shape,

including a bandgap at the valence band characteristic of insulating materials. On the

other hand, SRO displays a metallic behavior with electron occupation up to the Fermi

level.

Nevertheless, even if microscopically the samples behaved as expected, the macro-
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scopic transport properties were of conducting films in all cases. Thus we were not able to

characterize the ferroelectric properties of the BTO film. We believe that this discrepancy

between microscopic and macroscopic properties is due to cracks in the BTO film, that

allow short circuits between the bottom SRO electrode and the top indium contacts that

are normally employed to wire the sample for transport measurements.

3.2 BiFeO3 films on SrTiO3 substrates

3.2.1 Description of the deposition conditions

BiFeO3 (BFO), being one of the few room temperature multiferroic systems, has

attracted much attention as thin films, in the view of its potential as magnetoelectric

device. Here we report of the growth of BFO films on SrTiO3 (STO) substrates, which

share the same perovskite structure as BFO.

The instrument used for sputtering is an ATC Orion 8 from AJA International

INC, available in the National Laboratory of Nanotechnology (LNNano).

Seven samples of BiFeO3 have been grown on SrTiO3 substrates, one of SrRuO3

on SrTiO3, and one with a layer of BiFeO3 over a layer of SrRuO3 on SrTiO3. The con-

ditions of sputtering are given in the table 1.

All the samples were grown with an oxygen flow of 3 sccm (Standard Cubic

Centimeters per Minute), we did not used argon gas.

As the instrument used is a confocal sputtering system, the distance between

the sample and the target is higher than the distance usually given in other references.
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label Target Power Thickness Pressure T time growth rate
S007 BFO 100W (RF) 50-60nm 4 Pa 773 K 7h42mn 8nm/h
S008 BFO 100W (RF) 45-55nm 4 Pa 673 K 6h 8nm/h
S009 BFO 100W (RF) - 4 Pa 873 K 6h 8nm/h
S011 BFO 100W (RF) 45-55nm 4 Pa 973 K 6h 8nm/h
S013 SRO 150W (DC) 15-25nm 2.6 Pa 973 K 2h 10nm/h

BFO 100W (RF) 45-55nm 4 Pa 973 K 6h 8nm/h

Table 1 – List of BiFeO3 samples grew by sputtering.

The minimum distance available (that we used for all samples) is approximately 17 cm.

The thickness given in the table have been measured by X-Ray Reflectivity

(XRR) for the BFO samples, and it was found to be around 50 nm for S011 and S013,

and as the other samples have been grown with the same deposition conditions (except

temperature), we suppose that they have a similar thickness. The thickness of sample S009

was not estimated because it shows an important roughness, what precludes us to define

its thickness as was done for the remaining samples. For SRO samples, the thickness have

been given by comparison of the thickness of other samples grown in the same conditions.

Those other samples have been grown at room temperature on silicon substrates with

felt pen mark which was easy to remove after the deposition. The difference of height

between the film and the zone which had previously the felt pen mark, measured with

a perfilometer, gives the thickness of the sample. Although our measurements are not

accurate, they allow us to have an idea of the deposition rate value, which enable to

compare it to other references.

For every sample, an annealing at the same deposition temperature have been

performed. For that, after the deposition, we filled the sputtering chamber with oxygen

at 133 Pa (maximum pressure available in the instrument). The duration of the annealing

was one hour.
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Figure 37 – AFM image of sample S008 Figure 38 – AFM image of sample S008

3.2.2 Atomic Force Microscopy Results

The topography of the samples has been studied by Atomic Force Microscopy

(AFM), with a Park NX10 atomic force microscope (for Fig. 37, Fig. 38, Fig. 39, and

Fig. 40), and with a NanoSurf Flex atomic force microscope (for Fig. 41, and Fig. 42),

which were available at the LNNANO.

Fig. 37 shows an area of 2𝜇m x 2𝜇m of sample S008 (grown at 673 K). This

sample is composed of small grains (the image shows an area of about 50nm). Fig. 38

shows an area of 5𝜇m x 5𝜇m of the same sample. It shows that some grains are bigger

than others. The vertical scale reaches around 10nm.

Fig. 39 shows an area of 10𝜇m x 10𝜇m of sample S007 (grown at 773 K). At

higher temperature, some bigger grains start to form and result in an increase of the

rugosity (the verticale scale reaches around 20nm). But the sample S007 is still mainly

composed of small grains.

Fig. 40 shows an area of 10𝜇m x 10𝜇m of sample S009 (grown at 873 K). The

S009 sample is mainly composed of squared shaped grains of around 200nm2 area, and



Chapter 3. Results on Multiferroic thin films growth 103

Figure 39 – AFM image of sample S007 Figure 40 – AFM image of sample S009

Figure 41 – AFM image of sample S011 Figure 42 – AFM image of sample S013

with a high thickness (the vertical scales reaches around 100nm). Those squared shaped

grains are characteristics of the Bi2O3 phase, as can be found in Ref. [82], [83], and [53].

Fig. 41 shows an area of 10𝜇m x 10𝜇m of sample S011 (grown at 700∘C). Squared

shaped grains are still presents but their number greatly decreased.

Fig. 42 shows an area of 10𝜇m x 10𝜇m of sample S013 (grown at 973 K), com-

posed of one layer of SRO and one of BFO. The topography is similar to the one of sample

S011, but with smaller square shaped grains.
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Figure 43 – Diffraction spectra taken with the XRD2 beamline, the vertical scale is given
with arbitrary units, and the horizontal in degrees

3.2.3 Diffraction data

Diffraction spectra have been performed for S007, S008, S009, and S011. Two

equipments were used, a PANanalytical X’Pert3 MRD, available in the LNNANO, and the

equipment of the XRD2 beamline (in the synchrotron of Campinas). As the measurements

with synchrotron source gave much more intensity, they are the ones we will present.

We will use the pseudocubic miller index of the crystals, designated in the brack-

ets (hlk)𝑐.

Fig. 43 show all the diffraction spectra. To identify the different peaks, we will

use three zooms of this diffraction spectra. Fig. 44 and Fig. 45 shows the first part and

third part. We related the Bragg angle 𝜃 to the distance between diffracting planes using

the Bragg law and the (001)STO peak (lattice parameter of 390.5 pm) to calibrate the
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Figure 44 – Diffraction spectra taken with the XRD2 beamline, the distance between the
diffraction planes corresponding to the peaks are given in Angtrom

energy. Indeed, we can see two higher and thinner peaks (for which we changed the

measurement condition in order to not damage the detector), corresponding to a distance

between planes of 195.3 pm for the (002) STO peak and 390.6 pm for the (001) STO

peak, in agreement with the theoretical value.

The peaks present on the left of those STO peaks represent the (001) or (002)BFO

peaks of the Rhombohedral phase (R-BFO). The evolution with increasing temperature,

where at lower temperature (for S008) two peaks are appearing, then for S007, one peak

become much more important and then the peak moves to higher values of 2𝜃, is similar

to Ref. [48]. For the samples grown at 873 K and 973 K, the distance between plane for

this (001)R-BFO peak, which correspond to the 𝑐 lattice parameter is 406.3 pm, which is

in agreement with other experimental values [46], [48].
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Figure 45 – Diffraction spectra taken with the XRD2 beamline, the distance between the
diffraction planes corresponding to the peaks are given in Angtrom

For the sample grown at 873 K two peaks are present related to 469.5 and to

233.4 pm (almost the half of 469.5 pm). Those peaks are not present in the other samples.

They seem to correspond to the (001) and (002) tetragonal BFO (T-BFO) peak as the

value is coherent with the experimental value of Ref. [48] (1 per cent of difference). This

tetragonal phase seems to be related to the presence of Bi2O3 phase [48].

Indeed, as we already conclude with the topography results, the S009 sample

should contain the Bi2O3 phase, whereas the the S007 and S008 samples should not, and

the S011 sample should barely contain it (as it contains few square shaped grains). So

we expect that some diffraction peaks will be present for the S009 sample and not for the

others.

Fig. 46 shows three peaks appearing for the S009 sample and not for the others.
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Figure 46 – Diffraction spectra taken with the XRD2 beamline, the distance between the
diffraction planes corresponding to the peaks are given in Angtrom

We suppose that those peaks correspond to the Bi2O3 phase, at least the thinner and

more intense peak related to a diffraction plane distance of 273.5 pm, as the square shaped

grains are relatively large and should give thin and intense peaks. It seems coherent with

the peaks of Ref. [83]. The peaks related to a diffraction plane distance of 386.2 and

182.3 pm may correspond 𝛼- or 𝛾 Fe2O3 phase [53].

For the S011 sample, grown at higher temperature, the T-BFO, Bi2O3, and Fe2O3

phases disappear. The (001)R-BFO peak is more intense and thinner, which means the

crystallinity of BFO improved. However, an other diffraction peak appeared, related to a

diffraction plane distance of 235.5 pm, which were not present in the other samples. Al-

though topography results also showed the presence of square shaped grains, we suppose

those grains will not result in diffraction peak as there are really few. We suppose that
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this peak comes from (111) oriented R-BFO grains [84].

Part of these samples have their magnetic behavior characterized by SQUID.

For some of them we observed a ferromagnetic behavior. Let’s remember that BFO bulk

in antiferromagnet, but it has been report that in thin films one cold break its cycloidas

spins and develop the ferromagnetism from a canted moment. Anyway, it is always

advisable to check for spurious origins of such ferromagnetic moment. In our case, from

the characterization we presented, we could conclude that it arose from the development

of spurious Fe oxide phases. These conclusions were published on [79].

3.3 Growth of SrRuO3 buffer/electrode layers

In order to measure the transport or dielectric properties of a ferroelectric film,

it is very important to have suitable electrodes on the sample. To measure the ferroelec-

tric polarization across the film thickness, one can use a top layer electrode of almost

any metal, and usually gold is used for this purpose. On the other hand, the bottom

electrode must allow the epitaxial growth of the ferroelectric/multiferroic film. In this

sense, SrRuO3 is a widely used solution, once that this oxide is metallic at room tempera-

ture and shares the same perovskite structure with several oxides. Here we report on the

results of fabricating thin SrRuO3 films to be used as bottom electrodes in ferroelectric

heterostructures. Thus it is important to obtain a low roughness of the SRO layer.

Ionic bombardment occuring in growth by sputtering is a complex phenomenon,

it can improve crystallinity as well as it can introduce defects. For SrRuO3 (SRO) thin

films grown with RF magnetron sputtering, it was shown that it could result in the
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exchange of Sr ions with Ru ions [41]. Ionic bombardment is increased with lower pressure,

higher power voltage and lower substrate/target distance. Here we present the results of

SrRuO3 thin film growth on SrTiO3 single crystal substrates by RF magnetron sputtering,

with a deposition pressure of 2.6 Pa. We studied the influence of substrate/target distance,

temperature and power voltage on the crystallinity and the morphology of SrRuO3 thin

films.

We choosed to limit the time of SRO deposition to three hours for most of the

samples, so that it will be possible to grow a SRO layer and a BFO layer above it during

a same day. For the growth we used an AJA Orion sputtering system, from the Brazilian

Nanotechnology Laboratory - LNNano.

3.3.1 Description of the deposition conditions

For most of the samples, we used an oxygene and argon flux of respectively 6

standard cubic centimeters per minute (sccm) of O2 and 24 sccm of Ar. This low partial

pressure of oxygen prevents too much O−
2 anion bombardment into the substrate. Before

deposition, the STO single crystal substrates were heated for 30 mn in deionized water

with ultrasound and were then annealed for 3 hours at 1073 K. After deposition, a 30 mn

post annealing was done inside the sputtering system, with 133 Pa of oxygen, and then

the temperature was decreased by 1∘C every 10 seconds.

In the following table we present the deposition conditions for each sample. We

used an Argon flux of 24 sccm for all samples.



Chapter 3. Results on Multiferroic thin films growth 110

Sample name S033 S035 S036 S037 S039 S017 S018 S020
Power (W) 100 100 100 80 100 100 100 125

O2 flux (sccm) 6 4 6 6 6 6 6 6
deposition T (K) 850 850 850 850 850 1023 923 923

deposition time (h) 3 3 3 3 5 3 3 3
S/T distance (cm) 17 17 18 17 19 17 17 17
annealing T (K) 973 973 973 973 973 1023 923 923

Table 2 – Growth conditions of the SrRuO3 samples. Details about deposition tempera-
tures and argon flux are given in the main text.

Figure 47 – Diffraction measurements of
SRO samples with the Panana-
lytical diffractometer

Figure 48 – Diffraction measurements of
SRO samples at XRD2 beam-
line

Figure 49 – AFM measurement of a 2x2 𝜇𝑚
region of sample S033

Figure 50 – AFM measurement of a 5x5 𝜇𝑚
region of sample S035
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Figure 51 – AFM measurement of a 5x5 𝜇𝑚
region of sample S036

Figure 52 – AFM measurment of a 5x5 𝜇𝑚
region of sample S037

Figure 53 – AFM measurment of a 2x2 𝜇𝑚
region of sample S039

Figure 54 – AFM measurment of a 5x5 𝜇𝑚
region of sample S017

Figure 55 – AFM measurment of a 1x1 𝜇𝑚 region of sample S018
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Sample name S033 S035 S036 S037 S039 S017 S018 S020
FWHM of SRO (002) 0.6 0.7 0.5 0.6 0.55 0.6 0.5 0.6
𝑐 lattice parameter (pm) 395.8 395.5 395.8 395.4 396.3 394.5 396.2 394.6

Rugosity RMS (nm) 1.7 1.4 1.4 1.7 1.5 10 4
Thickness (nm) 34 26 27

Table 3 – Outline of the results obtained for the SrRuO3 films.

3.3.2 Results of SRO growth

Fig. 48, present the 𝜃-2𝜃 diffraction scans taken at the XRD2 beamline of the

LNLS. Fig. 47 presents the 𝜃-2𝜃 diffraction scans taken with a Panalytical X pert Pro

diffractometer at the LNNano laboratory. Fig. 49, Fig. 50, Fig. 51, Fig. 52,Fig. 53, Fig. 54,

Fig. 55, present AFM measurements of the samples.

In the table 3 we sum up the results on the samples morphology and crystallinity,

with the full width at half maximum (FWHM), the out of plane lattice parameter 𝑐, the

rugosity and the thickness.

The thickness of the film was calculated from X-ray reflectivity (XRR) measure-

ments, but not all XRR measurements were good enough to be used.

For samples S033 to S039, the XRD2 beamline of the Brazilian Synchrotron

Light Laboratory (LNLS), with which it is possible to have a more intense X-ray source,

was not available anymore so we used a Panalytical X pert Pro diffractometer. The

full width at half maximum (fwhm) measured from the diffraction experiments gives an

indication on the crystallinity of the SRO film.

Comparing samples S033 and S035 (with a slight lower O2/Ar ratio for S035),

we observe from the AFM measurements that the S035 sample grew along terraces, which

is characteristic of a 2D mode, whereas it is not the case for the S033 sample. The SRO
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out of plane parameter calculated from the SRO (002) diffraction peak is closer to the

poder value (0.393 nm [40]) for sample S035, and this peak is also more intense even

though this could be due to the fact that sample S035 is thicker (we could not use the

XRR measurment for those sample). But the fact that sample S033 has a lower full width

at half maximum (fwhm) indicates that sample S035 has not a better crystallinity than

sample S033. We did not make AFM measurements for all substrates before the growth,

so we suppose that the difference between the 2D and the 3D mode is due to the STO

substrate quality, and not to the small changes in the O2/Ar ratio.

We observe that sample S036 also grow with terraces, so with a 2D mode. Com-

paring to S033, S036 was done for a higher substrate/target distance, we thus expect a

lower thickness for the S036 film. Despite of that, we observe that the SRO (002) peak of

the S036 sample is more intense than the S033 one, and it is also thinner, whith a lower

FWHM, thus the crystallinity is improved for sample S036. We also grew another sample

(S039) increasing even more the substrate/target distance, to see if crystallinity would

still be improved. For this sample the deposition time was increased to 5 hours to com-

pensate for the lower deposition rate due to the increase of target/substrate distance. In

spite of increasing the time of deposition, the peak of sample S036 was still more intense

and thinner, so the optimum target/substrate distance is the one of sample S036.

Comparing sample S039 and S037, sample S037 having the higher target/substrate

distance, and sample S039 having a lower power of 80 W, we can observe that the 002

SRO peak of sample S039 is more intense and thinner, and the two samples have a sim-

ilar thickness. Thus we can conclude that increasing target/substrate distance is more

efficient that decreasing the RF power for improving SRO crystallinity, althought it gives

a lower deposition rate.
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Comparing S033 and S018, with S018 having a higher deposition temperature, we

see that the FWHM is reduced at higher temperature, but the roughness also dramatically

increase. For S017, grown at even higher temperature, the roughness increased and the

crystallinity get worse. Comparing S018 to S020 we see that an higher power pressure

lead to a slight increase in the FWHM, and a less intense diffraction peak, although the

SRO thin film is expected to be thicker.

3.3.3 Conclusion

In conclusion, the best sample we grew, with better crystallinity and a low

roughness with a 2D growth mode, was sample S036. It was grown with an optimized

substrate/target distance of 18 cm, a deposition temperature of 853 K,an optimized power

of 100 W RF, with an O2 flux of 4 sccm and an Argon flux of 6 sccm, 2.6 Pa deposition

pressure for 3 hours. It was then post-annealed at 973 K (deposition temperature of

BFO), for 30 minutes. A higher deposition temperature may improve crystallinity but

increase dramatically the roughness. On the other hand our results were not conclusive

to see if a lower O2/Ar ratio would improve the SRO film.

3.4 Growth of BiFeO3/SrRuO3 on SrTiO3 substrates

We also grew a BiFeO3 layer above a SrRuO3 layer. This time we also used argon

gas to grow BiFeO3 as it happened to improve its crystallinity. SrRuO3 was deposited

for 2.5h by RF-sputtering with 24 sccm of argon and 6 sccm of oxygen and a total

pressure of 2.7 Pa, at 750 K. This deposition was followed by in-situ annealing at the

same temperature with 133 Pa of oxygen for 30 minutes. Then BiFeO3 was deposited

by RF-sputtering for 3h at a deposition temperature of 973 K, with 9 sccm of argon
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Figure 56 – AFM measurment of a 10x10 𝜇𝑚 region of sample S034

Figure 57 – Reciprocal space mapping around STO peak [103] of sample S034
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and 3 sccm of oxygen, and a total pressure of 4 Pa. Both deposition were done with a

substrate/target distance of 17 cm and using 100 W. After BiFeO3 deposition, another

annealing was done in-situ at 973 K and with 133 Pa of oxygen for 1h.

AFM measurments (Fig. 56) shows the presence of square grains, as for the other

BiFeO3 samples described previously. Fig. 47 presents the 𝜃-2𝜃 diffraction scans taken

with a Panalytical X pert Pro diffractometer at the LNNano laboratory of sample S034

along with other samples with SrRuO3 only. Besides, a reciprocal space mapping was

done for this sample around the [103] STO peak. Fig. 57 shows that both BiFeO3 and

SrRuO3 grew epitaxially on SrTiO3 substrates, as they have the same in-plane lattice

parameter 𝑄𝑥 than the substrate. The two brigher spots correspond to the STO [103]

peak, the peak below these ones, with lower intensity, corresponds to the [103] SrRuO3

peak, and the other peak below, more extended, corresponds to the [103] BiFeO3 peak.

We can see that although the SrRuO3 deposition conditions are not exactly optimized

as described in the previous part, we succeed in obtaining an epitaxial growth of BiFeO3

and SrRuO3 with good crystallinity.
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Chapter 4

Results: magnetoelectric coupling in

Fe/BaTiO3 heterostructures

In this chapter we report on what we consider are the most important contri-

bution of this PhD work. We will present the results on the magnetoelectric coupling

between the magnetic and ferroelectric domains of the Fe thin films grew on BaTiO3

monocrystalline substrates.

This study has been done in collaboration with the group leaded by Prof. Claus

M. Schneider, from the Forschungszentrum Jülich, Germany, and Dr. Slavomir Nemsǎk,

beam line responsible of the UE56 SGM beamline of the synchrotron BESSY II, an instru-

ment from the Helmholtz Zentrum Berlin, Germany. This group runs a photoemission

electron microscopy (PEEM) program at BESSY II lab, with an instrument of the same

model of that installed at the PGM beam line, LNLS, Campinas, Brazil.

The collaboration included a 5 months internship of the student at the syn-

chrotron in Berlin. This period had a two fold purpose: i) get experience in the use of

the instrument that is available at Campinas, within a specialized group; ii) learn how
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to apply PEEM techniques to study ferroelectric/multiferroic materials. The research

performed during this internship complemented that of Hatice Doganay ’s [10], a PhD

student in that group.

One must notice that these results depend on the use of synchrotron radiation

both at Berlin and Campinas. The access to beam time is always reduced and for what

follows the measurements were concentrated on a couple of weeks of beam time (shared

with other projects) during the first half of 2016 at BESSY, one week of beam time in

Campinas in the second half of 2016 and finally another week of beam time at BESSY at

the end of May, 2017.

In sample preparation strategy was the following:

1. Prepare the surface of the BaTiO3 (BTO) substrate;

2. In the case of the first experiment in Berlin, we observed the BTO ferroelectric

domains with X-ray linear dichroism (XLD) at Ti 𝐿3 edge using the PEEM.

3. Grow an Fe thin film on the BTO substrate. This was done in-situ for the first

measurements in Berlin and ex-situ for next ones;

4. Observe the Fe ferromagnetic domains using X-ray circular dichroism (XMCD) at

the Fe 𝐿3 edge using the PEEM, as was mentioned in section 2.6.3 and will be

further detailed below.

We did not pre-characterize the ferroeletric domains for the ex-situ experiments

because the annealing ends up changing the domain configuration.
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One observation concerning all the PEEM results: in several PEEM images the

X-ray beam direction is represented by an arrow drawn on the image. This arrow does

not point to any particular feature of the figure. This indication is important and will

help in the data interpretation in following way:

XLD X-ray linear dichroism is sensitive to the variations in the BTO’s lattice parame-

ter due to the ferroelectric polarization. Notice that XLD is sensitive only to the

orientation of the polarization axis, and not the direction in which the polarization

points. The contrast will depend on which feature of the absorption spectra will be

used. It is important to keep in mind that the electric field direction of the X-rays

photons is perpendicular to the direction indicated by the arrow, completely in the

plane of the image for liner vertical photon polarization and mostly out of plane for

linear horizontal polarization, as explained sketched in fig. 32.

XMCD X-ray circular dichroism is sensitive only to the magnetization component pro-

jected along the X-ray beam direction. This is valid in any case. Furthermore, within

our definition, the contrast is brighter for magnetization parallel to the beam, darker

if the magnetization is antiparallel to the X-ray beam direction. Magnetization per-

pendicular to the X-ray beam will result in a mid-shade of gray contrast.

A second point about PEEM images: in their caption we indicate the field of

view (FOV) of the images. This corresponds to the diameter of the area imaged on the

sample and it is bounded by the circular area in the images. Out of the field of view the

image is fully dark.

In the next sections we will separate the results by each round of beam time.
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There were earlier attempts for the in-situ experiments while in Berlin, but they were not

conclusive and are not reported here. We conclude the chapter discussing the results.

4.1 First experiment: in-situ growth of Fe on BaTiO3

Here we report on the results obtained in our first visit to the synchrotron BESSY

when we actively participated in all the steps of the sample preparation, instrument and

beam line operation.

4.1.1 Observation of ferroelectric domains

For the experiments we used single crystals BTO, one side polished, from Sur-

faceNet GmbH. After the crystal treatment, ferroelectric domains were observed with

PEEM around the Ti 𝐿3 edge. Fig. 58 shows stripes domains for photon energies of

456.9 eV (left panel) and 457.4 eV (right panel), with vertical photon polarization. The

contrast is weak but it is reverted for the two images. In the following we recall how the

ferroelectric orientation is obtained from the XLD measurements based on the discussion

of section 2.6.2.

Ti in BaTiO3 has 4+ ionization state and thus it has a 3𝑑0 occupation. This

implies that all the 𝑡2𝑔 orbitals contribute to the X-ray absorption signal, remembering

that at this energy range we are probing the 2𝑝 to 3𝑑 transitions. Nevertheless, from fig.

31 in section 2.6.2, one sees that the Ti 𝑡2𝑔 levels split due to the tetragonal distortion

that takes place at room temperature. The 𝑡2𝑔 orbital perpendicular to the tetragonal

distortion has the lowest energy, and consequently is located to the low energy scale of

the 𝑡2𝑔 absorption peak show in fig. 31, which in our case corresponds to 456.9 eV. On the

other hand, the high energy side of the 𝑡2𝑔 absorption peak, at 457.4 eV, is related to the
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Figure 58 – 40 𝜇𝑚 field of view (FOV) PEEM images using linear vertical polarized pho-
tons. In this case the X-ray electric field is in the plane of the sample, per-
pendicular to the X-ray beam direction indicated on the left panel by the red
arrow. The black double arrows indicate the electric polarization direction for
each region. At left it was used a photon energy of 456.9 eV, whereas at right
it was used 457.4 eV. Each of these energies probes empty states in a given
Ti 𝑡2𝑔 orbital (section 2.6.2). Notice the inversion in the contrast between the
two images. See text for details.

other two 𝑡2𝑔 orbitals. Thus if the tetragonal distortion and consequently the ferroelectric

polarization is aligned with the photon propagation direction, then electric field of the

photons will be aligned with the lower energy 𝑡2𝑔 orbitals, making the transition at 456.9

eV stronger than that at 457.4 eV.

This means that using 456.9 eV, the domains with ferroelectric polarization along

the beam will be brighter than domains perpendicular to the X-ray beam. Similarly, tun-

ing the X-ray energy to 457.4 eV will make brighter domains with ferroelectric polarization

perpendicular the X-ray beam. The contrast is not very strong but is noticeable in fig.

58. One can notice that changing only the energy of the photons the contrast is reversed.

In order to improve this information, fig. 59 shows the subtraction of the two images. In

this case, the image with 457.4 eV (right panel of fig. 58), was subtracted pixel by pixel

from the image taken at 456.9 eV, in such way that brighter regions denote domains with

ferroelectric polarization aligned with the X-ray beam.
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Figure 59 – subtraction of the 2 PEEM images, with 40 𝜇𝑚 FOV

The difference shown in fig. 59 is typical of ferroelectric domains in the plane

of the BTO substrate, denoted 𝑎1, 𝑎2 domains, each one along either the (100) or (010)

crystallographic directions along the surface of the sample. Notice that as expected from

previous results (see section 1.5.1) the ferroelectric polarization is at 45°from the domain

wall. From these XLD results we are able only to know the axis of the ferroelectric

polarization, but not the direction it points. It is worth noting that in these images there

is also some broad variations of intensity, which are easily seen in the difference image

59. This is an instrumental effect, given that at the U56-SGM beam line at BESSY, the

vertical beam size was around 40𝜇m, being of the order of the used FOV. The broad

variations are related with the intensity structures within the X-ray beam.

At 456.9 eV photon energy and with linear vertical photon polarization, the sam-

ple was rotated around its surface normal until getting the best contrast. We can thus

identify the darker domains of Fig. 58, left panel, as domains with their electrical polar-

ization parallel to the photon polarization. The stripe structure corresponds to in-plane

domains, with their axis of polarization at 45∘ of the domains boundaries to avoid charge

accumulation at the domain walls, as represented in fig. 5. In plane ferroelectric domains

usually show also 180∘ domain walls, (Fig. 30), which we can not observe here because
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Figure 60 – Auger spectra of an STO sample before and after 20 mn deposition of Fe

the XLD contrast is not sensitive to opposite directions of the ferroelectric polarization.

In other words, XLD-PEEM allow us to visualize in plane 𝑎1 and 𝑎2 domains, which are

at 90°from each other, but does not give information about the potential 180°domains

within the same 𝑎1 or 𝑎2 region.

4.1.1.1 Thin Fe film deposition

The LEEM/PEEM in Berlin is connected to a preparation chamber, containing,

among others, evaporators and an Auger electron spectrometer. This allows to grow Fe

thin films without breaking the vacuum. After observing the ferroelectric domains of

BTO, we transfered the sample to the preparation chamber to deposit Fe in-situ. In

order to know the thickness of Fe that we deposited we did Auger electron spectroscopy

in-situ on a SrTiO3 substrate with the same conditions of deposition that we used for the

deposition of Fe on BTO, namely e-beam evaporator high voltage of 990 V and 1.90 A

for the filament, corresponding to 12 mA of emission. We observe that prior to loading

the substrate into the PEEM instrument, we did a scratch on the substrate to use as

reference guide. Thus, we can image the same region before and after the deposition.

We calculated the thickness of the Fe film measuring the Auger signal before

and after deposition. The thickness 𝑑 of the film is then 𝑑 = −𝜆(𝐸).𝑙𝑛( 𝐼𝐴𝐷

𝐼𝐵𝐷
). With 𝜆(𝐸)
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the inelastic mean free path (in Fe) of the emitted electron at its corresponding energy,

𝐼𝐴𝐷 the signal of the Auger peak after deposition and 𝐼𝐵𝐷 the signal of the Auger peak

before deposition.

The values of inelastic mean free path in Fe were read in a graph from [85],

which gave around 1 nm for an energy of the electrons of around 510 eV (energy of the

emitted Auger electrons for the oxygen peak) and 0.8 nm for electron energy of around

380 eV (Ti peak).

During the deposition on the STO sample, the current of emission was 11.5 mA,

and we deposited for 20 minutes. The calculation gave a thickness of 0.67 nm from the

Ti contribution, and 0.78 nm from the O contribution. We assumed a mean value of 0.72

nm for 20 minutes of deposition.

The deposition on the BTO sample was controlled in 40 minutes of deposition

with similar parameters, so we expect a thickness of around 1.5 nm.

4.1.2 Observation of ferromagnetic domains

The magnetic domains of Fe were observed with X-ray magnetic circular dichro-

ism (XMCD) contrast at the Fe 𝐿3 edge, corresponding to photon energy of 707.7 eV.

The final images are an average of 50 acquisitions, each one taken during 4 seconds. To

improve the spatial resolution, a 20 𝜇𝑚 aperture was used. In fig. 28 this aperture is

named entrance slit.

Fig. 61 show XMCD-PEEM images at Fe 𝐿3 edge for three different azimuthal

angles of the sample. By azimuthal here we mean rotation of the sample around its surface

normal. We define here the angles relative to the XLD-PEEM image of the ferroelectric
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Figure 61 – XMCD PEEM image taken at Fe 𝐿3 edge with the sample rotated at several
angles relative to the image of ferroelectric domains. Images taken with 40
𝜇𝑚 FOV.

domains show in fig. 59. The intention was to rotate the sample until the magnetic

contrast was maximized. Then rotating it again until it gets to a minimum, and keep

rotating until the contrast is reversed. This would allow us to determine the direction of

the magnetization within the magnetic domains. We would like to point out that given

the limited amount of beam time, we had no possibility to fine tunning the rotation.

We can see in the XMCD images on Fig. 61 a weak ferromagnetic contrast,

which is reverted for the two images at 65 and 190°, reproducing the contrast of the

ferroelectric domains. The matching between the ferroelectric and ferromagnetic can be

checked in fig. 62, where we put together part of the image in fig. 59 and part of the

XMCD image at 190°. This last one was rotated accordingly. We can notice a one-to-

one correspondence in the domains, despite the fact that the magnetic contrast is much

weaker. This is an important result, showing that for Fe films of around 1.5 nm the

ferroelectric domains really determine the shape of the magnetic ones. We noticed that

a similar result have been obtained previously in the same group during the PhD thesis

the of Hatice Doganay ’s [10]. But in that case it was used an Fe film of 3.2 nm, and even

if it was clear the dependence of the magnetic domains on the ferroelectric configuration,

the correspondence was not complete. This is probably due to the thicker Fe film, where

the Fe atoms further away from the interface are less sensitive to the ferroelectric domain
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imprint.

Now we discuss about the magnetization direction in the domains. The panel for

the image at 115° in fig. 61 shows a very faint indication of the magnetic domains, with

a very low contrast. Nevertheless, given that even at this angle we can still observe the

domains, we can not deduce the direction of the magnetization unequivocally with only

these three images. But the contrast seen for the different angles of rotation of the sample

would be coherent with a difference of magnetization perpendicular to the stripes (and

so it would not be parallel, nor perpendicular, to the direction of electric polarization of

the ferroelectric domains above). From the image at 115°, given the homogeneous lack of

contrast, one could say that the magnetization in all the image is almost perpendicular to

the X-ray direction, given that XMCD is sensitive only to the magnetization component

project in the X-ray direction. This would mean 180° magnetic domain walls at the

stripes boundaries. If this is the case, then the magnetization direction would be 45° of

the ferroelectric polarization. But again, more measurements would be needed to fully

determine the magnetization of such domains. This would require synchrotron beam time

beyond what as available at the time of this experiment.

4.2 Second experiment: ex-situ measurements in Campinas

We also did those experiments in Campinas, but instead of depositing Fe in-

situ the deposition was done ex-situ in Jülich by Thomas Jansen (Forschungszentrum

Jülich). The BTO sample used for this deposition had already been used for a Fe in-situ

deposition and was cleaned by argon sputtering for 2 hours and 40 minutes with 1.3 keV

energy within a pressure of 4×10−4 Pa of argon and 10 mA emission current, followed by

1 hour of annealing at 973 K with 4×10−4 Pa of O2.
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Figure 62 – Comparison of the XLD and XMCD contrast from images taken with 40 𝜇𝑚
FOV

The BTO substrate was heated at 923 K for 120 minutes in a MBE chamber

and then cooled down to room temperature. The deposition consisted of a wedge of Fe,

with thickness ranging from 0 to 5 nm, with a MgO capping layer of 0.8 nm. All this

procedure was done by our collaborators in Jülich.

In this case we were not able to directly probe the ferroelectric domains by XLD

at the Ti 𝐿3 edges as we did before. We tried to observe the Ti signal, but it was too noisy

to be useful. This is due to the PEEM surface sensitivity. As we have the Fe and MgO

on top of the BTO in this case, these top layers prevented us from measuring XLD to

determine the ferroelectric domains. But as we have already confirmed in the previous in-

situ experiment that there is effectively a coupling between the ferroelectric and magnetic

degrees of freedom, we searched directly for Fe domains in the form of parallel stripes

similar to those observed during the in-situ experiment.

At first it was hard to see ordered magnetic domain in XMCD images. For most

of the regions we observed not ordered domains like fig. 63, which are characteristic of
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Figure 63 – XMCD PEEM image taken at Fe 𝐿3 edge in a region without magnetoelectric
coupling. In this case we see random magnetic domains. This was taken at
the thicker region of the Fe wedge.

X-ray
10 μm

X-ray

10 μm

Figure 64 – XMCD PEEM image taken at Fe 𝐿3 edge. At left the region between the blue
lines shows a region without contrast compared to the other regions which
show white and black contrast. At right, the sample was rotated by 90∘ in
relation to its previous position at left. The region between the blue line is
now much brighter than the other regions. Notice the different X-ray beam
direction in each panel, indicated by the arrows. In this case we rotated the
left image to make it directly comparable with the right one.
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magnetic domains not coupled with the ferroelectric substrate. This kind of domains

pattern was observed in most of the sample with thicker Fe layers.

For a region with a thinner Fe layer, we observed some order in the pattern of

the domains. Fig. 64 presents the image of the Fe domains of this region for two azimuthal

angles rotated by 90°. In those figures, some ordered domains are visible (black or white

lines) for one angle, whereas they show almost no contrast for a rotation of the sample

of 90∘. This enable us to determine the direction of the magnetic moment in those lines.

This direction would be in accordance with a coupling with the ferroelectric domains of

BTO (with the axis of the ferroelectric domains at 45∘ from the stripes). But we notice

a granularity in the images that can not be associated with its topography, which means

that it is of magnetic origin. This can be an indication that the magnetoelectric coupling

is not complete in this sample.

The incomplete magnetic coupling could be due a low crystallinity of the Fe

layer. In order to check for that, we tried a soft annealing on the sample at around 423

K. This procedure was done directly on the PEEM and was following by imaging. During

the annealing we saw an improvement of the magnetic contrast and after decrease of the

temperature below the BTO tetragonal phase transition, we saw a completely different

domain pattern coherent with the fact that after going back to a temperature inferior to

the transition temperature, the ferroelectric domains of BTO changed. Also, after the

annealing the iron oxidation considerably decreased (Fig. 65), indicated by the reduction

of the structure at the high energy side of the 𝐿3 edge. As mentioned, the improvement of

the magnetic contrast could be due to an improvement of Fe crystallinity during annealing.

Fig. 66 shows the Fe magnetic domains after annealing for the same region as in
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Figure 65 – XAS of Fe 𝐿3 and L2 edges before and after heating, the spectra were taken
from images of 70𝜇𝑚 FOV

X-ray
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Figure 66 – XMCD PEEM image taken at Fe 𝐿3 edge after annealing. The quality of
the magnetic contrast increased and one can observe several hering bone type
structures.
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Figure 67 – Image of the Fe ferromagnetic domains with the direction of some domains
(red arrows) and at right the similar herringbone structure

Figure 68 – Superposition of the 2 xmcd images with 90°diferent angle.
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Fig. 64. We see that some regions have no contrast, whereas other have black and white

contrast. After turning the sample by 90∘, the contrast changed, the regions which had

no contrast before shows a white and black contrast whereas the regions which before

had contrast do not have contrast after rotating. We can thus deduce the direction of

the magnetic domains. Fig. 67 shows that the Fe domain pattern have an herring bone

structure which is a possible domain pattern for ferroelectric domains. We have thus an

imprint of the BTO ferroelectric domains to the Fe ferromagnetic domains.

From fig. 67, we observed several magnetic domains with opposite magnetiza-

tion within the same stripe. These domains have 180°walls, and we have two possible

explanations for their appearance:

Minimization of magnetostatic energy The creation of several smaller domains could

decrease the overall magnetostatic energy of the system. To check that it would be

interesting to perform micromagnetic simulations;

magnetoelectric couplig As observed in section 4.1.1 XLD is able to determine only the

axis of the ferroelectric polarization and its direction. Thus it would be possible to

have 180°ferroelectric domains within one stripe. In this case, then the ferromagnetic

domains could be reflecting the underlying ferroelectric configuration.

We believe that the most plausible explanation is the reduction in the magneto-

static energy. But this must be further verified, because if the second possibility proves

to be correct, then the magnetic domains depend not only on the orientation of the ferro-

electric polarization, but also on the direction it points. This would be a very interesting

behavior for eventual devices based on this kind of system.
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Figure 69 – BTO substrate with the 3 scratches, before deposition.

Fig. 68 is a superposition of the 2 XMCD images with 90° rotation between them.

It shows the 90° and 180° domain walls. As we were not able to determine the orientation

of the BTO ferroelectric domains under the Fe wedge, it is not possible to determine if

the magnetization of Fe is parallel or perpendicular to the electrical polarization of BTO.

Anyway, the fact that we get this imprint after annealing (and so after changing the

ferroelectric domains) suggests it would be possible to change the ferromagnetic domains

when switching the ferroelectric domains, with potential use to the development of devices

based on the magnetoelectric coupling.

It was not possible to know exactly the thickness of Fe for those images, but

knowing the position of this region, with the fact that the sample is a wedge of Fe with

thickness from 0 to 5 nm, we can estimate the thickness of Fe to be around 1 nm, thus

similar to the thickness of the film measured in-situ in Berlin.

4.3 Third experiment: ex-situ measurements in Berlin

Another BTO substrate was used to deposit an Fe wedge by our collaborators

in Jülich. This time it was a BTO (001) with area 5.5𝑚𝑚2, and the wedge ranged from
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Figure 70 – UV PEEM image with 40𝜇𝑚 (left) and 100𝜇𝑚 FOV. The image with greater
FOV is distorted at their outer region.

0 to 3.7 nm, with a deposition temperature of 100 °C for better crystallinity of the Fe

layer [86]. An MgO capping layer of 0.8 nm was deposited to avoid oxidation. Before

deposition, the BTO sample was annealed at 650 °C for 120 minutes in a MBE chamber

and then cooled down to room temperature. We made 3 scratches before deposition,

as shown in Fig. 69, which have their direction perpendicular to the gradient of the Fe

edge. Doing these scratches before deposition also permits to have 𝑎/𝑐-type ferroelectrics

domains formation in the proximity of the scratch after annealing. After Fe deposition,

the first scratch corresponds to around 1.2 nm of Fe, the second to 2 nm and the third to

3 nm.

4.3.1 Region around the first scratch, with 1.2 nm of Fe

4.3.1.1 Images with mercury lamp

Mercury lamps provide photons in the UV region, of around 5 eV. As described

in 2.6.1, with such UV beam we can differentiate between in-plane and out-of-plane fer-

roelectric domains by their difference in work function, but in what follows we use this

kind of illumination to obtain the topographic information only.
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Figure 71 – Sketch of in-plane 𝑎 and out-of-plane 𝑐 ferroelectric domains configuration.
Notice that to minimize the elastic energy, there is 0.5° deviation on the 𝑐
domains relative to the 𝑎 domains.

Figure 72 – AFM image of the same region than Fig. 70

Figure 73 – Plot of the topography of the AFM image of Fig. 72, of 𝑎/𝑐 domains (black
line) and of worm-like channels (red and green lines)
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UV lamp PEEM images of the sample (Fig. 70 of 40𝜇𝑚 FOV and 100𝜇𝑚, this

last FOV giving some distortions) showed typical topography of 𝑎/𝑐 ferroelectric domains,

which are a succession of out-of-plane 𝑐 and in-plane 𝑎 domains, as illustrated in Fig. 71.

Brighter bands, which we will refer as region 1, are separated by dark, smaller bands

(regions 2). The bands direction do indeed corresponds to the direction of one BTO axis.

We will name 𝑥 and 𝑦 two crystalline axis at the surface of the BTO single crystal, as

shown in Fig. 70. The region 1 bands are also characterized by the presence of black worm-

like channels, this can be explained for out-of-plane domains by a preferential etching,

performed before we get the sample, for negatively charged domains, thus the domain

pattern of up and down out-of-plane domains are reproduced in the topography.

AFM measurements confirmed that those features were present in the topogra-

phy of the sample, as it can be seen by comparing Fig. 70, the UV lamp PEEM image,

to Fig. 72, an AFM image of the same region. Fig 73 shows a plot of the topography

for 𝑎/𝑐 domains (black curve), and for the region 1 with worm-like channels. We can see

that regions 2 are deep hollow areas, with a depth of around 15 nm, and the worm-like

channels have a depth of around 5 nm, thus they are much deeper than the thickness of

the Fe thin film.

Because of the Fe and MgO layer deposited on BTO, and because of the strong

topographical contrast, it was not possible to visualize BTO ferroelectric domains with

x-ray images at Ti edge. But it was possible to compare the UV lamp image (giving a

topographical contrast) with the XMCD image at Fe edge showing the magnetic domains

of Fe. This will be treated in the next section.
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Figure 74 – XMCD PEEM image at the Fe 𝐿3 edge, 40𝜇𝑚 FOV. The red arrow represents
the direction of the x-ray. At right we repeated the topography from fig. 70
for comparison.

Figure 75 – XMCD PEEM image at the Fe 𝐿3 edge, 100𝜇𝑚 FOV. The red arrow repre-
sents the direction of the x-ray. At right we repeated the topography from
fig. 70 for comparison.

4.3.1.2 XMCD-PEEM at Fe 𝐿3 edges

Fe spectra gave a peak energy for the Fe edge of 706.8 eV, all XMCD images were

done at this energy. The XMCD images corresponds to 𝐼−−𝐼+
𝐼−+𝐼+

, 𝐼+ and 𝐼− corresponding

respectively to the images at the Fe edge with circular plus and minus polarization.

The magnetic contrast in this sample was not very strong, but the topographical

contrast of the 𝑎/𝑐 domains is reproduced in the Fe magnetic contrast as can be seen in

Fig. 74 (for 40𝜇𝑚 FOV), and Fig. 75 (for 100𝜇𝑚 FOV). In those figures we repeated the

images obtained with UV lamp to make easier the comparison. Indeed, regions 1 show
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magnetic contrast whereas regions 2 does not. For regions 1, stripes of ferromagnetic

domains are visible at 45°from the BTO axis.

We saw in the previous experiment that those stripes ferromagnetic domains

were imprinted by strain transfer from in-plane ferroelectric stripe domains of BTO, and

are characterized by a magnetization at 45° from the direction of the stripes. Two types

of domain walls are observed in the image. Domain walls parallel to the 𝑦 axis correspond

to 180° domain walls, with the magnetization of the domains along the 𝑦 axis (because

tail to tail or head to head domain wall would be rather improbable), and domain walls at

45°from BTO axis are 90°domain walls. Similar to the Campinas experiment, we can say

that those 90°domain wall are due to Fe magnetic anisotropy imprinted by strain transfer

by the BTO ferroelectric domains, and the 180°domain walls are present to minimize the

magnetostatic energy, or to follow the underlying 180°ferroelectric domains withing the

same stripe. At this moment we can not determine the exact nature of the 180°walls.

From this information and knowing the direction of projection of the X-ray

beam we can deduce the direction of the magnetic vector of Fe domains, as shown in

Fig. 76. The magnetic contrast of the domains should correspond to the projection of the

magnetization into the direction of the X-ray beam. However, it is not what is observed,

but this unexpected contrast can be explained by stronger dependence on focus for the

thinner domains, as it is discussed below.

On the 100 𝜇𝑚 FOV image, we also see that stripes appear in region 1 only

where no worm-like channels are present. This is consistent with the fact that a rough

topography could prevent a good Fe deposition, and thus no magnetism is seen in those

regions either.



Chapter 4. Results: magnetoelectric coupling in Fe/BaTiO3 heterostructures 139

Figure 76 – XMCD PEEM image at the Fe 𝐿3 edge, 40𝜇𝑚 FOV. The blue arrows repre-
sent the direction of the magnetization.

Figure 77 – XMCD PEEM image at the Fe 𝐿3 edge with 40 and 100𝜇𝑚 FOV. The red
arrow represents the direction of the x-ray
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We took XMCD images at other angles. After turning the sample of 45°, we saw

that the ferromagnetic domain pattern radically changed. Fig. 77 is the XMCD image

with 40 and 100 𝜇𝑚 FOV. Besides the changes in the domain pattern, the magnetic

contrast increased by at least a factor 3 (see the discussion on contrast below). After

going back to almost the same first angle, we checked that domain pattern and magnetic

contrast were different from the initial state. Fig. 78 show the new pattern.

In the next section we analyze the new pattern and discuss possible reasons for

the change.

4.3.1.3 Description of the new domain pattern

The new domain pattern is now consisted of nearly homogeneous magnetization

for most of regions 1. But in Fig. 78, in the left panel with 40 𝜇𝑚 FOV, we can split the

image in two: one with horizontal bright and dark stripes separated by gray ones, and the

right part of the image is a grey background with some thin magnetic domains indicated

by the inclined brigh and dark regions. Looking carefully to the grey background one can

still notice that the large horizontal stripes are still present. The same figure at right,

with 100 𝜇𝑚 FOV, shows that this gray region with the thin stripes is actually a vertical

band with ≈30 𝜇𝑚 laterally. We do not see the thin stripes in the gray region in the 100

𝜇𝑚 FOV image because the focus is not good enough. Also the gray band appear a bit

curved because of the distortion present when using the 100 𝜇𝑚 FOV, but the image with

the 40 𝜇𝑚 FOV clearly shows that the interface between the two regions is a straight line

along the 𝑦 axis.

The magnetic contrast increased in all the measured region but not in the worm-

like channels, which continue to present no contrast, so we can clearly distinguish them
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Figure 78 – XMCD PEEM image at the Fe 𝐿3 edge, 40 𝜇𝑚 and 100 𝜇𝑚 FOV after return
to the original azimuthal angle. The domain pattern did not reproduced those
seem at the left side of figs. 74 and 75.

Figure 79 – Position of the stripes the (left) and after (right) turning the sample by 45°.

and thus the magnetic contrast reproduce the topographical contrast. Most of regions 2

continue to present no contrast neither, but some of regions 2 at the edge of the band

with stripe contrast present now some magnetic contrast, as it can be seen in Fig. 78

although still lower than the contrast of other domains.

In the Fig. 79 at left, we repeated the initial 40 𝜇𝑚 FOV image shown in fig.

74 and include some yellow guide lines to show the position of some of the domains. At

the right side of fig. 79, we show the same region after the changing in contrast with the

yellow marks at the same place. We notice that the position of the stripes is the same.

Also, the direction of the magnetization did not change for those stripes, the small stripes

still have a magnetization direction along the 𝑥 axis and the larger stripes along 𝑦. Thus,
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Figure 80 – XMCD PEEM image at the Fe 𝐿3 edge, 40𝜇𝑚 FOV. A plot of the magnetic
contrast amplitude along the yellow line (for small stripes domains) is showed.

it seems that the gray area that we see after the change of contrast corresponds to the

initial condition, except that the magnetic contrast is more intense. The change happened

in the region of the large horizontal stripes.

4.3.1.4 Discussion on the magnetic contrast of the small stripes

The contrast should be proportional to the projection of the magnetic moment

direction along the direction of the X-ray beam. With the first domain pattern presented

in Fig. 74 and Fig. 75, as the magnetization direction of the small stripes is along the 𝑦

axis, and the one of the bigger stripes is along the 𝑥 axis, the ratio of magnetic contrast

for the two types of stripes should be 𝑐𝑜𝑠(15)
𝑐𝑜𝑠(75) = 3.7, as 15° is the angle between the X-ray

direction and the 𝑥 axis and 75° the angle between the X-ray direction and the 𝑦 axis. But

in Fig. 80 and Fig. 81 which represent the plot of the magnetic contrast along the yellow

line in the image, we see that the contrast of the smaller stripes (Fig. 80, the contrast

amplitude between bright and dark small stripes is around 0.011) is just a bit higher than



Chapter 4. Results: magnetoelectric coupling in Fe/BaTiO3 heterostructures 143

Figure 81 – XMCD PEEM image at the Fe 𝐿3 edge, 40𝜇𝑚 FOV. A plot of the magnetic
contrast amplitude along the yellow line (for small stripes domains) is showed.

the contrast of the bigger stripes (Fig. 81, the contrast amplitude is around 0.008).

In Fig. 78, with the new domain pattern and the X-ray direction almost parallel

to the 𝑥 direction, the thinner stripes, which have their magnetization along the 𝑥 axis

appear white or black, as well as the regions 1 where the stripe domain pattern disap-

peared, becoming large, continuous domains. Due to the strong contrast present in those

regions 1 we can suppose that for those domains the magnetization is also along the 𝑥

direction. The contrast of the large horizontal domains in regions 1 is around three times

the one of the small stripes in the gray area (see Fig. 82). This is consistent with the

factor 3.7 that was expected for the small stripe domains in Fig. 74.
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Figure 82 – XMCD PEEM image at the Fe 𝐿3 edge, 40𝜇𝑚 FOV. A plot of the magnetic
contrast amplitude along the yellow line is showed.

4.3.1.5 Origin of the modification in the magnetic domain pattern

We believe that the modification of the ferromagnetic domain pattern after ro-

tating the sample can be explained by a change of the BTO ferroelectric domain pattern,

which changed from one kind of 𝑎/𝑐 configuration into another 𝑎/𝑐 configuration, except

for the gray band in the center that kept its initial state.

A possible reason for the modification is an electrical discharge during the ro-

tation. During PEEM measurements, the sample is maintained at an electric potential

of -15000 V relative to the PEEM objective. It is not uncommon to happen discharges

between sample and objective. In particular, during the change of azimuth, the internal

mechanical motions make the internal pressure increase and this can help the occurrence

of discharges. If this happened, then the energy would be delivered at the region being

imaged by the objective which is exactly the region under study. This could have the

effect of a localized annealing, reorganizing the ferroelectric domains. We did not notice

any discharge during the rotation, but we can not rule out its possibility. These discharges

are quite fast and could happen without our notice. There were occasions when this hap-

pened in bare BTO substrate, and the images were completely different before and after

the discharge.
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Figure 83 – Representation of the possible polydomains configurations in tetragonal fer-
roelectric materials from reference [62]. In (a) it is defined the direction of
the three types of domains, 𝑎1, 𝑎2 and 𝑐. (b) shows the configuration having
two kind of domains invoved. (c) shows possible configurations involving all
the three kinds of ferroelectric domains.

The configuration of the magnetic domain that we probe by XMCD-PEEM are

still related with the underlying ferroelectric domains of the BTO substrate. We were

not able to image directly the ferroelectric domains, but we can deduce that they are

quite intricate. Indeed, it is know that in tetragonal ferroelectric material like BTO, the

ferroelectric domain structure can be the association of all the three possible directions,

𝑎1, 𝑎2 and 𝑐, as show in fig. 83 from reference [62].

The new ferroelectric BTO domains corresponding to fig. 78 are modeled in

Fig. 84. In this configuration, domain walls separating in plane domains are not at

45° from the electric polarization but along the 𝑦 axis, thus generating strain and charges

at the wall, but those domain walls are only at the interface with the band of stripe

domains.



Chapter 4. Results: magnetoelectric coupling in Fe/BaTiO3 heterostructures 146

Figure 84 – New BTO ferroelectric domain pattern corresponding to the ferromagnetic
pattern of Fig. 78

Figure 85 – Images of the region with Fe thickness of around 2 nm. At left the topography
using UV lamp and at right the XMCD-PEEM. Both images of the same
region with 100𝜇𝑚 FOV.

Comparing this figure to the direction of the ferromagnetic domains, we can say

that the magnetization of Fe is perpendicular to the ferroelectric polarization of BTO

for BTO in-plane domains. We could not determine the direction of magnetization for

Fe above BTO out of plane domains as it corresponded to regions 2 domains, which are

above deep hollow areas and did not permit a good growth of Fe.
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4.3.2 Region around the second scratch, with 2 nm of Fe

Fig. 85 shows the topography and XMCD just above the scratch in the 2 nm

thick Fe region. The scratch is at the bottom of the images. As we saw before, 𝑎/𝑐 BTO

domains appears near the scratch after annealing of the BTO (before deposition of Fe),

generating a stripe contrast in the topography. Here thin stripes appear along the 𝑦 axis

with a very faint contrast. The 𝑎/𝑐 domains appearing near the scratch are much smaller

than the 𝑎/𝑐 domains already present initially, so the topographical contrast associated

is much weaker. Nevertheless, we can see a correspondence between this topographical

contrast and the contrast of the magnetic Fe domains, but this magnetic contrast is rather

weak compared to the magnetic contrast of the area around the 1 nm of Fe thickness.

This suggest that the strain transfer from the BTO substrate is present only for the first

layers of Fe, or that the induced magnetoelastic anisotropy is not sufficient to overcome

the other contributions of anisotropy. This is an interesting result, showing that one really

needs an Fe thickness of 1.5 nm at most to observe a complete magnetoelectric coupling.

As we did not observe the full coupling between ferroelectric and ferromagnetic

domains in this region, we did not investigate it further.

4.4 Conclusions on the magnetoelectric coupling in Fe/BaTiO3

heterostructures

We saw that an imprint of the BTO ferroelectric domains on the Fe magnetic

domains was possible for a very thin Fe layer, with thicknesses of 1.5 nm or less. This

is an important observation that could open possibilities to the use of this kind of het-

erostructures in devices. The magnetoelectric coupling seems to be by strain transfer from
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the tetragonal BTO distortion to the Fe film. The ferroelectric domain configuration is

extremely dependent on the annealing history of the sample and must be better studied

in other experiments to gain a better control on the determination of initial ferroelectric

domain configuration.

We observed 90° and 180° magnetic domains walls. Whereas the former were

directly associated with the ferroelectric imprint, the 180° could simply be due to a

reduction in the magnetostatic energy. Nevertheless, we did not rule out that also these

walls are determined by the underlying ferroelectric domains. Further studies are needed

to clarify this point.

When we grew the Fe layer ex-situ the magnetic contrast was strong as expected

for Fe, whereas in-situ we have a weaker contrast. The weak contrast for the in-situ

experiment could be due to the growth conditions, and the fact that the film was deposited

at room temperature and was not post-annelead. Another point is that the analysis

chamber, where is done the PEEM images, have usually a good pressure (low 10−8 Pa

range), as well as the preparation chamber, but to transfer to the preparation chamber

the sample has to go through the transfer section which has usually an worse pressure

(low 10−6 Pa range). The exposition of the clean BTO substrate to such pressure might

be sufficient to degrade the BTO surface and prevent a good coupling.
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Chapter 5

Conclusions and perspectives

In this work we have grown and investigated the properties of multiferroics sys-

tems. We obtained little success in the growth of YMnO3 and BaTiO3 thin films. But

these were very first growth attempts in our group and after that other members have

continued this research and arrived in good samples, mostly employing pulsed laser de-

position on SrTiO3 substrates. Nevertheless, the approach of growing by sputtering on Si

substrates is still valid, once that for applications this has an enormous potential. Sput-

tering is a scalable growth technique, already in use in several industrial segments. And if

one succeeds to grow these films on Si, this is the first step to integrate potential devices

based on such materials directly in the present microelectronic technology.

In the case of BiFeO3 and SrRuO3, we managed to find the good growth condi-

tions to obtain epitaxial quality films on SrTiO3 by sputtering. For BiFeO3, we narrowed

down the phase space of deposition parameters and found that outside these optimized

conditions one obtains spurious Bi and Fe oxides, that could lead to ferromagnetic be-

havior. Having the good recipe to grow BiFeO3 is the first step to use it as component

in more complex heterostructures that would allow to explore its intrinsic multiferroicity

and magnetoelectric coupling to develop technological applications. We stress that to find
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the good deposition conditions we explore a new sputtering route, namely deposition at

high pure oxygen pressure and with high substrate-target distance.

The most important results of this PhD thesis are those related with the magne-

toelectric effect in a Fe/BaTiO3 (Fe/BTO) heterostructures. These samples are artificial

multiferroic systems, and the magnetoelectric coupling between the Fe magnetic layer

and the BTO ferroelectric substrate is done by strain transfer from the BTO ferroelectric

domains to the Fe layer, creating preferential magnetization directions.

We were not the first group to observe and image such system, but the originality

of this work arises from the use of PEEM, which allows to have a detailed description

of both ferroelectric and ferromagnetic domains, including element specific information.

We observed that for in-plane ferroelectric domains of BaTiO3, the coupling with the

Fe layer above resulted in a preferential magnetization direction perpendicular to the

electric polarization. Also, we determined a maximum value of around 1.5 nm for the

thickness of the Fe layer in order to assure a full coupling between the ferroelectric and

ferromagnetic order. From our results we can observe also the rich domain configuration

of the ferroelectric BaTiO3 substrates. Finally, we showed the important dependence on

the quality of the Fe film on the magnetoelectric effect, given that after a recrystallization

under a soft annealing the sharpness of the magnetoelectric coupling was greatly enhanced.

This work answered a few questions about the systems studied, but also leaves

some other to be still investigated. In the continuation of this work we could say that one of

the most important tasks is to determine with precision the magnetic domain orientation

relative to the ferroelectric polarization. For that, many more PEEM images will be

necessary at several azimuthal angles. Also following with imaging the magnetoelectric
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coupling around the BTO tetragonal transition could give some insights on its properties.

One of the most interesting consequences of this work would be extending it to study Fe

on BTO thin films, instead of BTO monocrystals as done here. Thin film heterostructures

have a larger appealing for integration in devices. One important open question is the

eventual coupling of the Fe magnetization with the direction of the ferroelectric domains.

As linear dichroism is of no help here, other multi techniques approaches will have to

be used to clarify this point. One possibility is a systematic use of piezoforce response

microscopy (PFM) to investigate the BTO ferroelectric domains.

Finally, here we concentrate on the Fe/BTO system, but there are several other

possibilities of materials association that could be employed to investigate and eventually

develop devices based on artificial magnetoelectric structures.
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Appendix A

Events and publications

In the next section we list the opportunities we had to present our work and the

scientific publications associated with this thesis.

A.1 Presentations and schools

• from 3/11/2013 to 9/11/2013, IX Brazilian School on Magnetism, Vitória, ES,

poster presentation “Study of domain walls in ferroelectrics and multiferroics thin

films: the sample growth”

• from 11/03/2014 to 12/03/2014, Brazilian Synchrotron Radiation Laboratory (LNLS)

Users Meeting, Campinas, SP

• from 12/05/2014 to 16/05/2014, XXXVII Brazilian Physics Society Condensed Mat-

ter Meeting, Costa do Sauípe, BA, poster presentation “Structural characterization

of multiferroic/magnetic multilayers”

• from 14/09/2014 to 18/09/2014, LEEM/PEEM-9, Berlin

• from 6/01/2014 a 17/01/2014, V Curso Teorico-Pratico de Microscopia Eletrônica
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de Transmissao, Campinas, SP. Evento organizado pelo Laboratório Nacional de

Nanotecnologia (LNNano), totalizando 120 horas de cursos teóricos e experimentais

• de 1/09/2014 a 12/09/2014, School on UV and X-ray spectroscopy of strongly cor-

related electrons systems, les Houches, France

• from July 13𝑡ℎ to 24𝑡ℎ, 2015 : São Paulo School of Advanced Sciences on Recent

Developments in Synchrotron Radiation (SyncLight2015), held by the Brazilian Syn-

chrotron Light Laboratory (LNLS) at the Brazilian Center for Research in Energy

and Materials, Campinas, Brazil.

• from July 30𝑡ℎ until August 1𝑠𝑡 2015 : Second International Workshop on Advances

in Multifunctional Multiferroic Materials and Their Applications, and the 2015 In-

ternational Network for Advanced and Multifunctional Materials Meeting, held in

Maringá-PR, Brazil.

• from September 11 th to 15 th , 2016 : 10th LEEM/PEEM workshop, Monterey -

California, presentation of a poster.

• from December 7 th to 9 th 2016 : 8th Joint BER II and BESSY II User Meeting,

Berlin, Germany, presentation of a poster.

A.2 Publications

• Mori, T. J. A., Mouls, C. L., Morgado, F. F., Schio, P. and Cezar, J. C.. (2017)

“Parasitic phases at the origin of magnetic moment in BiFeO3 thin films grown by

low deposition rate RF sputtering”, Journal of Applied Physics, 122 (12), p. 124102.

doi: 10.1063/1.5003764.
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• Mouls, C. L. et al., “Magnetoelectric coupling between ferroelectric and ferromagnetic

domains in ultra-thin Fe layers on BaTiO3 substrates”, in preparation.
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