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Chapter 1

Introduction
Recently, the possibility of controlling magnetism by means of the application of
an electric field E instead of a magnetic field B, has been explored as interesting
challenge for the development of memories and data storage devices. [21, 1, 25]
The main disadvantage in using current generated fields to write information
is the Joule heating, which limits the development of devices simultaneously a
compact, energy efficient and fast.
Another important quality required for memories is the possibility of maintaining the information after removing the writing field. Nowadays, in many
non-volatile memories, the binary information is stored in the form of magnetization. In spintronics, both charge and spin of the electrons are information vehicles [3]. For example Magnetoresistive Random Access Memories (MRAMs)
are based on spin-dependent tunneling in devices called Magnetic Tunnel Junction (MTJ), which consist of two ferromagnetic layers separated by an insulating
layer. Depending on the relative orientation of the magnetization in the two ferromagnetic layers (parallel or antiparallel), the resistance of the MTJ is low or
high and these two state can be identified as bits 0 or 1 [5]. The high coercivity of most of ferromagnetic media requires large magnetic fields for switching
between the two states, thus implying large amount of energy and long times
due to induction phenomena in coils. In modern MRAM information writing
process, spin-torque technique (STT) is utilized to minimize the energy used
for generating the magnetic field, by passing through a spin-polarized current
directly to through the magnetic bits [3]. This allows to use small currents by
reducing the dimension of the junction.
However, this method still requires a high electric current density compared
to the semiconductor based memory technologies. On the other hand most of
the semiconductor memories have the disadvantages of slow writing process.
Hence, one of the main goal in this research field is to find a way to combine
fast writing and reading processes in a unique, non-volatile and efficient storage
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device.
A promising alternative to current-induced magnetic data storage consists
in exploiting the magnetoelectric coupling in ferromagnetic/ferroelectric multiferroic heterostructures. These materials combine both the ferromagnetic and
ferroelectric order parameters in such a way that the magnetization and the polarization do not behave independently. Hence, the basic idea is to exploit the
coexistence of these two ferroic orders, as well as their remnant and switchable
properties, for the E-field control of magnetism. This may identify a path to
realize fast and nonvolatile random-access memory with high density and lowpower consumption.
For these reasons the study of the magnetoelectric coupling and the mechanisms that originate it are object of an increasing research effort in recent years.
This thesis is focused the structural and spectroscopic characterization of multiferroic heterostructures composed of a thin film of iron, which is ferromagnetic, deposited on a bulk PMN-PT ([Pb(Mg1/3 Nb2/3 )O3 ]1− x –[PbTiO3 ]x ) substrate, which is ferroelectric. The epitaxially grown interface between two materials displays the magnetoelectric coupling. By applying an electric field across
the thickness of the substrate (i.e. along the growth direction) it is possible to
polarize and deform the ferroelectric crystal structure, thus manipulating the
magnetic properties of the over-layer. In this work, we analyze how the two opposite polarized states of the PMN-PT affect the magnetic anisotropy of the iron
overlayer and the role of morphology in this modifications. In particular the
morphology represents an important factor in the magnetoelectric mechanisms
that has been little investigated before.
This thesis report is presented as follows:
• Chapter 2 introduces the basic understanding of the ferromagnetic and ferroelectric behaviour, and descibes the properties of multiferroic materials
and of the magnetoelectric effect.
• Chapter 3 describes the methods employed for the growth and fabrication
of the samples analyzed and for their magnetic and morphological characterization.
• Chapter 4 explain the choice of the heterostructure design and of the materials involved, also considering the information available in the literature
and pointing out the rationale of the research performed.

2

Chapter 1. Introduction
• Chapter 5 presents the results obtained concerning the magnetic and morphological changes due to the E-field effects, and discuss the data obtained
for comparing three different PMN-PT heterostructure having different
crystal orientation and stoichiometry.
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Chapter 2

Theoretical background
2.1

Ferromagnetic materials

The microscopic interpretation of magnetism of matter is a central issue in solid
state physics that is not completely defined theoretically. Although it is possible
to describe the motion of a single atom immersed in a magnetic field, the connection of the fundamental exchange interaction to the macroscopic behaviour
of the ferromagnet is very complex.
The basic quantum-mechanical exchange interaction is short range, as it is a
consequence of the Pauli exclusion principle, but the overall understanding of
the magnetization, i.e. the establishment of the order parameter and it vanishing
at the Curie temperature, requires to take into account spin-orbit, the crystal
structure, the classical dipole interactions and the overall magnetostatic energy
term that extend to long range. Experimentally one defines the different types
of magnetic order by studying how materials respond to an external applied
magnetic field.
Ferromagnetic materials (like iron, nickel, cobalt and their alloys) respond to
an applied magnetic H field by large and positive magnetic susceptibility, that
corresponds to the exchange driven parallel alignment of the electron spins of
the external electrons, mostly due to d-like and f-like electrons.
The ordering temperature for ferromagnets is the Curie temperature that, for
iron is, TC is 1043 K when the susceptibility diverges separating the paramagnetic phase (at T > TC ) and the ferromagnetic phase at (at T < TC ). [10] The
overall energy minimum for a macroscopic ferromagnet, in absence of external
fields, is generally the demagnetized state, in which the material is arranged
with ferromagnetic domains, to reduce the magnetostatic energy as described
for the first time by P.E. Weiss. Each microscopic ferromagnetic domain has a
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different orientation of the spontaneous magnetization yielding to no net magnetization. Sometimes the total magnetization can be different from zero because of the boundary conditions, the dimensionality, the crystalline structure
of the material or the strain it can be subjected to, that reflect the so called magnetic anisotropy. By applying a magnetic field it is possible to force the magnetic
direction of the domains, moving from the multi-domains partition to a singledomain system, magnetized along the external field direction.
When the magnitude of the applied field is enough to align all the moments
in the same direction, the total magnetization reach its highest value, named saturation magnetization Ms , at the given temperature. If the external field is completely removed, a ferromagnet can be found in the remanent magnetization Mr
state. The magnetic field necessary to nullify again the magnetization is called
coercive field Hc .
The relation between the applied field H and the consequent magnetization
M is not univocal and it depends on the magnetic "history" of the material. This
relation is represented by the hysteresis loop typical plot showed in Figure 2.1.

Figure 2.1:
Two illustrative hysteresis loops representing two different magnetic response to the
applied magnetic field H.

2.1.1

The magnetic anisotropy

Ferromagnetic materials display magnetic anisotropy i.e. they respond in different ways to an applied field, depending on the direction of the field. The
direction along which the energy (external H field value) necessary to align all
the magnetic moments is called easy axis and corresponds to the preferential
direction of the overall magnetization. On the contrary the direction which requires a more intense external field to align the magnetization along it, is the
6
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hard axis. In Figure 2.1 are depicted two different hysteresis loops obtained measuring the magnetization along the easy or the hard axis. A material can have
more than one easy/hard axis depending to its crystal symmetry conditions and
macroscopic shape. It is possible to identify three different type of magnetic
anisotropy:
• MAGNETOCRYSTALLINE ANISOTROPY : which depends on the specific crystal structure of the material. The physical origin of this anisotropy
lies on the spin-orbit coupling of the electrons, and its quenching by the
crystal lattice.
• SHAPE ANISOTROPY : which arises in a material if it is not ellipsoidal
shaped and is related to the magnetostatic interactions and the boundary
conditions that delimit the surface of the sample.
• MAGNETOELASTIC ANISOTROPY: which is related to external stress
transmitted to the material and magnetostriction.
Other anisotropies may be induced in certain materials, by appropriate treatments such as magnetic annealing, strain and plastic deformation.
The existence of a preferential orientation for the magnetic moments means
that there are magetization states corresponding to the minimum of the total
energy. This is the result of a delicate energetic balance, among the different
interactions and their short or long range.

2.1.2

The magnetic energies

For a single atom, the interaction energy of the magnetic moment µ with a magnetic field B is expressed by the Hamiltonian:
Hmagn = −µ · B
where µ contains the dependence from orbital and spin angular moments.
For condensed matter, where the constituent atoms interact each other, it is
necessary to take into account some additional terms. In 1935 L. Landau and E.
Lifshitz [24] outlined the expression of the total free magnetic energy as a sum
of different contributes:
E = Eexc + ED + Eλ + Eanis + EZ
7
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where each term represents:
• Eexc : the exchange energy is related to a short range interaction, and it is
responsible for parallel alignment of spins. Exchange interaction is due to
the Pauli exclusion principle and represent one of the bases for a quantummechanical interpretation of magnetism. It can be described by the model
Heisenberg exchange Hamiltonian:
Hexc = − ∑ Jexc Sa · Sb

(2.2)

where Jexc is the exchange constant (which is positive for ferromagnetic
materials) and Sa , Sb are the atomic spins.
• ED : the magnetostatic energy is the energy associated to the demagnetizing field Hd created by a magnetized material upon itself, in the opposite
direction of M. The demagnetizing field is the main cause of the shape
anisotropy. It can be written as:
ED =

Z

µ0
2

V

M · Hd dV

(2.3)

It expresses a long range interaction and represents the mechanical work
spent to build up the sample by bringing each magnetic moment from infinity to its final position.
• Eλ : the magnetoelastic energy is the energy associated with the effect of
magnetostriction, i.e. the variation in the dimensions of the material when
it is magnetized. The physical origin of magnetostriction lies in spin-orbit
coupling that can be affected by stretching the atomic bonds of a crystal.
Eλ =

3
λs ε cos2 θ
2

(2.4)

where ε is the external stress, θ is the angle between the magnetization and
the direction of the uniform stress and λs is the saturation magnetostriction
constant that, in the case of iron for example, is positive (λ100 = 24 · 10−6
J m−3 ) along the crystal direction (100) and negative (λ111 = −23 · 10−6 J
m−3 ) along the (111) direction. [6]
• Eanis : the anisotropic energy is due to the magneto-crystalline anisotropy
of the material. In the uniaxial case (i.e. where there is one easy axis) the
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anisotropic energy can be expressed as:
Eanis = −Kanis cos2 θ

(2.5)

where Kanis is a positive constant that depend from the considered volume and θ is the angle between the magnetization M and the easy axis.
For different symmetric conditions, this expression must be adjusted with
additional terms.
• EZ : the Zeeman energy is the responsible for the alignment of the spins in
the direction of the applied magnetic field. It can be expressed by:
EZ = − µ 0

Z
V

M · H dV

(2.6)

where µ0 is the vacuum permeability, M the magnetization, H the applied
field and V the considered volume. Then EZ is minimized when M magnetization is parallel to H. The more intense is the applied magnetic field,
the more number of spins will be orientated in that direction.
For a single-domain ferromagnet the most relevant terms are EZ and Eanis , as
explained in the Stoner–Wohlfarth model.
For a multi-domain ferromagnet the energy balance is more complex, as exchange and magnetocrystalline anisotropy energies are associated with the domain walls separating. Since sometimes it is not possible to minimize separately
each term at the same time, the equilibrium state corresponds to the better compromise that minimize the total energy, and this gives rise to the magnetic domains.

2.1.3

Stoner band model of ferromagnetism

A description of ferromagnetism of the transition metals is provided by the
Stoner band model, that identifies in the spin-polarization of the d-bands the
key feature. According to this model, the electrons responsible for ferromagnetism are "itinerant", rather than localized at the positions of the atoms.
The elements of the periodic table that display a ferromagnetic behaviour
belongs to the transition metals, i.e. those with an incomplete 3d shell. For
example the electronic configuration of iron is [ Ar ]3d6 4s2 , thus there are four
unpaired electron in the 3d shell that, due to the exchange interaction, separate
the d-bands into two, the so called majority band with a parallel spins, and the
9
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minority spin band with spins aligned antiparallel to the majority ones. The
bands in transition d metals are partially filled and the spin unbalance between
the electrons that occupy them are responsible of the magnetization. The different population of the spin-split bands determines the main component of the
magnetic moment. (Figure 2.2)

Figure 2.2:
Schematic representation of the Stoner band model. The band is approximated by a
square hole and N(E) is the density of states. From a spin balanced situation (a), typical
of paramagnetic material, the exchange interaction determines the spin-splitting of majority and minority sub-bands as shown in (b). In the case of ferromagnets (c) the Fermi
level has therefore a different spin polarization.

2.2

Ferroelectric materials

Ferroelectricity was discovered in the last century. Ferroelectrics, are characterized by a spontaneous electrical polarization, that can be reversed by applying
an appropriate electric field. Ferroelectricity is not an intrinsic property of an
atom but it comes from the structural properties of the material. If the ions in
the unit cell of the crystalline lattice are placed asymmetrically, the unbalance of
charge creates naturally electric dipole moments.[7]
In some crystals these electric dipoles line up in clusters, that are analogues
of the ferromagnetic domains,and that can be oriented predominantly in one
direction by a strong external applied electric field. The relation between the external electric field E and the polarization P is again represented by an hysteresis
loop (see Figure 2.4 (a)).
Ferroelectricity was first observed in Rochelle salt in 1920, then the interest
in this phenomenon lead to the development of new ferroelectric materials composed of inorganic elements such as barium titanate BaTiO3 or lead zirconate
titanate Pb[Zrx Ti1− x ]O3 (PT).
Both these materials belong to the perovskite class of oxides characterized
by the crystal structure ABO3 sketched in Figure 2.3(a) where the B site cation
10
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is surrounded by an oxygen octahedron and the A site cation is located in the
space between this octahedron, at the cube corner positions. Depending on the
radius of A and B ions, the whole structure distorts from the ideal cubic model
by rotating and tilting the oxygen octahedra or by displacing the ions. (Figure
2.3 (b),(c) ) These distortions induce an asymmetric charge configuration and
therefore create the electric dipole moments. When the external electric field is
applied across the ferroelectric, it aligns the neighbouring dipoles leading to a
static bound charge at the surface.

Figure 2.3:
Typical structure of the ABO3 perovskite unit cell (a). In ferroelectric materials the
atomic displacement of B atoms induce a spontaneous polarization (b) and (c) whitin
the cell.

Apart from an external electric field, mechanical external stress and temperature can also change or induce a polarization in a ferroelectric.
A Curie temperature TC is also defined for the ferroelectric phase transition.
For T > TC , ferroelectric materials lose their spontaneous polarization and behave like paraelectric materials. In fact, at this temperature a structural phase
transition takes place, because the energy within the crystal allows ions to arrange themselves in a stable equilibrium, eliminating the polarization caused by
the displacement of one or more ions.
Moreover, since they are composed by non-centrosymmetric crystals, ferroelectric materials are a subcategory of piezoelectric materials, i.e. they exhibit a
polarization in response to an applied mechanical stress. It is also possible to deform them by applying an electric field and this is known as converse piezoelectric
effect.
For pure piezoelectric materials, the relation between the field Ek and the
strain ε ij that it produces is linear, along each direction, and may be written as:
ε ij = dijk Ek
11
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where dijk (m/V) is a third-rank tensor of piezoelectric coefficients and i = 1,
2, 3 refers to the spatial coordinates. The deformation along the applied field
direction is usually called longitudinal strain, while if the deformation is perpendicular to the field it is called transverse.
In ferroelectric materials, the relation that links the strain with the electric
field is more complex, because of the switching and movement of ferroelectric
domain walls as well as the non-volatile behaviour of the polarization. In principle, if we would consider, for simplicity, only a monodomain single-crystal
with a spontaneous polarization that can be reversed instantaneously up/down
by an electric field, the ε−E curve should be that shown in Figure 2.4 (b), red
line. This curve takes into account both the linear piezoelectric strain and the
squared non-volatile hysteresis loop of the polarization. Actually, in a real case,
the presence of more ferroelectric domains affects the strain that generally results in the typical reversible "butterfly-like" loop shown by the black line in the
same Figure.

Figure 2.4:
Polarization (a) and strain (b) of a typical ferroelectric material. The red curves are
theoretical while the black curves represent what is usually observed.

This strain is volatile, as it disappears when the applied field is zero, and then
is not exploitable for information storage. Nevertheless, in the last ten years,
some research groups have provided evidences of non-volatile strain-mediated
coupling in multiferroic heterostructures by means of specific ferroelectric materials, especially the PMN-PT. [25] [9] This interesting behaviour is supposed
to be related to particular ferroelectric domains switching in PMN-PT (see next
paragraph). Anyway, the exact role of the strain in such systems, and the relation between the electromechanical properties and the local switching of some
domains, is still not well defined and would require a deeper study.
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2.2.1

PMN-PT specific properties

All the samples realized for this thesis were deposited on PMN-PT, that is the
abbreviation for the relaxor ferroelectric [Pb(Mg1/3 Nb2/3 )O3 ]1− x –[PbTiO3 ]x . Relaxor ferroelectrics are a type of ferroelectric materials where the long-range ordering of the dipoles is disrupted by cation disorder, exhibiting complex polar
states with a significant amount of local structural heterogeneity at the nanoscale
[11]. PMN-PT is a complex oxide with peroskite structure where the A site is occupied by Pb2+ , B site by Mg2+ , Nb5+ or Ti4+ . It is composed by PMN, which is
a typical relaxor material, and PT, which is a typical ferroelectric material.
Pure PMN has a rhombohedral structure at room temperature and no spontaneous polarization, even if at a certain temperature it develops polar nanoregions that can be influenced by an applied electric field. These polar nanoregions are generally argued to be the cause of the giant electrostriction and the
large dielectric constant, which shows a broad diffuse maximum in function of
the temperature, associated with a strong frequency dispersion.
PT has a tetragonal structure and affects the host lattice polarizability changing the characteristic relaxor behavior of PMN.
Solid solutions of PMN and PT combine both electrostrictive and ferroelecric
properties and exhibit different crystalline structure depending on the temperature as well as the percent concentration x of PbTiO3 . The phase diagram of
PMN-PT in Figure 2.5 shows a tetragonal structure for PT compositions above
40% and a rhombohedral structure for percentage below than 30%, at room temperature [15]. The Curie temperature TC varies as a function of PT composition

Figure 2.5:
Phase diagram of PMN-PT [15].
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from 320K to 500K and above that the material presents the cubic phase. The
region of the graph between the tetragonal and the rhombohedral phases corresponds to the morphotropic phase boundary (MPB) in which these two states coexist because they are associated to similar values of free energy. In this region the
PMN-PT assume the highest dielectric and piezoelectric coefficients and exhibits
a lower-symmetry monoclinic structure on the macroscopic scale.
The effects of an external electric field on the polarization’s orientation strongly
depend on the crystalline phase of the PMN-PT, as well as the field direction.
In the tetragonal phase the spontaneous polarization of the unit cell is parallel to the long side of the cell and can be switched from "up" to "down" through
an electric field in the same direction, i.e. perpendicular to the (001) crystallographic plane.
In the rhombohedral phase the spontaneous polarization can be aligned along
any of the h111i pseudo-cubic directions. By applying the electric field between
"up" and "down", i.e. reversing the out-of-plane component of the polarization
perpendicularly to (001), three possible domain rotations can occur: at 71◦ , 109◦
or 180◦ from the initial direction. In Figure 2.6 are shown the corresponding
changes in the unit cell induced by the strain.

Figure 2.6:
The three possible switching of the polarization in a rhombohedral single cell. The inizial polarization is supposed along r1+ . By applying the electric field E, it can rotate up
to one of the four corner r1− , r2− , r3− , r4− , but only the 109◦ rotation to r2− and r4− changes
the strain in-plane.

In the 71◦ case the in-plane component of the polarization does not change,
in the 180◦ it is only inverted on the same direction, while in the 109◦ case it is
rotated by 90◦ and this generates an in-plane strain that causes a deformation of
the whole unit cell. Similarly, if the surface orientation of the sample coincides
with (011), an opportune out-of-plane field can set or reverse the in-plane polarization. The 109◦ switching of some ferroelectric domains has been interpreted
14
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as a key factor for the origin of the non-volatile strain-induced magnetization,
observed in some PMN-PT based heterostructure.[25]
Even if the magnetoelectric mechanisms are not always so clear, the chance
to control the in-plane strain and polarization by using an out-of-plane electric
field, has developed the interest in PMN-PT as a fundamental component in
multiferroic heterostructures.

2.3

Multiferroics

Multiferroics are materials in which two or more ferroic parameters coexist and
therefore display particular coupling effects. For example, the coexistence of
ferroelectricity and ferromagnetism enables coupling between the polarization
P and the magnetic field H (which is known ad direct magnetoelectric effect), or
between the magnetization M and electric field E (which is known converse magnetoelectric effect):
∆P = α H ∆H

∆M = α E ∆E

where α H and α M are the respective coupling coefficient which quantify the intensity of these effects.
In particular, materials which combine ferroelectric and ferromagnetic parameters are considered especially appealing for several applications, due to the
magnetoelectric coupling that permits to control the magnetic properties by an
electric field and vice versa.[28]
Actually, the materials that intrinsically exhibit this feature, also called singlephase multiferroics, are very rare because the main reasons that originate ferroelectricity and ferromagnetism tend to be conflicting. Ferroelectricity, as mentioned before, is caused by the slight shift of a cation that leads to a non-centrosymmetric structure of the unit cell and induces the formation of an electric
dipole moment. Usually this configuration requires empty d orbitals for the
cations responsible of the off-centring. On the other hand, most of ferromagnetic
materials are characterized by cations with an incompletely filled d shell, that
allows the spin unbalance in the electron’s population. Additional structural
reasons hinder the natural coexistence of magnetic and electric orders. However, even when this coexistence is realized, as occurs in BiFeO3 , the applications of this single-phase compounds are very limited because of the low Curie
temperatures (below room temperature) and the weak inherent magnetoelectric
coupling (especially above room temperature).
15
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Figure 2.7:
Couplings between elastic, magnetic and electric properties in multiferroics.

Therefore, lots of artificial multiferroic composites have been investigated in
order to obtain this magnetoelectric coupling. An efficient and useful approach
along this line is to combine ferroelectric and ferromagnetic materials into heterostructures.

2.3.1

Magnetoelectric coupling in multiferroic heterostructures

The simplest model for a horizontal multiferroic heterostructure, is constituted
by two overlapping layers with different ferroic orders. In the specific case of
this thesis we analyze a 4 nm thin film of iron deposited over a 2 mm thick
substrate of PMN-PT.
Mutiferroic heterostructures are relatively easy to produce, thanks to the
modern synthesis techniques, and the large magnetoelectric effects at roomtemperature. Moreover, the flexibility of material choices and designs represent
further advantages in using them for the magnetoelectric devices of the near
future.
Besides, even new functionalities can arise at the interface because of the interesting physics that originates the coupling between electric polarization and
magnetization in this region.
Four main mechanism, reported in literature, are identified to be responsible
of the interface magnetoelectric coupling: charge mediate coupling, exchange
bias mediated coupling, chemistry mediated coupling and strain mediated coupling.
16
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• CHARGE MEDIATED COUPLING:
When an electric field is applied across the substrate thickness, it induces
the accumulation or depletion of electrons at the interface, because the
charge rearranges itself to screen the field. Since the electrons are spinpolarized, the local change of electron’s density at Fermi level creates a
change in the magnetic properties at the interface. The magnitude of this
effect depends on the number of free electrons that contribute to it, and
thus depends on the used materials. In metals, the density of free electrons
is around 1022 cm−3 and the characteristic screening length is of the order
of a single unit cell (about 3 Åin the case of iron). Therefore, a significant
magnetoelectric coupling can be obtained only in a length scale lower than
the nanometer, i.e. it is confined at the first atomic layer at the interface.
• CHEMISTRY MEDIATED COUPLING:
Chemistry mediated coupling results from the migration of ions across the
interface. This effect can appear at the oxide/ferromagnetic interfaces and
is caused by a chemical reaction between the metal and oxygen driven by
voltage. In this case the typical length scale is around ten nanometers.
• EXCHANGE BIAS MEDIATED COUPLING:
Exchange bias can take place in magnetic heterostructures constituted by
an antiferromagnetic and a ferromagnetic thin film. When the system is
annealed to the the Néel temperature TN of the antiferromagnetic (i.e. the
temperature above which it becomes paramagnetic, that usually is lower
than the TC of the ferromagnetic) and then cooled down under an applied
magnetic field, the electron’s spin interact at the interface, changing the
magnetization. As a result, the hysteresis loop of the ferromagnetic layer
shifts from the zero-field position.
• STRAIN MEDIATED COUPLING:
Among the other coupling mechanisms, strain transfer is the most efficient
route in achieving magnetoelectric coupling. This is the only effect that involves the macroscopic length scale, leading to a remarkable modulation
in magnetic properties, by means of an electric field. It consist in modifying the magnetization of the metallic film, via inverse magnetostriction,
by exploiting the piezoelectric characteristics of the substrate. The strain
induced by the field in the ferroelectric substrate, propagates across the
interface into the magnetic film and influences the magnetoelastic contribution to the energy in eq.[...]. To minimize the total magnetic energy,
17
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the other terms compensate for this variation, resulting in a change in the
magnitude or direction of magnetization. The magnetic easy axis can be
switched by strains from an initially in-plane direction to an out-of-plane
direction, or by at most 90◦ within the film plane or become more stable
along its initial direction.
In the present case of the Fe/PMN-PT heterostructures, the mechanism that
could explain the observed magnetoelectric coupling, is related to the strain mediated effect. In fact, the charge mediated coupling cannot be responsible of the
huge magnetic and morphological modifications that we observed, because the
thickness of the iron layer clearly surpass the charge screening length. On the
other hand, exchange bias has to be ruled out, because pure iron is not antiferromagnetic, and also ion migration couldn’t have occurred, because it would
involve variations on the chemical composition of iron which were not detected
by XAS spectra. However, besides the strain-mediated mechanism, this thesis wants to take into account also the change in the film’s morphology as a
key factor in the magnetoelectric coupling, as will be discussed in the following
chapters.
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Experimental set-up and techniques
3.1

APE-HE beamline

All the experiments discussed in this thesis were performed within the NFFATrieste facility, at the Advanced Photolectric Effect (APE) beamline of the Elettra
Synchrotron [22].
The APE beamline is composed by two independent branches devoted to
different types of spectroscopy: “Low Energy” (LE) (which uses photons in the
range of energy between 10 eV and 100 eV) is the branch dedicated to the Angular Resolved Photoemission Spectroscopy (ARPES) and “High Energy” (HE)
(with photons energy between 150 eV and 1600 eV) is the branch dedicated to
the core-level spectroscopies: XPS, XAS and XMCD. Both branches operate in
Ultra High Vacuum (UHV) conditions. For the purpose of this thesis, the investigation of the magnetic and chemical properties of the samples was performed
by means of XAS and XMCD at the APE-HE beamline.

Figure 3.1:
Diagram of the facilities at the Elettra experimental hall available within NFFA-Trieste.
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The samples were grown in a MBE chamber (named MASK) belonging to a
cluster of UHV chambers, next but not directly connected to the APE-HE beamline. The cluster is composed also by another MBE chamber dedicated to the
growth of oxides (OxMBE) and a chamber (VolPE) dedicated to the XPS analysis. The MASK chamber is connected to the MOKE apparatus, which allows
the magnetic characterization of the samples grown in situ either in air or in
UHV. In the present case all the MOKE measurements were collected in air. The
main characteristics of the set-up and the techniques used for our experiments
are described in the following sections.

3.2

MBE (Molecular Beam Epitaxy)

The samples analyzed in this thesis are 4 nm thick epitaxial single crystals of iron
grown by the Molecular Beam Epitaxy technique on a bulk layer of PMN-PT, 2
mm thick.
The Molecular Beam Epitaxy (MBE) technique is a crystal-growth method
that employs molecular beams in near equilibrium conditions with suitable substrates, in UHV environment. The term "molecular beam" describes a unidirectional kinematic flow of atoms or molecules with no collisions among them. The
term "epitaxy" refers to a ordered growth of one crystalline layer on another
layer, with the same crystal arrangement as determined by the substrate surface
[2].
The UHV condition (corresponding to a pressure of ∼ 10−10 mbar) is necessary both to avoids the collisions between the atoms or molecules during the
evaporation process and to prevent the adsorption of unwanted species from the
background gas. In this way a precise control of composition, thickness, morphology and other growth conditions is achieved with the MBE technique. The
metals or compounds to be deposited are placed inside a crucible inserted in a
oven, usually heated by irradiation or by electron bombardment. Stable rates
of sublimation or evaporation can be established in the MBE sources and the
molecular flux can be controlled by physical shutters on the way to the sample
substrate.
The suitable rate of evaporation, and hence deposition, is typically of the
order of few Å/ min. This allows a layer by layer growth of the thin film with a
fine control of the thickness of the film.
A retractable Quartz Crystal Monitor (QCM) is used to calibrate the evaporation rate before and after each deposition, in order to evaluate the thickness
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of the deposited film . The QCM has a resonance frequency that depends on its
mass, and is coupled to an external driver electrical circuit. Even small amounts
of matter adsorbed onto the quartz surface are sufficient to detune the resonant
circuit and detect the mass change. Adequate sensitivity to deposition rates of
monolayers in second/minutes allow to fine tune the MBE cell operation, and
to check periodically its effective molecular beam yield.

3.3

MOKE (Magnetic Optical Kerr Effect)

The Magneto Optical Kerr Effect describes the change in polarization of incident light as it is reflected by a magnetic material. This effect is similar to the
Faraday Effect, with the main difference that in the latter case the light is measured in transmission, not in reflection. When linearly polarized light interacts
with a magnetized material, it can be observed that the polarization state of the
reflected light changes as the polarization axis rotates proportionally to the magnetization of the material resulting in an assoiciated degree of ellipticity of the
reflected light.

Figure 3.2:
Example of MOKE: a linear polarized radiation impinges a magnetized sample and
is reflected, rotating the principal axis of θK and becoming elliptical polarized, with
ellipcity ε K = arctg ba .

The Magneto Optical Kerr Effect is due to interband transitions, as excited
by the visible light frequencies employed, and reflects the Joint Density of States
(JDOS) of the magnetic material if a macroscopic magnetic order is present (i.e.
if the system is magnetized under an external field or in remanent state). It
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can nevertheless be described classically [8]. When an electromagnetic wave interacts with matter, the electrical field of the light generates the motions of the
electrons in the material. A linearly polarized radiation can be describes as the
superposition of two circularly polarized beams of opposite helicity (or left and
right handedness). Therefore, the oscillations of the bound electrons having absorbed one photon can be described in terms of its polarization. In absence of external magnetic fields, the radii of both excited electron orbits set in left or right
circular motions are equal. On the contrary, if a magnetic field is applied along
the propagation direction of the wave, additional Lorentz forces act differently
on electrons with left or right circular motion, resulting in a difference between
the radii of the two orbits. This implies differences between the dielectric constants and the refractive indices probed by the two opposite polarized waves,
leading, in turn, to different propagation velocities. As a result the emerging radiation (reflected) has a new polarization state, modified by the interaction with
the material, and one measures an ellipticity ε K and a rotation of the main axes
by a small angle named Kerr angle Kerr angle θK . The ellipticity ε K is caused
by the different absorption rates of the medium for the two circularly polarized
modes. Formally these effects are represented by the off-diagonal elements of
the dielectric tensor, which are approximately proportional to the magnetization. A deeper insight into this phenomenon is provided by a quantum description, which involves the exchange and spin-orbit coupling. The magneto-optic
Kerr effect is easily measures and its sensitivity to magnetization is sufficient to
detect magnetic order of single layers of matter [18].
Having set the experimental geometry and therefore the scattering plane,
the polarization can be either parallel (p polarization) or perpendicular to it (s
polarization). Measuring the variation of these components between the incident
and the reflected light, one can get information about the Kerr parameters and
then the magnetization of the sample [16].

Figure 3.3:
Three possible MOKE geometric configurations with different orientation between the
sample magnetization M with respect to the incident light.
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Depending on the direction of the magnetization with respect to the sample surface and the incident light, three MOKE geometric configurations can be distinguished: polar, longitudinal and transverse. These three configurations are
schematically represented in Figure 3.3. Each of them is predominantly sensitive to a different component of the magnetization vector.
The set-up used for our measurements is based on the longitudinal MOKE
and enables to obtain different hysteresis loops for different rotation of the sample within the surface plane. This set-up is schematically represented in Figure
3.4. A blue laser (with wavelength of 405 nm) is used as light source and is

Figure 3.4:
Longitudinal MOKE set-up.

s-polarized passing through a crystal that serves as an optical filter. The light
beam impinges the sample with a incidence plane perpendicular to the sample
surface and then is reflected along a symmetric direction. The sample is placed
between the poles of an electromagnet in a parallel field region with coils capable to establish a variable magnetic field parallel to the incidence plane, up to
0.7 T. The sample can be rotated about the surface normal, probing the variation
of the magnetic response as a function of the angle between the applied field
H and a reference direction on the sample (rotational MOKE) which is a way to
probe in plane magnetic anisotropies. Before reaching the analyzer, the beam
of light crosses a photoelastic modulator (PEM) that oscillate with a precise set
frequency (tipically 50 khz) in order to modulate the phase of the beam, using
a lock-in amplifier. The analyzer is a second crystal, identical to the polarizer
but oriented in the p direction.The light intensity is finally converted into an
electrical signal by a photodiode that serves as a detector and whose sensitivity is optimal around the wavelength of interest. A lock-in amplifier receives
the PEM frequency as input signal and collects from the detector only the signal
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with that frequency, rejecting the noise at all other frequencies. The Kerr signal
is recorded as a function of the applied magnetic field H and processed by a
specific software generating the hysteresis loop.

3.4

XAS (X-ray Absorption Spectroscopy)

The interaction of photons with matter exhibits different channels. Among them
the most relevant in the soft x-ray range (100 eV - 5 keV) is the photoelectric effect. In a X-ray absorption process a photon impinging on matter transfers its
energy and angular momentum to a core electron that is excited to an empty
state above the Fermi level. The resonant condition takes place when the energy of the photon corresponds to the energy difference between the two states
involved. When increasing the photon energy of a beam interacting with matter, at characteristic energy values a resonance appears that corresponds to the
opening of a new excitation channel, corresponding to the promotion of a core
electron (i.e. the creation of a core hole) into the first energy and momentum allowed final state. In solids this correspond to the Fermi level, or to the minimum
of the conduction band.
The X-ray Absorption Spectroscopy (XAS) is therefore atom specific and orbital momentum specific, via the dipolar selection rules, and can be spin specific
if polarized light is employed and long range magnetization of the sample is
present.
The XAS spectra of solids cannot be entirely understood in an independent
electron model. In fact, when a core hole is generated in the absorption process,
it affects the whole electronic configuration and the valence electrons which generally rearrange to screen the charge vacancy. For this reason XAS spectra provide information also on the electronic correlation and require careful analysis
of the excited “final state” of matter.
XAS spectra for a 3d transition metal atom can be explained within the socalled configuration picture. Figure 3.5 represents a resonant X-ray absorption
process at the L2 , L3 edges. In the initial ground state the 2p orbitals are completely occupied and there is no observable effect of the spin–orbit interaction.
In the final excited state a 2p core hole is created producing a configuration with
an orbital angular momentum L = 1 and spin S = 1/2. The spin-orbit coupling
between them creates two different levels with J = 3/2 and J = 1/2 (since J
is defined as J = | L − S|). The electronic transitions corresponding to the 2p3/2
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Figure 3.5:
Resonant XAS process at the L-edge in the electron configuration picture. In the presence of the core hole the 2p states are spin-orbit split (a), giving rise to the characteristic
XAS line shape with two main peaks at the L-edge (b). The dashed line represents the
contribution of the photoelectron excitations into continuum states.

(L3 ) and 2p1/2 (L2 ) states can be observed in the XAS spectrum as two peaks,
whose intensity depends on the transition probability.
The transition probability Wi→ f from an initial state |ψi i to a final state |ψ f i
is captured by the Fermi’s golden rule:
Wi→ f =

2π
|hψ f | H |ψi i|2 ρ( E f )δ( E f − Ei − h̄ω )
h̄

(3.1)

where Ei and E f are the energies correspondent to |ψi i and |ψ f i, ρ( E f ) is the
energy density of the final state, the Dirac delta-function expresses the energy
conservation and H is the perturbation Hamiltonian that describes the electromagnetic radiation. H can be written in the dipole approximation as H = eq · r
where eq is the photon polarization vector and r is the electron position vector.
The photon transfers an angular momentum qh̄ to the electron: q = 0 refers to
the linear polarization of the light, while q = +1 and q = −1 refer to the right
and left circular polarization respectively. Therefore the transition probability
is related to the propagation direction of the incoming light, with respect to the
sample coordinate system, as well as its electric polarization.
The initial and final states |ψi i and |ψ f i are identified by the quantum numbers n, s, ms , l, ml of the core state and valence state considered. Transitions from
|ψi i to |ψ f i are allowed for those matrix elements in Eq.(3.1) that are different
from zero, identified by specific dipole selection rules.
The model presented so far considers single atoms with defined energy levels. In the case of a solid the situation is complicated by the neighbour atoms
that modify the energy states. In 3d transition metals, for instance, the d levels
cannot be labelled with the same quantum numbers, since they form a continuous of states described by the valence bands.
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XAS measurements require an intense and tunable source of x-rays that can
be provided by synchrotron radiation. At synchrotrons the energy of the photon
beam can be selected to match the values of the binding energies of the inner
atomic shells. Synchrotron radiation is emitted by charged particles (usually
electrons) accelerated in a storage ring to reach energies of few GeV. The electron are forced to circle in the storage ring by a lattice of strong magnetic field
sources, perpendicular to their trajectory. Additional insertion devices, made of
periodic magnetic structures (wigglers and undulators) are used to deviate the
electron beam into a multi-bend sinusoidal path, with a spacing that, given the
particle energy and H field intensity, creates the conditions for the interference of
the emitted photons and the overall emission of a line spectrum, with all power
concentrated in the fundamental and its harmonics, instead of being uniformly
distributed over a broad continuum frequency spectrum as in the case of a standard bending magnet source. The insertion devices at the APE beamline are of
the APPLE-II type that allow to control the polarization of the emitted radiation that can therefore be changed to perform the measurements in the wanted
geometry. A monochromator is used to select a narrow band of energy of the
radiation within the fundamental or third harmonic emission lines of the undulator source. Therefore synchrotron light, with high intensity, high brilliance
and wide tunability in energy and polarization, represents an optimal source for
XAS spectroscopy.
XAS spectra can be obtained by different detection methods which measure
directly or indirectly the quantity of absorbed light. For instance, an intuitive
direct method consists in measuring the transmitted radiation with respect to
the incident beam. This method is suitable for thin films (usually below 100
nm), but is not appropriate for thicker samples, as those used in this thesis (with
a 2 mm thick substate).
Other detection modes exploit the different channels through which the excited electrons can decay. When the absorbed X-rays create a core-hole, this can
be occupied by an electron from an higher energy state. This process is often
followed by the emission of a fluorescence photon or of another electron close to
the surface. In the latter case this effect is known as Auger effect.
The total electron yield (TEY) detection method counts the emitted Auger
electrons, for example measuring the drain current that compensates this flow
of charge. This is a very practical technique because requires only a picoammeter
between the sample surface and ground (Figure 3.6).
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Since the emitted electrons are only those that have enough energy to overcome the work function of the sample, TEY is a surface sensitive method with
a probing depth of few nanometers, depending on the elements that constitutes
the sample.

Figure 3.6:
Basic scheme of the total electron yield (TEY) method (a). When a x-ray photon excites
a core electron, it creates a core hole that can be filled by an Auger electron (c). The
primary Auger electrons cause a low energy cascade through inelastic scattering processes on the way to the surface (b). The total number of emitted electrons is directly
proportional to the absorption probability.

The XAS/XMCD spectra presented in Chapter 5 are all measured in TEY
detection mode by using a Keithley 6514 picoamperometer to collect the drain
current flowing through the sample. An identical instrument is used to measure
also the photocurrent coming from a metal grid, named mesh, placed on the xrays way, before the sample, that is used as a reference for the TEY signal (see the
sketch in Figure 3.8). The mesh is made of tantalum, which has no prominent
absorption edges in the spectral range of interest (in our case the range of iron
L2,3 edges between 700-730 eV).
Besides being an element-specific technique, XAS is also a very useful tool
to study the magnetic properties of the transition metals, exploiting the circular
polarization of light as well as the definite spin-symmetry of the valence states,
which characterizes the ferromagnets.

3.5

XMCD (X-ray Magnetic Circular Dichroism)

X-ray magnetic circular dichroism is the difference between two XAS spectra
taken with opposite circularly polarized light (with q = +1 and q = −1) impinging on a magnetic material with its macroscopic magnetization axis oriented
along the photon beam propagation. The magnitude of the XMCD effect provides information about the magnetic properties of the material, specifically it
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is sensitive to the component of the magnetization M along the photons propagation direction L ph . The magnitude of XMCD, i.e. the intensity difference
between the two XAS spectra with opposite combination of light polarization
and sample magnetization, can be written as:
∆IXMCD = I + − I − = I ↑ L ph ↑ M − I ↓ L ph ↑ M
where the arrows denote the alignment of L ph and M with respect to each other.
The dichroic signals obtained by keeping the light polarization constant and reversing the direction of the magnetization are essentially equivalent (I ↓ L ph ↑ M =
I ↑ L ph ↓ M ). Our XMCD measurements were collected by maintaining the same
helicity of the photon and reversing the magnetization direction of the sample.
The origin of XMCD effect at the L2,3 edges of 3d metals can be explained by
the two-step model proposed by Stöhr and Wu [20], illustrated in Figure 3.7.

Figure 3.7:
Two-step model of XMCD illustrated for the L-edge absorption in Fe. In the first step,
the electrons from the split 2p levels are excited up to the 3d unfilled band, with a transition probability that depends on the level and on the photon helicity. In the second
step, the valence band acts as a spin-sensitive detector. The XMCD spectra results from
the difference between the two absorption spectra with opposite helicity. [19]

1. The first step describes the excitation of a 2p core electron by a circularlypolarised x-ray photon with angular momentum ±h̄, obeying the dipole selection rules:
∆s = 0, ∆ms = 0

∆l = ±1, ∆ml = q = 0, ±1

The photon’s angular momentum q is entirely transferred to the electron, since
the angular momentum has to be conserved. Considering that the electron is
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excited from one of the split 2p core levels (2p1/2 or 2p3/2 ), part of the angular
momentum carried by the photon is converted into spin, through the spin-orbit
coupling. The sign of the acquired spin moment depends on the helicity of the
incident X-ray photon as well as the spin-orbit coupling, which is different for
the two L2 and L3 edges (l − s and l + s respectively). It can be proved that
a photon with positive helicity q = +1 excites preferentially spin-up electrons
(∼ 62.5% in percentage) at the L3 edge, whereas the same photon excites only
∼ 25% spin-up at the L2 edge. On the contrary a photon with negative helicity
q = −1 excites preferentially spin-up electrons at the L2 edge (∼ 75%), and only
∼ 37.5% spin-up at the L3 edge [19].
2. The second step involve the magnetic properties of the sample. The 3d
transition metals are characterized by an unbalance of spin in the valence band,
as described in the Stoner model in section 2.1.3. The fact that the valence band
is spin-polarized, unlike the 2p shell, gives rise to the dichroic effect. The XMCD
spectrum reflects the difference in the density of states with different spin or orbital moments. In particular it is possible to distinguish quantitatively the spin
and orbital contributions to the dichroic signal by using specific sum rules [4].
The minority and majority bands contribute to the XMCD intensity with opposite signs: if both contribute equally, the dichroism signal vanishes, as occurs
in nonmagnetic materials. In summary the intensity of a XMCD spectrum is
proportional to:
∆IXMCD ∝ Pcirc m · L ph = Pcirc hmicosθ
where Pcirc is the degree of circular photon polarization, hmi is the expectation
value of the magnetic moment of the 3d shell and θ is the angle between the
directions of the photon angular momentum L ph and m.
In Figure 3.8 are depicted the basic components of the XAS/XMCD experimental setup used in this thesis. In our case the sample normal forms an angle
θ = 45◦ with respect to the x-ray incident photons, whose circular polarization
degree Pcirc is 75% [17]. An electromagnet is used to produce a homogeneous
magnetic field parallel to the sample surface and to the in-plane component of
the X-ray propagation direction. The XMCD spectra presented in Chapter 5 are
recorded at remanence, alternating magnetic field pulses of ±300 Oe at each
energy point of the spectra, to saturate sample magnetization.
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Figure 3.8: XAS/XMCD experimental set up.

3.6

Optical microscope and optical interference profilometer

The morphology of the samples is analyzed by means of both an optical microscope and an optical interference profilometer.
The optical microscope uses light in the visible range and a system of lenses
to magnify images up to the micrometer lengh-scale. The microscope used in
this thesis is equipped with three objective lenses with magnification 5x, 50x
and 100x. Due to the large size of the morphology modification observed, the
5x objective is the mainly used. The microscope is connected with a camera
that allows to collect the pictures of what observed. All the images presented in
Chapter 5 display the same pattern of dark lines in the foreground that is due to
defects of the camera. These lines are always in the same position and overlaps
with the surface cracks, which are less blurred and more thin. By comparing an
image of a pristine sample with another displaying also some cracks, one can
identify which are the lines from camera defects (Figure 3.9).
The optical interference profilometer is used to evaluate quantitatively the
size of the morphological modifications. This instrument is based on a noncontact method known as White Light Interferometry (WLI). This method exploits the interference of white light by comparing the optical path difference
between the surface to be analyzed and a reference surface. The basic functioning scheme is illustrated in Figure 3.10. The source beam is split into two
paths: the first one is reflected by the test surface, the second one is reflected by
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Figure 3.9:

(a) displays the surface of a pristine sample in which only the lines due to the
camera defects are visible. (b) shows the same position of the sample with
some cracks in addition
a reference mirror. The reflected beams are then recombined and projected onto
a detector. Since the difference between the two optical paths is proportional
to the height variation, the interference pattern obtained contains information
about the surface contours. In this way it is possible to reconstruct 3D optical
profile images and to calculate the height variation along a particular direction.
In the present case, the vertical resolution provided by the supplier is ∼ 20 nm.

Figure 3.10: Optical interference profilometer setup
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Fe/PMN-PT: state of the art and
motivation
The experiment developed in this thesis is focused on Fe/PMN-PT layered heterostructures. In this section are presented the motivations for the overall work
and the reasons of the choice of the structure and materials used, beside to the
main evidences reported in literature in this respect.

4.1

Why multiferroic layered heterostructure?

Recently, the investigation in multiferroic composites has strongly developed,
thanks to the progresses in material preparation, characterization methods, and
theoretical analysis.
In particular, the appealing possibility to control magnetism through the application of an electric field, has urged the studies on ferromagnetic/ferroelectric
heterostructures.
On one hand, multiferroic heterostructures are considered interesting systems from a physics point of view, because the interface properties are determined by the interplay of four degrees of freedom: charge, spin, orbital, and
lattice.
On the other hand, the great potential of these systems for applications in the
field of integrated magnetic/electric devices, such as micro-electromechanical
systems, high-density memories, sensors, and spintronics [28].
The study of magnetoelectric effect in multiferroic heterostructure has begun with the growth of particular fiber nanostructured films of BaTiO3 -CoFe2 O4
(BTO–CFO) on STO single crystal substrates, as reported in Science by H. Zheng
et al in 2004 [27]. In this specific system, the stress generated by the ferroelectric–paraelectric phase transition of BTO has been proved to affect the magnetic
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properties of CFO through elastic interaction, and thus producing magnetoelectric coupling. Then a number of trials to achieve the electrical control of magnetization by exploiting the piezoelectric and magnetostrictive properties of the
constituents have been attempted.
Overcoming the difficulties connected with chemical reactions during the
growth process and mechanical stress coming from the interface defects and the
associated leakage of current that affects the electric poling, has prompted the
feasibility of high quality samples and novel experimental approaches.
Layered heterostructures, have the advantages of simplicity, controllable preparation, elimination of leakage current by using the ferroelectric layer as electrical
insulator, in the perpendicular direction of the the low-resistance magnetic film.
Interfacial strain can be tuned, by proper choice of substrate and conditions, to
mediate the interface coupling. Prototypical systems are heterostrucures composed of a thin ferromagnetic film deposited on a bulk ferroelectric substrate.

4.2

Why PMN-PT and Fe?

PMN-PT is considered one of most popular suitable ferroelectric substrates,
due to its non-volatile polarization as well as its large piezoelectric response
(with coefficient d33 ≈ 2500 pC/N for PMN-PT(001) and d33 ≈ 2000 pC/N
for PMN-PT(110) [11]), that opens possibilities of strain engineering via electric fields. Even if the origins of the extraordinary electromechanical properties
of this material and their relationship with the local structural heterogeneity at
the nanoscale are still not clear, PMN-PT is increasingly used in modern devices.
Moreover the choice of using PMN-PT is also determined by the fact that
it is one of the few ferromagnetic material which has been proved to induce, a
non-volatile magnetization, in spite of strain being generally volatile.
The main articles concerning the non-volatile magnetoelectric coupling induced by a PMN-PT substrate, which are reported in literature in the last ten
years, are summarized here below.
The first evidence of the peculiar properties of PMN-PT was provided by S.
Zhang et al. in 2012 [25]. In this case they deposited 20 nm of Co40 Fe40 B20 on
PMN-PT 30% (001) and observed a hysteresis loop-like change in magnetization
of the Co40 Fe40 B20 as a function of the out-of-plane electric field. As introduced
in section 2.2.1, they attributed to the 109◦ switching domains as the one of the
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main causes of these results, proving that by comparing the percentage of 109◦
switched domains with the relative change of magnetization.
Non-volatile magnetoelectric coupling was again observed in layered heterostructures by Heidler et al. in 2016 [9]. They studied the magnetic anisotropy
of cobalt films deposited on PMN-PT(011) substrates by mean of XMCD. They
noticed three distinct states for the remnant magnetization that can be set in the
cobalt film at room temperature and interpreted them corresponding to the three
distinct ferroelectric poling orientations. In particular, comparing two opposite out-of-plane poling states, which should be strain-equivalent, non-volatile
change in magnetization was measured. This was described as the combined
effect of both strain and charge mediated coupling.
Additional articles were published between 2016 and 2018 concerning evidences of strain-mediated coupling by means of PMN-PT, supported by new
techniques such as scanning MOKE microscopy, SEM with polarization analysis
(SEMPA) and PEEM [26] [12] [14].
Then a new factor regarding morphology has become to be considered since
in January 2018 Liu et al. published the first observation of electrically reversible
cracks in MnPt/PMN-PT(001) heterostructures [13]. They used MnPt (that is an
antiferromagnetic intermetallic alloy) not so much for its magnetic properties,
but for its ductility. Though they attribute the cracks formation to the nonuniform 109◦ domain switching in PMN-PT 30%, the focus of this article is mostly
on the reversibility of this cracks and the dramatic change in resistance of MnPt,
non developing on the potential magnetoelectric coupling.
Further evidence of this reversible cracks was presented by G. Vinai et al. the
following year. This time they studied Fex Mn1− x /PMN-PT(001) and analyzed
the magnetoelectric effect induced in the Fex Mn1− x layer by XMCD and microMOKE measurements. In particular, besides the voltage-control and reversibility of the cracks, they observed a local and non-volatile variation in intensity of
XMCD signal and magnetic anisotropy as function of the electrically driven morphological states [23]. Since the structure of the PMN-PT 40% substrate used in
this case is tetragonal, the previous model of localized 109◦ domains switching
cannot exactly suit. According to the ideal tetragonal model, the out-of-plane
polarization could not induce a change in the in-plane strain of the unit cell, because of the symmetry of the system. Moreover different blocks separated by
cracks display same magnetization and thus they should be in the same strainstate. Therefore what is suggested in this this article is the hypothesis of a new
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morphological driven magnetoelectric mechanism that should explain these observations.

4.3

Main goals

The present work is aimed to better understand the mechanisms that lead to
magnetoelectric coupling in such type of heterostructures. In particular, considering the last new evidences of morphology changes [23] [13], and following the
approach proposed by Vinai et al., we tried to understand the connection between these reversible cracks and the change in magnetic anisotropy. Therefore
the objective of this thesis can be summarised as following:
1. Investigate the main properties of multiferroic heterostructures constituted
by a 4nm thin film of Fe grown in situ on a PMN-PT substrate, and the effects produced by applying an electric field perpendicular to the surface.
In particular analyze the structural, morphological and magnetic modifications of the film by means of MOKE measurements, microscope imaging
and XAS/XMCD spectroscopy.
2. Identify the role of the substrate in the magnetoelectric coupling by evaluating the differences between samples with different orientation and stoichiometry of PMN-PT:
• type A: PMN-PT 30% (011)
• type B: PMN-PT 30% (001)
• type C: PMN-PT 40% (001)

Figure 4.1: The three different orientation and stoichiometry of PMN-PT analyzed in
this thesis.
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Results and discussion
This chapter summarizes results obtained by the application of the techniques
explained in Chapter 3 on selected samples and the discussion of the data.
Three different samples were grown in situ for each substrate typology. All
the samples were labelled with the prefix "MASK":
• type A [PMN-PT 30% (011)]: MASK_60, MASK_64, MASK_71.
• type B [PMN-PT 30% (001)]: MASK_61, MASK_65, MASK_69.
• type C [PMN-PT 40% (001)]: MASK_62, MASK_63, MASK_70.
Each sample is composed by a thin film of Fe (4nm) on bulk PMN-PT (2mm)
and covered with a capping layer of 4 nm of Au or 5 nm of MgO to prevent the
oxidation of iron with consequent changes on magnetic propoerties. In order to
verify the quality of the capping layer, the samples were probed by XPS survey
(Al K-α source), whit a probing depth of 3 nm, to test the continuity of the capping layer or a residual surface exposed to air. After the XPS control, the samples
were brought out of the MASK chamber and analyzed by synchrotron radiation
XAS, in the energy range of iron L2 and L3 edges, to probe unmistakably the
presence of iron oxides.

5.1

Magnetic anisotropy of the pristine samples

Before polarizing electrically the samples, their overall magnetic anisotropy was
probed by rotational MOKE. This is important because an initial preferential
direction of the easy axis provides information about the crystalline structure
of the magnetic film, which can be affected by the ferroelectric domains of the
substrate.
Iron has a BCC unit cell with preferential magnetic direction along one of the
cube axes h001i, h010i, h100i, which are in principle equivalent. But in nanostructured systems they can be non equivalent, from an energetic point of view,
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since other terms become relevant such as shape anisotropy. In case of a thin
film, the easy axis usually tends to orient along the axis parallel to the film’s surface to minimize the magnetostatic interaction. The non-homogeneous thickness
of the film, that may be caused by a non-uniform growth on the substrate, additionally influences the shape anisotropy. Moreover, the total anisotropy can be
affected by the strain induced by the substrate, which modifies the lattice parameters of the metallic over-layer and eventually its magnetization, through magnetostriction. In the present case we are in presence of a non-epitaxial growth of
the film generated by the lattice mismatch between the film and the substrate,
(iron lattice parameter at room temperature is 2.87Å, while that of PMN-PT is
4.02Åin the rhombohedral phase).
Stress and shape anisotropy may arise also from irregularities or polishing
scratches on the substrate, even if usually these are localized and do not contribute much to the overall anisotropy.
The results obtained by MOKE measurements on our samples are presented
as following.
• Type A [PMN-PT 30% (011)]
Figure 5.1 (a), (b) shows the hysteresis loops obtained for two samples with
the same substrate typology. Each graph contains different curves representing the different magnetic response of iron by changing the angle θ
between the applied magnetic field H and the easy axis. In both cases the
easy axis, corresponds to the nominal h011i crystallographic direction of
PMN-PT. On the contrary the hard axis, at 90◦ , is parallel to the h001i direction. The easy and hard axes are perpendicular, in fact they correspond
to the two directions whose angle respectively maximize or minimize the
cosine in the anisotropy term of magnetic energy in eq (2.5).
From the MOKE data it is also possible to represent the variation of the
remanent magnetization Mr as a function of the angle in a polar plot. In
Figures 5.1 (c), (d) the data are presented in fraction of Mr in respect to
the saturation magnetization Ms (Mr /Ms ). The black points represent the
measured data, while the red line traces the supposed symmetrical trend
of the magnetization curve around the whole polar plot. By comparing
the results of the two samples, the orientation of the easy/hard axes results equivalent. Therefore the presence of the same magnetic anisotropy
suggests that it can be related to the PMN-PT crystallographic orientation.
The plane (011) intersects the rhombohedral unit cell forming a monosymmetrical face (a rectangular elongated in the direction of one diagonal).
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It is reasonable to suppose that this "stretched" shape of the PMN-PT unit
cells had affected the iron lattice on top, inducing the observed magnetic
anisotropy.

Figure 5.1:
Moke results for two samples of type A, PMN-PT 30% (011).

• Type B [PMN-PT 30% (001)]
In this case the PMN-PT is cut parallel to the (001) face of the unit cell, that
is a rhombus whose angles are 90.11◦ and 89.89◦ . As in the previous type,
both samples display a uni-axial symmetry for the preferential orientation
of the magnetization. The easy axis is, for both samples, roughly parallel to the h001i direction that corresponds to 0◦ in Figure 5.2. Actually in
MASK_65 the easy and hard axis are slightly rotated of about 7◦ , but they
are still perpendicular. In this case, the difference between the remanent
magnetization measured along the easy axis and along the hard axis is a bit
less evident than in type A. Here the geometry of the crystal face is again
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uni-axial, but its shape is less elongated than in case A (as it is shown qualitatively in Figure 4.1 ). Therefore the results can be explained by similar
considerations as the previous case.

Figure 5.2:
Moke results for two samples of type B, PMN-PT 30% (001).

• Type C [PMN-PT 40% (001)]
This type of substrate has a different shape of the unit cell in respect to
the two previous substrates, as already shown in Figure 4.1. In this case
the tetragonal structure of PMN-PT induces a different symmetry for the
magnetic anisotropy. Looking at the polar plots shown in Figure 5.3 (c),
(d), the general trend seems to be more isotropic, as we cannot distinguish
a single preferential direction. In particular, considering the polar plot (d)
for MASK_63, it is possible to recognise two perpendicular easy axis, corresponding to the 45◦ and 135◦ . This trend recalls the overlapping of two
perpendicular uni-axial plots of the same sort of type A and B, resulting in
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a typical "fourfold symmetry". The results are consistent with the square
bi-axial shape of the (001) crystallografic orientation of PMN-PT.

Figure 5.3:
Moke results for two samples of type C, PMN-PT 40% (001).
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5.2

Polarization of the samples

The polarization of the samples was performed by using a Keithley 6487 picoammeter/voltage source, which allows applying a voltage through the thickness
of the sample while measuring the current response. A specific sample holder,
sketched in Figure 5.4, was used to this purpose. It displays two separated leads,
isolated by a dielectric slab, one connected to the top of the sample and the other
to the bottom, by means of silver paint and gold wire. Each lead was connected
by electrical contacts to the Keithley. The whole system can be viewed as a plane
condenser, in which the iron film on top and the silver paint on bottom represent
the two electrodes, since they are much more conductive than the ferroelectric
crystal and the dielectric slab. In this way it was possible to apply and switch
the electric field across the PMN-PT thickness.

Figure 5.4:
Model of the sample holder used to polarize the heterostructure (coloured in blue). The
electrical contacts of silver paint and gold wire are colored in orange. The holes on the
metallic leads are used to hook the samples to the stages of the manipulator by means
of two pins that are connected to the voltage source.

The voltage-current sweeps obtained attest the change of the PMN-PT polarization. In fact the applied electric field causes the displacement of the ions
in the ferroelectric and a consequent current flow of j = ∂P
∂t . Then the integral,
represented by the area under the I-V curve, is proportional to the polarization
P.
More than one electrical switch was performed for each sample in order to
test the reversibility of the process. In Figure 5.5 (a) is shown, as an example, a
complete I-V sweep measured for MASK_60 (PMN-PT 30% (011)). The voltage
is applied linearly increasing from 0 V to +300 V (that correspond to an electric
field of 6 kV/cm since the sample’s thickness is about 2mm), then decreasing
to -300 V and finally back to 0 V. Around 100 V, a peak of current is measured
in correspondence of the electrical switching of the substrate, and the same is
observed in the case of negative polarization.
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To set a stable polarization only an half sweep is required: Figure 5.5 (B)
shows the peak in the current that indicates the switching of out-of-plane polarization. Then, repeating the same half cycle twice, no peak is observed, proving
that the electric polarization is non-volatile. Afterwards we will use the terms "P
up" or "P down" referring to the two opposite polarization states of PMN-PT: "P
up" refers to the state after a positive sweep 0V → +300V → 0V, while "P down"
after a negative sweep 0V → -300V → 0V (respectively when the P vector points
outside or inside the film surface).

Figure 5.5:
I-V curves that testify the polarization switching. (a) shows a complete sweep 0V →
+300V → 0V → -300V → 0V. (b) shows an half sweep 0V → +300V → 0V that polarize
the sample "up" (orange curve), and the consecutive one that does not present a peak
(red curve) testifying the ferroelectric remanence of the PMN-PT substrate.

5.3

Analysis of the morphology

The surface of the samples was observed by optical microscope with a objective
magnification of 5x or 10x, before and after each polarization process. In the
pristine state the surface of each sample no signs of breaks were observed, while
we noticed some cracks appearing and reversibily almost disappearing, when
the polarization state of PMN-PT changed. The most evident cracks, clearly
visible with the 5x magnification, formed in samples of type A and B. For what
concerns type C, only few smaller cracks were noticed by using a magnification
of 10x. Each sample was examined all over the surface and the orientation of
the cracks was noticed to be always the same in different positions. The images
obtained for the three types of substrate are presented here below. (To interpret
correctly the optical microscope images is important to keep into account that
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the dark thick lines are not cracks but defects in the optics of the microscope
while the cracks are black and more thin.)
• Type A [PMN-PT 30% (011)]
As presented in Figure 5.6, in the "P up" state of PMN-PT, both samples display evident cracks, parallel to each other. These cracks are along the h001i
crystal direction, while are absent in the pristine state. The surprising fact
is that they almost completely disappear after reversing the polarization
to "P down". Moreover, repeating the process, the cracks appear again in
the same positions and again become almost annihilated when the bias is
applied in the opposite direction. Anyway, after many cycles, more cracks
appear on the surface and not all of them seem to be reversible.

Figure 5.6:
Microscope images of two samples of type A, PMN-PT 30% (011). The same position on
the sample surface is portrayed in both the states "P up" and "P down". The dark spots
are dust or scratches, while the diagonal shades repeated in each image are defects of
the microscope camera (cfr. Figure 3.9).

• Type B [PMN-PT 30% (001)]
Also in this case visible cracks appear on the samples surface in "P up"
state, but showing no single preferential direction. Some crack are parallel and some perpendicular to each other. Even if the dimension of the
cracks remains quite impressive, the reversibility of the process is here less
evident, since just after few sweeps more cracks do not heal.
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Figure 5.7:
Microscope images of two samples of type B, PMN-PT 30% (001)

• Type C [PMN-PT 40% (001)]
The samples grown on this type of substrate do not break as the previous
ones, or at least not at the same length scale, even if the I-V curve testify
the switch in polarization of the PMN-PT. Only some slight chinks, visible
with 50x magnification appear in "P up" state and disappear in "P down",
but these are negligible compared to that observed for type A and B, from
a dimensional point of view.
From these images, we infer that the crystal structure of the substrate plays
a crucial role in formation of electrically driven morphology variations. Indeed
the three different types of substrate break in different ways. By comparing these
images with what reported in the previous articles [13, 23], it should be noticed
that the reversibility and dimensions of the cracks observed are quite different.
Liu et al. [13], who used a substrate of type B (PMN-PT 30% (001)), in their
article declare that the cracks open with a gap width of 250 nm and depth of 100
nm, but they give no information about the cracks orientation. They also affirm
that the mechanism of opening/closing of these cracks is completely reversible
after a number of 107 switches. Vinai et al. [23] observed irregular cracks on their
samples of type C (PMN-PT 40% (001)), spaced by less than 30 µm, with height
up to 100 nm, and they tested the reversibility too, for about six switches. In
our case, it was not possible to distinguish the size order with the optical microscope. But, for what concerns the samples of type A and B, optical profilometer
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Figure 5.8:
Optical microscope images of two samples of type C, PMN-PT 40% (001).

measurements give evidence of about 300 nm deep cracks, as shown in Figure
5.9 for a sample of type A in the "P up" state. These images refer to a detail of the
sample surface in which three "terraces" are separated by two cracks. The total
average height is calculated considering a wider zone containing more cracks.
Such huge rifts give an account of the lower reversibility observed in our
samples, in respect to the cracks of the articles mentioned above.

Figure 5.9:
Profilometer results for a sample of type A, PMN-PT 30% (011) in the "P up" state. (a) is
a map of an area of 400 µm x 400 µm seen from above, while (b) is the same area seen in
3D. (c) shows the profile intersected with a plane perpendicular to the surface.
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In conclusion, from a morphological point of view, the main results observed
can be summarized as follows:
1. The cracks formation is clearly associated to the electrical switch that reverses the polarization in the ferroelectric substrate. The reason why the
samples break does not depend on the metallic over-layer, since, as already
observed in these articles [13, 23], the surface roughness and the thickness
of the film (few nm) are some order of magnitude smaller than the cracks
height (hundreds of nm).
2. The cracks cannot result only from the pure piezoelectricity of the substrate, since they were observed after the application of the bias, at zero
field. This proves that, beside the polarization, also the resulting strain is
non-volatile.
3. The height, the density and the orientation of the fractures depends on the
substrate structure and the crystallographic orientation, as we observed
three different behaviours for the three different types of substrates.
4. The switching process is, at least partially, reversible: the magnetic film
breaks and reforms reversing the polarization of the substrate. It should
be noticed that, in the "P up" state, the iron atoms at the edges of two separated "terraces" cannot interact, considering the amplitude of the cracks,
while they return to form an almost continuous surface in the "P down"
state.

5.3.1

Annealing effects on morphology

Since the cracks formation is strictly related to the structure of the substrate,
and PMN-PT changes its structure as a function of the temperature (see section
2.2.1), we also analysed the effects of the temperature on the morphology.
Specifically, MASK_60 (with substrate of type A) was polarised in "P up"
state and then annealed up to T=500 K by means of electron bombardament (on
the back face of the substrate). Figure 5.10 compares the same point of the sample before the annealing (in "P up" state) and just after the annealing, at room
temperature. It can be noticed that after this process some cracks disappear. At
this temperature, in fact, PMN-PT undergoes a transition to the cubic phase and
loses its ferroelectric properties, becoming paraelectric. Then the whole structure readjusts closing some cracks, since, in principle, between two cubic cells
there are no gaps. During the process the iron film remains ferromagnetic as its
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Curie temperature (1043 K) is much higher than 500 K. Therefore the effect of
the annealing was observed to be very similar to reverse the electric field to the
"P down" state, relaxing the cracks, even if structurally the two process are quite
different.

Figure 5.10:
Microscope images of the same position on the surface of MASK_60 (type A: PMN-PT
30% (011)) before and after the annealing (left). The phase diagram of PMN-PT is also
reported to outline the change of the crystal structure as a function of the temperature
(right).

Then, applying one more time the electric field to return in the "P up" state,
the same cracks reappeared on the surface, as expected since the PMN-PT structure is again rhombohedral at room temperature.
In addition, we repeated the same annealing on a new sample of PMN-PT
(011) 30% capped with 5 nm of AuRh. The capping layer was used only to form
the electrode on top of the ferroelectric, to allow the polarization process. This
time a constant voltage of +300 V was applied for the whole duration of cooling
down phase. Surprisingly, as shown in Figure 5.11 no cracks appeared on the
surface, even if usually we observed cracks after having applied a positive bias.
This fact can be explained considering that, when in the cubic phase, PMNPT is not ferroelectric and it does not exhibit a spontaneous polarization. As
soon as it reaches the Curie temperature it becomes rhombohedral because of
the displacement of the central ion of each unit cell, that follows the direction
of the external electric field. Since all the lattice cells are subjected to the same
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field and initially they are not polarized, the material becomes immediately a
single-domain bulk ferroelectric without reversing or changing any domains,
as usually happens when the field is applied to a multi-domain ferroelectric
material. Therefore, this represents an efficient way to produce a completely
polarized ferroelectric without passing through the domains rearrangement.

Figure 5.11:
Microscope image of a AuRh/PMN-PT 30% (011) after the annealing and the cooling
down, under the bias application (left). No cracks appear on the surface, except a slight
cleft due to the edge’s defects. Sketch of the process in the PMN-PT phase diagram
(right).

5.4

XAS/XMCD analysis

The most evident morphology modifications concerned samples with substrate
of PMN-PT 30% (type A and B), therefore we decided to focus on these samples
to analyse the local magnetic changes induced by the polarization.
XAS and XMCD measurements were performed at the APE-HE beamline in TEY
detection mode, as described in Chapter 3.
Absorption spectra were taken with circularly polarized X-rays, with the
sample surface at 45◦ with respect to the incident beam. In this condition, the
footprint of the X-ray on the sample surface covers an area of ≈ 150 x 150 µm2
(see Figure 5.17, (a)).
The XAS spectra show the canonical lineshape of pure metallic Fe L2 , L3
edges in agreement with the typical iron spectra reported in literature. /cite
The XAS spectra were normalized for incident X-ray intensity by dividing the
TEY current measured from the sample by the reference for the intensity I0 monitored by the TEY current measured from a 80% transparent mesh put upstream
of the sample (see section 3.4). The two spectra displayed in Figure 5.12 were
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Figure 5.12: XAS spectra at Fe L2 , L3 edges, for a sample of type A in the pristine state.
The two spectra are measured after positive (M+) and negative (M-) magnetic
saturation.

obtained by alternating magnetic field pulses of ±300 Oe in the surface plane at
each energy point of the spectra, to saturate sample magnetization. The sum (or
the arithmetic average) of the two spectra represents the isotropic XAS signal,
while the difference between them represents the dichroic signal.
The XMCD spectra presented below are expressed in % taking into account
the angle of 45◦ between the photon angular momentum and the sample magnetization, as well as the 75% circular polarization degree of light [17].
The samples were measured in the pristine state and right after setting the
out-of-plane polarization to "up" or "down", at room temperature. The result
obtained for the pristine samples are shown in Figure 5.13. Each sample was
measured in different positions of the surface, identified by the y and z coordinates of the manipulator reference. The fact that almost all the spectra overlap
each other in both samples is sign that the magnetization is homogeneous all
over the sample, in both cases. An exact quantitative evaluation of the magnetic
moments could be possible from the XMCD spectra, using specific sum rules
based on the optical theorem [4]. Anyway, for what concerns our purpose, we
are just interested in the relative changes of the magnetic signal and its relation
with the polarization of the PMN-PT.
Indeed, when we applied the electric field across the samples, significant
changes were observed in the XMCD spectra.
MASK_64 of type A (PMN-PT 30% (011)) was measured in four different
positions on the surface in the "P up" state (orange curve) as well as in the "P

50

5.4. XAS/XMCD analysis

Figure 5.13:
XMCD results for two sample of type A (PMN-PT 30% (011)) and type B (PMN-PT 30%
(001)) in the pristine state. The different curves in both graphs are measured in different
position of the same samples.

down" state (light blue curve). Figure 5.14 shows how the intensity of XMCD
signal, measured at remanence, changes switching the polarization between the
two poled states. In each position, the magnetic signal is more intense in the "P
down" state, while it is less intense and more noisy in the "P up" cracked state.
The fact that in this last condition the spectra result more noisy was noticed also
in the other samples. This can be due to the opening of the cracks on the film
surface that interferes with the current flow. Anyway, even in this state, the
electrical contacts are sufficient to clearly distinguish the change of XMCD signal, since the resistance of the ferroelectric substrate is some order of magnitude
higher than the sheet resistance of the metallic film (whose surface is cracked in
some direction of the plane but maybe along others it remains continuous and
conductive).
In addiction we use the dichroic signal to obtain hysteresis loops, scanning
the magnitude of the magnetic field in the range of ±30 Oe, by selecting the L3
edge of Fe and switching the photon helicity. These measurements were performed in another position of the same sample. As shown in Figure 5.15, the
XMCD signal in "P up" state is again lower than in "P down" and this difference
corresponds to a change in the shape of the whole hysteresis loop, which means
a change of the magnetic anisotropy. Precisely, in the "P down" state, the hysteresis loop is similar to that typical of an easy axis, while in "P up" it looks like
an hard axis. The ratio between the remanence of the two loops in (b) is the ratio
between the XMCD signals at the L3 edge (a).
These results then show a uniform change of the magnetic anisotropy of the iron
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film, in relation with the change of the polarization state.

Figure 5.14:
XMCD results collected in four different position of a sample of type A, PMN-PT 30%
(011). Each graph displays both the magnetic signals in the "P up" and "P down" states.

Figure 5.15:
XMCD signals in the two poled states of MASK_64, type A: PMN-PT 30% (011) and the
corresponding hysteresis loops, measured at the L3 edge.
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Moreover, these modifications were observed to be stable at zero field applied, and to be reversible after few polarization switching, as shown for two
switching in Figure 5.16.

Figure 5.16:
XMCD curves measured in the same position of MASK_64 by switching the polarization
twice. The two signal measured in the "P down" states are similar, as well as that in
the "P up" state (even if the second one is more noisy), proving the reversibility of the
process.

It must be noted that the X-ray footprint on the sample’s surface is ≈ 150 x
150 µm2 , while the cracks observed are separated from ≈ 200 - 600 µm2 . Since
the setup cannot permit to precisely relate the position of the beam spot in respect to the position of the cracks, we cannot know exactly which area correspond to the magnetic signal collected. Anyway the chosen positions on the
surface of MASK_64 are separated by 0.5 mm - 1 mm, then they probably they
belong to different blocks divided by cracks, in the "P up" state. Figure 5.17,(a)
displays schematically a plausible disposition of the four positions, compared to
the dimension of the cracks and the beam spot size.

Figure 5.17:
(a) Microscope image of MASK_64 (tipe A, PMN-PT 30% (011)) marked with the 4 possible position of the areas detected by XMCD. (b) Microscope image of a sample of
Fe/PMN-PT 40% (001) presented by Vinai et al. in their paper [23]
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In this case the X-ray footprint covers a continuous area or an area with at
most a single crack, while in the case of the mentioned article [23], the XMCD
signal results from the integration on a zone with higher density of irregular
cracks (Figure 5.17 (b)). In our case the XMCD results are homogeneous in both
the poled state, while in the second case the XMCD results, obtained by Vinai et
al., change from point to point. This suggests that the presence a higher or lower
density of cracks could influence the local magnetic anisotropy.
Additionally Vinai et al. observed that a key parameter to understand this
phenomenon is the relative orientation of the cracks with respect to the applied
field H. They collected more accurate measurement with micro-MOKE, in areas
in which the cracks were parallel to each other and noticed a different behaviour
of the magnetic response, in the "P up" and "P down" states, depending on the
relative direction between the applied field H and the orientation of the cracks.
In particular they obtained a more easy-axis-like hysteresis loop in the "P down"
state than in the "P up" state, when H was parallel to the cracks.
Our XMCD results in Figure 5.15, collected applying H in the same direction
of the cracks, show a similar behaviour. The main difference, however, is that in
our case the scale-length is surely much larger. Therefore some energetic terms
in eq (2.1) probably play different roles. For example the long-range dipole energy ED , that affects the shape anisotropy, can change in the two cases, since the
distances between the rifts are very different.
In any case the remarkable fact is that the magnetic response of the metallic
film change from the "P up" state to the "P down" state, and this seems to be
related with the density and the orientation of the cracks.
We reported also the results obtained for MASK_65 of type B (PMN-PT 30%
(001)), shown in Figure 5.18. In this case the XMCD signal in "P up" state is even
more noisy than in the previous case (maybe since this samples cracks mainly
in two perpendicular direction, then there are more areas of the surface isolated
by deep rifts). Despite this problem, we managed to collect the XMCD spectra in three different position of the sample. We observe again a change of the
magnetic signal between the two poled states, but this time it does not seem
homogeneous all over the sample. Especially in position 1 and 2 the sample
has opposite magnetic behaviours, as the two XMCD signals for "P up" and "P
down" are inverted. If the orientation of the cracks is a relevant point for what
concerns the local magnetic changes, then these results show that, when the
cracks are not all parallel to each other, then the magnetic anisotropy does not
change uniformly. This is compatible, even if on a different length-scale, with
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what observed by Vinai et al.. It should be noted that the length-scale is not just
a detail when trying to understand such kind of phenomena, since the different
terms of the magnetic energy in eq (2.1) can be more or less relevant depending
on the range of the different interactions at stake.

Figure 5.18:

XMCD results collected in three different position of the same sample of type B,
PMN-PT 30% (001). Each graph displays both the magnetic signals in the "P
up" and "P down" states.
In summary, the main results obtained from the XMCD analysis, concerning
the two types of samples that exhibit sizeable cracks (type A, PMN-PT 30% (001)
and type B, PMN-PT 30% (011)) are the following:
1. In pristine state both the samples are magnetically homogeneous (see Figure 5.13).
2. Switching the polarization between "P up" and "P down" the magnetic
anisotropy changes: for type A this change is uniform in the four position probed, for type B three different positions display different magnetic
behaviour.
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Comparing these results with what observed for the morphology, it is possible
to conclude that surely the polarization of the PMN-PT substrate influences the
magnetization of the iron over-layer. In particular it seems to depend on the
type of the substrate and the pattern of the cracks formed. This magnetoelectric
effect can be mediated by strain, as already suggested by Liu et al. [13], but the
presence of such giant modifications of the morphology cannot be neglected in
trying to explain the whole complexity of this phenomenon.
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Conclusions and outlook
In this thesis multiferroic heterostructures composed of Fe/PMN-PT were artificially grown and investigated as of their a magnetic and morphological properties.
The iron over-layer, in the pristine state, exhibited an initial magnetic anisotropy
induced by the structure and the orientation of the PMN-PT substrate, as probed
by MOKE measurements.
The ferroelectric substrate was repeatedly polarized by applying an electric field through the thickness of the sample, and reversing its sign. We observed non-volatile, reproducible, electrically induced changes in the magnetic
anisotropy of iron, which prove the possibility of exploiting magnetoelectric
coupling in such type of heterostructures.
Furthermore we noticed different cracks appearing and disappearing on the
surface of the samples when reversing the applied E-field. The cracks presented
different size, density and pattern as a function of the structure and orientation
of PMN-PT and were observed to be remnant after the removal of the E-field.
The cracks are due to non-uniform stresses in the films, due to the piezoelectric
and ferroelectric deformation of different regions of PMN-PT. A possible mechanism for the E-field induced crack formation and closure, already suggested
by Liu et al. [13], is the following: in a simplified two-domain configuration the
polarization switches, changing the in-plane strain of one crystal cell, while the
neighbouring remains "pinned". This causes an increase in the elastic energy
such that a crack forms along the wall to relax the stress, at the expense of producing additional surface energy. When the polarization is reversed, the strain
returns to zero and the crack closes to reduce the surface energy. This model
is appropriated for the case of rhombohedral PMN-PT, which corresponds to
the substrate that presents the most evident cracks in the "P up" state, from our
microscope observations. Several open questions remain concerning the break
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mechanism: why cracks form in determinate position with preferential orientation? Do the regions separated by cracks correspond to PMN-PT ferroelectric
domains with different in-plane strain? Surely the structure and orientation of
PMN-PT play a fundamental role in this process, since we observed different behaviour in different substrates. Additional studies with this respect could help
in understanding the nature of this phenomenon which is electrically controlled
and could possibly be exploited in some applications.
In section 2.3.1 we summarized the main mechanisms that potentially explain the magnetoelectric coupling in artificial multiferroic heterostructures. In
our system, the only plausible mechanism is the strain mediated coupling. From
this point of view domains with different preferential orientation of the magnetization should correspond to domain with different induced strain. More
experimental facts are of relevance: a) the observation by Vinai et al. [23] of a
switchable and reversible magnetic behaviour associated to switchable and reversible cracks induced in tetragonal PMN-PT, which in theory should present
the same in-plane strain both in "P up" and "P down" states; we measured the
same XMCD results in different positions on the sample surface, i.e. in different "terraces" that might be affected by different strain values. New magnetic
measurements in well defined positions with respect to the cracks, should be
collected to increase the evidence basis to understand these results. In fact the
magnetic signal near the cracks orientation indicates a possible relationship between the morphology and the magnetic anisotropy. Hence, the main issue arising from our results is to understand if the change in the magnetic anisotropy
originates from the in-plane strain induced by the substrate, independently from
the cracks, or if the magnetic modifications are themselves consequence of the
morphology changes. The latter hypothesis could be exploited by fabricating
samples where the pattern of cracks is well defined and therefore exploiting it
for electrical control of the magnetization The further developments of our study
may lead to a new potential method for designing E-field controlled magnetic
heterostructures.
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