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1
Introduction

Over the past few years researchers in material science have been focusing their studies on
oxides with special attention on the transition metal oxides (TMOs) [1]. The latter exhibit
fascinating properties such as high-Tc superconductivity, insulator-to-metal transitions, colos-
sal magnetoresistance (CMR) and anisotropic magnetoresistance (AMR). As a result, a large
bibliography can be found which is especially linked to the fundamental physics, and to the
application perspectives offered by those aforementioned phenomena. Though simplicity has
always been an obsession for physicists that are passionate about a certain interpretation of
phenomena in nature, in the field of the TMOs, physics become more intriguing, and, in this
case, possible interpretations are rather far from being simple. For instance, the universal clas-
sification of materials related to their transport properties into metallic, semiconductor and
insulator, turns out to be not any longer valid when it is applied to TMOs. As a result, words
like complex break into the scientific discussion, and new paradigms are necessary in order to
account for the electronic correlations on which the complexity of the oxides is mainly based.
Those strong correlations are the result of the interplay between several degrees of freedom
such as charge, spin and orbital order that, all together, represent the fingerprint of the 3d elec-
trons. In addition, the nowadays technological advances concerning the growth of high-quality
oxide heterostuctures, allow one to consider a further extra degree of freedom that is based
on the presence of a well-defined interface. Interestingly, different electronic and magnetic
features can be designed ad hoc with a suitable engineering process of the oxide stack. As a
result, emergent phenomena can be obtained at the interface of artificial heterostructures made
of TMOs [2], [3], [4], [5]. It was stated that ”the interface is the device”i. Indeed, modern
electronics take advantage from the properties exhibited at the interface between two differ-
ent semiconductor materials. Since the miniaturization of the semiconductor technology will
soon reach the physical limit, new routes are explored in order to improve the scaling down
procedure. In this framework, heterostructures constituted by oxide materials represent a vi-
able opportunity, and an always larger scientific community is devoting its efforts towards this
directionii. The relatively short electric field screening length in TMOs can be 10 times lower
than the one characterizing a standard semiconductor, hence, enabling a reliable further scal-
ing down step of field effect transistors [6]. Moreover, the outstanding possibility to couple
the electric and the magnetic order parameters at the interface of two different oxide materials
represents one of the potential routes to realize a magnetoelectrically coupled system. Accord-
ingly, since TMOs are usually characterized by a large number of competing electronic ground
states, a high sensitivity to external stimuli such as electric and/or magnetic fields is easily

iThis famous phrase was coined by the Nobel laureate Herbert Kroemer.
iiAn example is given by the European project entitled IFOX (Interfacing Oxides) with grant agreement number NMP3-LA-2010-246102.

This project has also sponsored the work presented in this Thesis.
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1 Introduction

obtained. As a result, the magnetic and (magneto)transport properties of a TMO can be tuned
and/or controlled by an external electric field in well engineered field effect devices.
In this Thesis a study on the modulation of the (magneto)transport and magnetic properties
of a ferroelectrically gated ultrathin TMO layer, i.e. the strontium doped lanthanum mangan-
ite (La0.825Sr0.175MnO3, LSMO(x = 0.175)) suitably patterned in a Hall bar geometry, is pre-
sented. In what is known as a ferroelectric field effect approach, the modulation of the (mag-
neto)transport properties of the LSMO(x = 0.175) layer, revealed by magnetoresistance, Hall
effect and AMR measurements, has been achieved upon the reversal of the ferroelectric polar-
ization direction. Moreover, a proper study of the magnetic properties of the LSMO(x = 0.175)
was possible thanks to an in-situ switching of the ferroelectric polarization. Additionally, x-ray
linear dichroism at the Mn L2,3-edges and O K-edge were used to obtain information regard-
ing the energetic scale of the Mn 3d orbitals upon the reversal of the ferroelectric polarization
direction. The subsequent chapters are organized in the following way:
Chapter 2 gives a brief introduction of the functional and physical properties related to the
oxide materials employed to build the ferroelectric field effect devices, i.e. LSMO(x = 0.175)
that was used as ”sensitive” material, as already mentioned before, and PbZr0.2Ti0.8O3 (PZT)
as ferroelectric oxide. Two sections of this chapter are also devoted to a brief introduction
of the physics explaining the x-ray absorption effect and to the several types of magnetic
anisotropy exhibited by magnetic materials, respectively. In the last section an overview on
the possible ways to obtain a measurable field effect in layered composite oxide systems is
presented. Both oxide materials were grown in-situ in epitaxial Hall bar patterned heterostruc-
tures by using pulsed laser deposition, and characterized by x-ray diffraction techniques which
are introduced in Chapter 3. Here, also the other experimental systems, utilized for the (mag-
neto)transport and ferroelectric measurements, are introduced. Chapter 4 includes an overview
of the structural and morphological characterizations undertaken on the LSMO(x = 0.175) and
PZT films and LSMO(x = 0.175)/PZT heterostructures. A study of the transport properties of
the LSMO(x = 0.175) thin films, as a function of the thickness and different strain states, is
also discussed. Moreover, a complete section is dedicated to the optimization of the growth
process of the PZT films along with a consistent ferroelectric characterization. The ferroelec-
tric field effect modulation of the (magneto)transport and magnetic properties of an ultrathin
layer of LSMO(x = 0.175) is presented in Chapter 5. A key result is discussed along with
the (out-of-plane) AMR measurements, where an electrostatic modulation of the surface mag-
netic anisotropy of the gated LSMO(x = 0.175) ultrathin film is proposed. In Chapter 6 the
results collected at the beam-line Deimos of the synchrotron radiation facility of Soleil in
Paris, are discussed. XMCD spectra acquired at the Mn L2−3-edges demonstrated a clear elec-
trostatic modulation of the magnetic moment. Additionally, atomic multiplet simulations of
the two XLD spectra acquired as a function of the polarization direction rendered a plausible
anisotropy in the Mn 3deg orbitals occupancy as a function of the ferroelectric polarization di-
rection. Finally, in Chapter 7 the conclusions of this work are presented along with an outlook
onto new routes opening up new possibilities in the ferroelectric field effect approach of CMR
oxides.
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On fait la science avec des faits comme une maison avec des pierres;
mais une accumulation de faits n’est pas plus une science qu’un tas de pierres n’est une maison.

Henri Poincaré, La science et l’hypothèse

Science is built up of facts, as a house is built of stones;
but an accumulation of facts is no more a science than a heap of stones is a house.

English translation by J. Larmor





2
Materials and methods

In this chapter a phenomenological basis on the general physical properties of the perovskites
La1−xSrxMnO3 and PbZrxTi1−xO3 is briefly introduced. In this respect the following sections
cannot be at all exhaustive since, regarding for example the La1−xSrxMnO3, a large bibliogra-
phy can be found. This is the result of an intense research activity stimulated by the exhibited
complexity of the manganite system. A wide overview of the several mechanisms character-
izing the La1−xSrxMnO3, either as bulk or in thin film form, is offered by detailed reviews,
for example, see Refs. [7], [8], [9], [10] and [11], to which the following sections will mainly
refer to. Additionally, a short introduction of a particular synchrotron x-ray technique will be
presented, followed by an overview regarding the various competing energetic terms accompa-
nying the onset of ferromagnetism in magnetic material. Finally, the state of the art regarding
the ferroelectric field effect in oxides will be introduced.

2.1 Strontium-doped lanthanum manganite La1−xSrxMnO3

Over the past few decades, strongly correlated materials (SCMs) have been attracting a lot of
interest because of their appealing electronic properties. The discovery of the unusually large
change of the resistivity ρ under an external magnetic field H, known as colossal magnetore-
sistancei (CMR) [12], has been a milestone in material science. Also the so-called anisotropic
magnetoresistance (AMR) effect is very important from both the fundamental and application
point of view. Indeed, relevant information regarding the system can be accessed [13]. In this
case the variation of the resistivity is strictly related to the relative orientation between the ex-
ternal magnetic field H, and the current density J. The fingerprint of SCMs [8] is the interplay
between charge, spin, lattice and orbital ordering, which in turn leads, for some of them, to a
remarkable sensitivity of the system to external stimuli [14]. Since the seminal studies carried
out by Jonker and van Santen [15], one of the most studied SCMs is the perovskite strontium-
doped lanthanum manganite, i.e. La1−xSrxMnO3 (LSMO) with x being the level of doping.
Figure 2.1a shows the ideal cubic perovskite crystal structure (space group Pm3̄m) of the for-
mula ABO3. The large cations A sit at the corners of the cubic cell and the small B cations are
situated at the center surrounded by 6 anions O (usually oxygens) forming the BO6 octahedra.
The O anions are located in the middle of each face of the cube, and the angles B-O-B being
all 180◦ imply all equal B-O distances. In order to account for the unavoidable distortions that
characterize the real crystal structure of many perovkite oxides, Goldschmidtii introduced the

iUsually the formula [ρ(H = 0) - ρ(H)]/ρ(H) quantitatively describes the magnetoresistance effect.
iiHere the assumption that the atoms form a purely ionic chemical bond is considered.
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2 Materials and methods

Figure 2.1: a) Ideal cubic perovskite unit cell. Ionic representation of the LSMO unit cell in the b) orthorhombic and c)
rhombohedral structures. The rotation of the BO6 octahedra is shown as well.

so-called tolerance factor t, defined from the ionic radii of the cations forming the perovskite
crystal structure [16] as follows:

t =
〈rA〉−〈rO〉√
2(〈rB〉+ 〈rO〉)

,

with 〈rA〉, 〈rB〉 and 〈rO〉 being the averaged ionic radii of the A-site, B-site and oxygen ions,
respectively. When the relation 0.9< t < 1 is encountered then the perovskite unit cell is sta-
ble. In the case of LSMO, the La3+ and Sr2+ cations share the corners of the pseudo-cubic
perovskite structure, and the Mn ion exhibiting a mixed valence state (i.e. Mn3+ and Mn4+,
depending upon the chosen level of doping x) is at the center surrounded by six oxygens O2−,
hence, forming a MnO6 octahedron. As a result, the different Sr-content modifies t, and the
crystal structure may become different from the cubic one. Correspondingly, the MnO6 oc-
tahedra rotate in order to accomodate the misfit in the ionic sizes induced by the presence of
the additional Sr ions. The octahedron rotation is described through three angles which are
calculated around each crystallographic direction of the cubic system ([100], [010] and [001]),
indicated as Glazer angles [17]. In this respect, Figures 2.1b,c show the two typical structural
distortions from the cubic one of the LSMO, i.e. the orthorhombic (space group Pmna) and
rhombohedral (space group R3̄c) phases, respectively. In this respect, upon the variation of x
and/or temperature the two crystal structures can be stabilized [18], as shown by the structural
phase diagram of Figure 2.2a. The modification of t drives an alteration of the Mn-O-Mn bond
angles which, in turn, affect the hopping integrals between the Mn ions with a change of the
Mn 3d band as well. As a result, different electronic correlations emerge in the system as a
function of x that give rise to a manifold of ground states, usually summarized in a complex
and rich electronic phase diagram. In this respect, Figure 2.2b shows the bulk phase diagram
of the LSMO as a function of x. Accordingly, LSMO exhibits the low-temperature spin-canted
antiferromagnetic insulating phase (AFM-CN.I) for x< 0.1. In this range of doping the crystal
structure is orthorhombic, of which in Figure 2.2a the lattice parameter values as a function of
x are also reported. With increasing hole doping, a ferromagnetic insulating (FM-I) phase is
realized (x< 0.175) followed by a ferromagnetic metallic (FM-M) one (x≥ 0.175). Interest-
ingly, at the value of x = 0.175, the crystal structure of the LSMO changes from orthorhombic
to rhombohedral [20]. The Curie temperature TC increases with x and reaches the maximum
value of ∼ 370 K around x = 0.3. The transition between the two FM-I and FM-M phases
is very intriguing and still not fully understood [8]. Precisely, the double exchange mecha-
nism [21] (see below) qualitatively explains only the FM-M phase and, for the more localized

4



2.1 Strontium-doped lanthanum manganite La1−xSrxMnO3

Figure 2.2: a) Structural phase and b) Electronic diagrams of La1−xSrxMnO3. Copied from Ref. [19].

electrons of the FM-I phase, the ferromagnetic interaction might be mediated through a per-
colative process of the local spins.

Interestingly, the distortions of the ideal cubic structure are induced also by a modification

Figure 2.3: Crystal field splitting effects on the five-fold degenerate 3d orbitals of a Mn3+ ion for cubic (Oh) and
tetragonal (D4h) symmetries.

of the hierarchy in the energy levels related to the Mn3+ ions through the Jahn-Teller (JT)
effect [22]. Several studies pointed out that, especially for small values of x, the JT effect is
predominantly important for the magnetic as well as transport properties of the LSMO [23].
Figure 2.3 shows the effects of the crystal field splitting and tetragonal distortions induced on
the energy scale regarding the 3d orbitals of a Mn3+ ion. Precisely, in an octahedral envi-
ronment (i.e. MnO6) the potential generated by the neighbouring oxygen ions (crystal field)
splits the fivefold degenerate Mn3+ 3d orbitals into two distinct representations of t2g and eg
symmetry [24]. The three-fold degenerate t2g orbitals point between the ligands, and therefore
their interaction with the octahedral ligands is smaller, i.e. xy, xy and yz in cartesian nota-
tions. Contrarily, the two-fold degenerate eg states are formed by orbitals that point towards

5



2 Materials and methods

the position of the ligands, i.e. x2− y2 and z2 in the cartesian notation, and they interact more
strongly (electrostatically as well as covalently) with the ligands. The energy separation be-
tween the t2g and eg levels is indicated by 10Dq (or ∆0)iii. The t2g and eg levels further split
up when a tetragonal symmetry is considered. Moreover, depending upon the direction of the
JT distortion, relatively to the two eg levels, a different order in the energy scale is obtained.
Precisely, when the ligand octahedron is c-alongated, the z2 orbitals become energetically fa-
vorable with respect to the x2− y2 ones. On the other hand, in the case of a c-compression,
the situation reverses completely, as schematically represented in Fig. 2.3. The several centers
of JT distortions can also interact between each other and, consequentially, an orbital order
can be obtained. In this case, the JT-induced structural distortions give rise to so-called lattice
polarons [25], which mainly act localizing the eg electrons. In this respect, especially at low
temperatures and, for small values of x, the energy to pay in order to de-localize one electron
of the Mn3+ ion is extremely high, and localization effects characterize the transport properties
of the LSMO, hence, stabilizing insulating phases, either locally or at long range. Moreover,
an ordered pattern of occupied and un-occupied eg orbitals, along the several crystallographic
directions, drives also the different magnetic properties of the LSMO usually categorized as
magnetic modes indicated in literature with the following capital letters: A, B, C, E, CE and
G (more information is in Ref. [26]). For example the orbital order related to LSMO(x = 0) is
an A-type orbital system where the ordering of the Mn spins is FM in-plane and AFM out-of-
plane [27]. Moreover, orbital order can be accompanied by charge ordering as well. In this
respect, charge ordering is most likely obtainable for half doped LSMO with an equal concen-
tration of Mn3+ and Mn4+ ions. The study regarding this possibility has been triggered by the
potential capability of the system to develop a ferroelectric order [28].

2.1.1 Exchange mechanisms in LSMO

The magnetic properties of LSMO emerge mainly from the spin configuration related to the
Mn ions. Precisely, according to Hund’s first rule, the Mn3+ ion showing a 3d4 t3

2ge1
g electronic

configuration, reveals S = 2 with S being the total spin angular momentum. On the other hand,
the Mn4+ ion showing a 3d3 t3

2ge0
g electronic configuration is characterized by S = 3/2. As a

result, neglecting the small orbital contribution,iv their magnetic moments are 4 µB and 3 µB,
respectively. The quantity µB espresses the elementary magnetic dipole moment related to the
orbital motion of an electron around the nucleus of the atom, i.e. the Bohr magneton. Since the
exchange interactions are mediated by the oxygen ions lying between two Mn ions, the related
magnetic properties of the LSMO are well explained in terms of superexchange interactionv.
Anderson showed that this kind of interaction favours an antiferromagnetic order between the
Mn3+ ions [30]. Actually, the sign of the superexchange interactions is determined together
with the orbital order, as already highlighted in the previous section, hence, a complex spin-
orbital coupled state can be envisaged. In this respect, the Goodenough-Kanamori-Anderson
rules [26] dictate how the local Mn spins can orient with respect to the related 3d orbital ori-
entation in order to give the different magnetic modes already listed in the previous section.
Additionally, the magnetic nature of the insulator-to-metal transition of the LSMO is qualita-
tively explained through the double-exchange (DE) mechanism [21]. The exchange interaction
is always mediated by the oxygen ion between the Mn3+ and Mn4+ ions. The concentration of
the latter is strictly related to the level of doping characterizing the LSMO and it increases when
x increases as well. The electrons that occupy the t2g levels (S = 3/2) are strongly localized and
do not participate in the transport process, which, on the other hand, is mainly depending upon
iiiUsually values of ∆0∼ 1.5 eV are encountered in the literature.
ivUsually for 3d metal transition ions the orbital angular momentum is quenched [29].
vThe Mn ions are sufficiently far apart as to have no magnetically ordered states that a direct Heinsenberg interaction could explain.
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2.1 Strontium-doped lanthanum manganite La1−xSrxMnO3

the properties of the eg electrons. In this respect, the intrinsic mixed valence state nature of the
LSMO allows the eg electrons to hop from one site to the other when their kinetic energy T is
higher than U , i.e. the Hubbard energy that two electrons have to pay in order to share the same
electronic level. In this framework, Zener showed that a simultaneous tranfer of an electron
from the O2− to the Mn4+ and from the Mn3+ to again the O2− ions is allowed when the ion
configurations Mn4+-O2−-Mn3+ and Mn4+-O2−-Mn3+, are degenerate. The latter possibility
is encountered when the core-spins (S = 3/2) of the Mn ions are parallel. As a result, DE is
always ferromagnetic and, for Mn-O-Mn bond angles lower than 180 ◦ and/or for non-parallel
core-spin alignment, a decrease of the LSMO conductivity is obtained. In this respect, a re-
lation between transport and ferromagnetism was also proposed by Zener. Precisely, it turned
out that the relation σ = (xe2/ah)(TCT ) confirmed the available experimental data. Accord-
ingly x is the doping level, a the Mn-Mn distance and TC the Curie temperature of the LSMO.
The concept of the DE mechanism has been also generalized by Anderson and Hasegawa [31].
As a result, the hopping procedure of the eg electrons depends upon the angle θ between the
core-spin moments of the t2g electrons: εt = −ε0 cos(θ/2), εt being the energy associate to
the hopping procedure. Hence, when the core-spin moments are aligned, i.e. θ = 0, the gain
in energy is maximum and the system becomes more conductive than the case in which θ = π .
In this respect, Figure 2.4 shows a schematic view of the DE mechanism where, in the case of

Figure 2.4: Schematic view of the DE mechanism. The green S1 and S2 vectors indicate the core-spin moments and
the red s1/2 vector indicates the spin associated to the hopping eg electron.

infinitely large intra-atomic exchange integral coupling (i.e. Hund coupling Jdd), the hopping
between adjacent eg levels happens only in the case that the spin s1 (indicated by the red arrow)
will couple with the spin S2. The motion is extremely advantageous when a FM alignment (i.e.
θ = 0 and, hence, εt =−ε0) of the core-spin moments S1 and S2 is realized.

2.1.2 Properties of thin films of LSMO

As already discussed in the previous sections, JT and DE effects depend upon the Mn-O length
and the Mn-O-Mn bond angle, respectively. When thin films of LSMO are considered, the use
of different substrates can induce different lattice mismatches, which in turn, modifying the
geometrical features of the crystal structure, induce changes on the physical properties of the
LSMO itself. Generally the following formulas

δ
in =

asub(bsub)−a f ilm

asub
and δ

out =
asub− c f ilm

asub
,

7
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indicate the lattice mismatch δ between the in-plane lattice parameter of the substrate, i.e.
asub(bsub), and the in-plane and out-of-plane lattice parameters of the film, i.e. a f ilm and c f ilm,
respectively. Precisely, δ in leads to an in-plane strain, i.e. εx(εy), that in case of a pseudo-cubic
approximation can be isotropic: εx = εy. On the other hand, δ out sets an out-of-plane strain εz
that is linked, according to continuum elasticity theory, to the in-plain strain through the Pois-
son ratio (ν) of the material that undergoes the strain, i.e. εz = -2ν /(1-ν) ·εx [32]. Misfit strains
are capable to heavily modify the properties of oxides as discussed in [33]. Regarding LSMO,
indeed, magnetoresistance, magnetization and related Curie temperature values [24, 34], or-
bital order [35, 36] and transport properties [37], can be varied inducing different misfit strain
states. Regarding the variation of the orbital ordering, Figure 2.3 can be very helpful for a
basic understanding. Indeed, in the case of a positive in-plane lattice mismatch (hence the
substrate is capable to induce an in-plane tensile strain of the LSMO crystal structure with
c f ilm < a f ilm), a possible preferential occupancy of the in-plane x2− y2 eg orbitals can be re-
alized. The latter possibility is highlighted in Fig. 2.3 as a c-compression state. On the other
hand, when an in-plane negative lattice mismatch is accomplished (hence the substrate is capa-
ble to induce an in-plane compressive strain of the LSMO crystal structure with c f ilm > a f ilm),
a preferential occupancy of the out-of-plane z2 eg orbitals is obtained (see c-elongantion state
in Fig. 2.3). Obviously the strain-induced anisotropy of the orbital occupancy affects also the
magnetic properties of the LSMO. Accordingly, the superexchange interactions are modified
since the electrons occupy different spatially oriented orbitals, hence, the DE mechanism is
modified and different magnetic properties can be obtained as pointed out by Konishi and co-
workers [35]. The effect of the misfit strain is capable to alter also the growth of the LSMO
and phase separation can occur, which is capable to induce inhomogeneities at the film sur-
face [38].
When thin films are studied, another important paramenter that needs to be considered is the
thickness value. In this respect, for thin enough films (usually several nm) a dead layer (which
changes upon the used substrate), can be obtained which is characteristic of a worsening of
both the magnetic and transport properties of the LSMO (actually of the oxide materials in
general). As shown by Valencia and co-workers [39] by a synchrotron radiation spectroscopic
technique, the breaking of the inversion symmetry experienced by very thin layers of LSMO
drives a preferential occupation of the out-of-plane z2 eg orbitals. For extremely thin layers of
LSMO, where, hence, the interfacial states become very important, the aforementioned orbital
reconstruction explains the worsening of the in-plane resistivity and of the magnetic properties,
as already introduced in terms of the dead layer effect for very thin layers of LSMO.
Finally it is rather obvious that both thickness values and misfit strain states can be used to
properly control the functional properties of the LSMO.

2.1.3 Crystal structure of the LSMO(x = 0.175)

As already discussed in the previous section, LSMO undergoes a structural transition between
the orthorhombic and rhombohedral crystal structures at x = 0.175. Interestingly, the rhom-
bohedral phase which occurs at relatively high x values, prevents the occuring of static JT
distortions of the MnO6 octahedra, and better conduction properties are obtained than the ones
evaluated for the orthorhombic phase. Indeed, as has already been discussed in the previous
section, possible localization effects induced by the cooperative JT distortions are more likely
obtained for lightly doped LSMO. The structural transition occurring at x = 0.175 is not so
sharp as highlighted in Fig. 2.2a. Indeed, as a result of an accurate neutron diffraction char-
acterization [40], undertaken on powder samples of LSMO grown with x≤ 0.175, the iden-
tification of an additional orthorhombic phase, indicated as O∗ to be distinguished from the
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standard one O′, was proposed. In this respect, Figure 2.5 shows the summarized results of the

Figure 2.5: Structural phase diagram of LSMO for x≤ 0.3. The orthorhombic O∗ is highligthed in the purple-colored
area. The dotted red line gives a help for the eyes regarding the level of doping of x = 0.175. Graph adapted from [40].

aforementioned study, where the O∗ orthorhombic phase is highlighted in the purple-colored
area. The O∗ phase acts as a ”structural bridge” between the two main stable crystal structures.
Precisely, the O′ phase is orthorhombic and the related lattice parameters obey to the follow-
ing relation: b/

√
2< c< a. On the other hand, the O∗ phase is more close to a pseudo-cubic

phase with b/
√

2∼ c∼ a with all the Mn-O bond lenghts equal to ∼0.2 nm. The orthorhom-
bic parameters can be expressed in terms of the cubic lattice through the following simple
relations: aorth∼ ac ·

√
2; corth∼ ac ·

√
2 and borth∼ 2·ac. Hence, it emerges that the LSMO

with x = 0.175 exhibits a pseudo-cubic unit cell with apc = 0.391 nm since from Ref. [40] it
emerges that aorth∼ 0.553 nm. Additionally, at the temperature Ts = 195 K, a rhombohedral to
O∗ structural phase transition is observed (see dotted red line in Fig. 2.5). The latter is also ob-
served as an anomaly in the curve that describes the temperature dependence of the resistivity
at ∼Ts = 190 K [19].

2.2 Lead zirconate titanate PbZrxTi1−xO3

The most widely studied oxide ferroelectric materials [41] are the ones that show a perovskite
structure ABO3 (see Fig.2.1a). Below TC, a structural transition from the ideal cubic towards a
lower-symmetry phase is a result of an off-center movement of the B cations with respect to the
oxygen octahedra. As a result, the spontaneous polarization P emerges as a summation of the
several electric dipole moments created by that off-centering processvi. From the symmetry
point of view, ferroelectric materials show a space-inversion symmetry breaking. However,
the latter is a necessary but not sufficient condition on the base of which a material can be
categorized as ferroelectric. Indeed, additionally, P has to be switchable between two stable
states of opposite polarization direction by applying an external electric field.
Lead zirconate titanate, PbZrxTi1−xO3, is a very well known ferroelectric perovskite oxide. As
a result of the progress, nowadays, ceramic lead zirconate titanate is used as a non-volatile
viThe origin of ferroelectricity is not only related to the appearing of a cation/anion off-centering, but geometric constraints or spin, charge

and orbital degrees of freedom can play a vital role as well [42].
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and high-density memory element and, indeed, it takes place in the large-scale production
of the memory boards of the Sony Playstation (4Mb FRAM Samsung). Figure 2.6 shows
the structural phase diagram related to the PbZrO3-PbTiO3 solid solution system [43]. On
increasing the percentage amount of PbTiO3, the ferroelectric oxide undergoes a structural
phase transition from the ferroelectric rhombohedral (polarization directed along [111]R), to
the high-temperature tetragonal phase (polarization directed along [001]T ). Additionally, at
x = 0.52 a morphotropic phase boundary separates the two aforementioned structures [44]. In
this Thesis, ceramic targets (Pi-Kem Ltd) of PbZr0.2Ti0.8O3 (PZT), were used to grow all the
ferroelectric oxide thin films. At that composition (see red dotted line in Fig. 2.6), the exhibited

Figure 2.6: Structural phase diagram related to the PbZrO3-PbTiO3 solid solution system copied from [43]. The dotted
red line indicates the composition used for the PZT films grown in this Thesis. The related tetragonal perovskite unit cell
along with the relative displacements between cations and anions are shown as well.

tetragonal crystal structure (space group P4mm), shows for room temperature the following
lattice parameters: aT = bT = 0.395 nm and cT = 0.415 nm. The ferroelectric properties of the
PZT are due to the relative off-centering of the central cations Zr/Ti with respect to the oxygen
octahedra, as schematically depicted in Figure 2.6, where the downward arrow indicates the
ferrolectric polarization P. Accordingly, it has been pointed out by Jia and co-workers [45]
through a transmission electron microscope technique based on a negative spherical-aberration
imaging (NCSI) technique, that the cations (Zr/Ti) and anions (O) of the PZT perovskite unit
cell move in the same direction of the tetragonality relative to the Pb ions. As a result, the
ferroelectric polarization occurs, since the anions show a higher vertical displacement than the
cations.
PZT thin films exihibit a lowering of the P saturation and paraelectric-to-ferroelectric transition
temperature values as the overall thickness is decreased. However, in literature it is possible
to find both theoretical [46] and experimental [47] proofs that the intrinsic polar properties of
perovskite ferroelectric oxides are independent from size effects. Precisely, synchrotron x-ray
studies performed on the free surface of 3 unit cells (u.c.) thick PbTiO3 films demonstrated
that a possibility to retain the ferroelectric properties is realized. Actually, in the reality the
things are more complex, since metallic electrodes that are capable to generate the necessary
amount of charges in order to screen/compensate the depolarizing field are missing. Hence
the effect of the depolarizing field is to create a minimum thickness value below which the
ferroelectric properties of the oxide completely disappear. Moreover, Lee and co-workers [48]
have shown that the relative displacements between cations and anions of a PZT thin film are
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practically insensible to the strain induced by a suitable substrate. The spontaneously occuring
displacements in the PZT are already much larger than in the case of the ferroelectric BaTiO3,
where on the other hand, indeed, an effective improvement of the polarization magnitude can
be obtained by strain. In the case of PZT, as shown by Vrejoiu and co-workers, [49] the
possibility to get high polar ferroelectric dipoles is mainly given by defect-free PZT thin films,
hence, a good optimization of the PZT growth parameters needs to be achieved in order to get
saturation polarization values of about 100µCcm−2.

2.3 Basics of x-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is an extremely powerful, element-sensitive technique
that provides information related to the unoccupied density of states of the specific element
investigated. Precisely, when a material is irradiated by x-rays, core electrons are excited into
an empty state just above the Fermi level. Nowadays, mainly synchrotron radiation is used
as a tunable and intense x-ray source. XAS spectra are obtained varying the energy of the
incident monochromatic radiation in the specific range where the transitions of core electrons
to the excited states need to be studied. In the case of soft x-rays the energy generally is ranging
from∼20 eV to∼2000 eV. The absorption process is usually described quantum mechanically,
by using Fermi’s golden rule. The latter states that the transition of a system from an initial
state i to a final state f , has a probability P to take place, in formula:

Pi→ f =
2π

h̄
| 〈 f |T |i〉 |2 δE f−Ei−h̄ν .

T indicates the x-ray absorption transition operator (including all possible transitions) and the
delta function accounts for the energy conservation. In order to explicitly calculate T in par-
ticular situations, the Hamiltonian describing the interaction of x-rays with electrons i.e. Hint ,
needs to be considered. In this respect, in the framework of perturbation theory as the first term
of the series development, it is written: Hint = (e/mc)~p ·~A, where ~A = A0 cos(kx−ωt)êp (with
êp being the unitary vector related to the polarization p of the incoming x-rays), and ~p repre-
sents the vector field and the moment operator of an electron, respectively. By re-writing the
cosine function of ~A as an exponential function, i.e. 2cos(kx−ωt)= [ei(kx−ωt)+ e−i(kx−ωt)],
and by keeping only the related absorbing term (e−iωt), the well-known dipole approximation
form for the transition operator T is obtained: T1 ≈ ∑p êp ·~p. It follows that, in the dipole ap-
proximation, the selection rules (see below) allow XAS transitions if the relations ∆L =±1 and
∆S = 0 are respected, L and S being the angular and spin momentum quantum numbers, respec-
tively. As a result, only transitions between atomic levels for which the related orbital moments
differ by one are allowed (i.e. s→p, p→s, p→d, etc.). On the other hand, for quadrupole tran-
sitions (i.e. (êp ·~p)(~k ·~r) which are obtained by considering the second term in the perturbation
theory applied to Hint), the relation ∆L =±2 has to be respected between initial and final states
(i.e. s→d, p→ f , etc.)
Generally, the absorption process is detected in transmission mode where the incoming photon
intensity is measured before and after the sample. Nevertheless, for soft x-rays usually the ab-
sorption is obained using the different decay mechanisms of the created core-hole. As a result,
yield (electron or photon) measurements offer an alternative to the trasmission mode experi-
ments which are based on two different detection methods: total electron yield (TEY) and total
fluorescence yield (TFY). The excited system subsequently returns to the ground state princi-
pally by following either an Auger decay process or by emitting a photon (fluorescence) [50].
In the soft x-rays region the Auger process dominates the decay (99% of probability). There-
fore, one possibility to measure a signal that is proportional to the XAS signal, is given by the
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total electron yield mode. In this case, all the electrons that escape the sample (of course from
the region exposed to the x-rays), irrespective of their relative energy, are detected. As a result,
the sample is positively charged and, if suitably grounded, a flow of current is generated to re-
establish the neutrality. The current, measured by a picoammeter, is proportional to the XAS
signal. Due to the finite mean free path of the electrons, the TEY detection mode is mainly a
surface sensitive technique. The effective thickness explored is approximately ranging from 3
to 10 nm [51]. On the other hand, the TFY method detects the photons that are emitted after a
core-hole is neutralized by a transition of an electron from a higher energy lying shell (usually
on a femtosecond time scale). The amount of fluorescence decay increases with energy and,
without entering into details, for example, the 3d transition metals show strong fluorescence at
the K-edge and mainly Auger decay at all the other edges [52]. The advantage to use the TFY
detection mode (in comparison to the TEY one), is mainly related to the higher sensitivity to
the bulk. Indeed, the mean free path of the photons show the same order of magnitude as the
incoming x-rays (∼60 nm at 2000 eV), which excludes any surface effect. However, as a draw-
back, saturations and self-absorption effects are the cause of signals that are not proportional to
the XAS characteristics. As a result, the XAS spectral shape is modified in a very complicated
manner and the related interpretation is difficult to be accomplished.
The XAS spectra described in this Thesis were obtained using the TEY technique at the Mn
L2,3-edges, i.e. the 2p→ 3d transition, and at the O K-edge, i.e. the 1s→ 2p transition. Gener-
ally, the electronic properties of several materials are studied making a net distinction between
localized and itinerant electrons, and two different models are successfully employed to ana-
lyze the respective experimental results [53]. As a result, in order to successfully explain the
XAS process the interaction between the electrons and the core-hole created after the 2p→ 3d
transition needs to be properly considered in any theoretical model to reproduce the observed
spectrum. As a consequence of this strong local interaction, the final state in the XAS process,
is successfully described through the 2p3d multiplets theory which correctly decribes the cor-
related electronic states in partly filled atomic shells and consequently the shape of the XAS
spectra.
Below, few elements regarding the atomic theory are presented. The main focus will be given
to the usual nomenclature used in order to be able to clearly read the subsequent sections. For
more detailed information, the reader can refer to the textbook written by Fuggle [54].
By following the Russel-Saunders (LS) coupling scheme, the electronic configuration of each
atom or ion with partially filled shells is named term and denoted spectroscopically as 2S+1L,
where S and L define the spin and orbital moments, respectively. The orbital moments, L =
0,1,2,3, ...,etc, are usually indicated with the letters s, p,d, f , ...,etc. An LS state is degenerate
(2L+1)(2S+1) times and, by including the spin-orbital coupling (∼~L ·~S), the degeneracy is
partially lifted giving 2J + 1 energy levels, where ~J =~L+~S is the total orbital moment. Each
level is characterized by a total orbital moment ranging as | L−S |≤ J ≤| L+S |. The term re-
lated to the final collection of all levels is denoted as 2S+1LJ , where the quantity 2S+1 is called
the spin multiplicity of the term. As a result, terms with different spin multiplicity form a mul-
tiplet originating from a single configuration. Experimentally, a multiplet effect can be visible
in XAS depending on the core levels’ lifetime broadenings. To give some examples, for an ion
characterized by the electronic configuration 2p5, with L = 1, S = 1/2, and J= 1/2,3/2 (since the
spin-orbital coupling is important in this case), the terms are 2P1/2 and 2P3/2. In a XAS exper-
iment where the energy of the x-rays is chosen to excite 2p core-electrons of a transition metal
element, the previous introduced terms represent the L2 and L3 peaks commonly observed in
the XAS spectrum. Indeed, the XAS process excites a 2p core-electron into the first empty
3d level, and in a general form, the transition can be described as follows: 2p6dn→ 2p5dn+1.
Specifically considering the Mn ions, they will absorb part of the incoming x-rays at the energy
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Figure 2.7: Example of a XAS spectrum obtained in TEY mode detection at the Mn L2,3-edges for a PZT/LSMO/STO
bilayer. Both layers were grown with 5 nm thickness each.

of∼640 eV so that a sharp rise in the absorption will be observed (absorption edge). The bind-
ing energy of the excited 2p core level determines the energy at which the absorption edge is
observed. As an example, Figure 2.7 shows the XAS spectrum obtained at the Mn L2,3-edges
of a 5 nm thick LSMO film capped by a 5 nm PZT layer on an STO substrate. The spectrum
is composed by two main peaks separated by an energy gap which is close to the spin-orbit
coupling exhibited by the electrons in the 2p core-levels. They correspond to the 2P3/2 and
2P1/2 terms. The relative intensities of the two peaks is also ruled by the spin-orbit coupling,
and the following formula is usually used to get quantitative information:

IL+1/2

IL−1/2
=

L+1
L

In the case of L = 1 (p levels) we obtain that the relative intensities of the 2P3/2 and 2P1/2 levels
have to respect the proportion 2:1 (as roughly obtained for the XAS spectrum shown in Fig.
2.7). The relatively smooth background observed at energies higher than∼655 eV is explained
through the contribution of transitions, although much weaker, of the form 2p→ 4s.

2.3.1 X-ray linear dichroism

Linear dichroism in the x-ray absorption (XLD) at the L-edge gives information regarding the
spatial occupancy of the distinct orbitals that are investigated. A well-known example is given
by the results obtained studying manganite compounds [55]. The XLD spectrum is calculated
from the difference between the XAS spectra acquired with two different linear polarizations,
p, of the incident radiation, i.e. parallel (pab) and perpendicular (pc) to the sample plane, re-
spectively. As a result, if Iab represents the XAS intensity measured with the light polarized
parallel to the sample plane, and Ic is the XAS intensity measured with the light polarized
perpendicular to the sample plane, then the difference Iab− Ic gives a direct information on the
empty 3d orbitals. Precisely, a positive (negative) Iab− Ic value is representative of a preferred
out-of-plane (in-plane) orbital occupancy of the available electrons. Hence, regarding the elec-
tronic configuration of the LSMO, the anisotropic orbital occupancy of the two eg levels can
be studied. Accordingly, the calculated area of the XLD spectrum, which is on average posi-
tive (negative) indicates a preference of the out-of-plane z2 (in-plane x2− y2) orbitals. Figure
2.8 offers a schematic view of the XLD process related to the possible 3d orbital occupancy.
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Moreover, it has also been proven by XLD, that for thin films of La0.7Sr0.3MnO3, tensile strain

Figure 2.8: Schematic view of the XLD process. A preferential 3d x2− y2 orbital occupancy is obtained when Ic is
larger than Iab; vice versa, a preferential 3d z2 orbital occupancy is obtained when Iab is larger than Ic.

favors a preferential occupancy of the 3d x2− y2 orbitals and, vice-versa, compressive strain
favors a preferential occupancy of the 3d z2 orbitals [56], [57]. As an example of XLD spectra,

Figure 2.9: (Upper part) Polarization-dependent Mn L2,3-edges XAS spectra obtained for a 8 nm thick LSMO film
grown on top of a PZT film 100 nm thick. The spectra were acquired in a grazing incidence geometry (x-ray beam at
∼30◦ from the sample normal) at the temperature of 300 K. (Lower part) Calculated XLD spectrum, i.e. Iab-Ic.

Figure 2.9 displays the light polarization dependent XAS Mn L2,3-edges spectra (upper part)
together with the calculated linear dichroism Iab− Ic (lower part). The XAS spectra were ac-
quired at 300 K for a LSMO film 8 nm thick grown on top of a 100 nm thick PZT layer. By
applying the sum rule to the obtained XLD spectrum, as will be more clear later, in this case a
preferential 3dx2−y2 orbital occupancy can be concluded.
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2.3.2 X-ray magnetic circular dichroism

X-ray magnetic circular dichroism (XMCD) uses the polarization properties of the x-rays to
extract information regarding the magnetic properties of the material investigated. Precisely,
the XMCD is the difference between the XAS spectra of a ferromagnetic material acquired
with left and right circularly polarized light, CL and CR, respectively. The inset of Figure 2.10
clarifies the geometry convention adopted for the light polarization. A photon carries an in-
trinsic angular momentum, j = 1, that is always parallel to the direction of motion. Regarding
the absorption process, j is referred to as photon helicity or photon spin angular moment, and
the terms ”spin-up” and ”spin-down” are used to define the polarization state of the photons.
Accordingly, m j = +1 and m j = -1 indicate CL (parallel to the motion direction) and CR (an-
tiparallel to the motion direction) polarized photons, respectively. As a result, the XMCD is a
powerful element-selective magnetometry technique [58]. Moreover, the spin and orbital con-
tribution, to the total magnetic moment, can be completely separated due to the XMCD sum
rules (see later) [59].
In order to successfully describe the XMCD process, the main consideration to be done con-

cerns the absorption of circularly polarized x-ray photons which leads to a spin polarization
of the photoelectrons due to the spin-orbit coupling [60]. Moreover, according to the selection
rules imposed by the electric dipole transitions of the XAS process (i.e. ∆S = 0), spin-up (spin-
down) photoelectrons from the 2p core levels can only be excited into spin-up (spin-down) 3d
states. Since the 2P1/2 and 2P3/2 levels have opposite spin-orbit coupling, the spin polarization
will be opposite at the two different L3 and L2 edges, respectively. By considering the Stoner
model for magnetic materials, which postulates the presence of two subbands unevenly filled
by spin-up and spin-down electrons (see upper part of Fig. 2.10a), the 3d band acts as a spin
(orbital) moment ”detector”. Precisely, using the spin configuration sketched in Fig. 2.10a, due
to the higher number of unoccupied spin-up states, at the L3-edge (dark yellow area) the XAS
intensity is higher for CL photons than the one obtained with CR photons. Due to the opposite
spin-orbital coupling (i.e. L− S) exhibited at the L2-edge, the situation completely reverses,
i.e. the measured XAS intensity is higher with CR polarized photons. The latter circumstance
is schematically reproduced in Figure 2.10a, through the thick arrows. The relevant success of
the XMCD technique is mainly related to sum rules which provide the magnitude of the spin
and orbital momentum separately. Indeed, referring to the lower part of Figure 2.10a,b, the
difference of the XAS spectra obtained with CL and CR photons (i.e. CR-CL) gives two peaks,
i.e. A (L3-edge) and B (L2-edge), respectively. As already highlighted before, the 2P3/2 and
2P1/2 levels have opposite spin-orbit coupling and, consequently, A and B have opposite sign as
well. The A and B intensities and their differences are quantitatively related, by sum rules, to
the number of 3d holes and the magnitude of the spin and orbital magnetic moments. Accord-
ingly, the sum rules, A− 2B and A+B, link the XMCD intensity to the spin moment and the
orbital moment of the 3d band, see Fig. 2.10a and Fig. 2.10b, respectively. As a result, Figure
2.11 shows a typical example of an XMCD spectrum calculated at the Mn L2,3-edges for a
5 nm thick LSMO film covered by an equally thick PZT layer. The XAS spectra were aquired
at the temperature of 4 K with an applied magnetic field of 2 T along the x-ray propagation
direction.

2.3.3 Sum rules

As already highlighted before, the sum rules are very important when quantitative information
needs to be discussed. In Ref. [61] it has been shown that the x-ray linear dichroism integral DL
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Figure 2.10: (Upper part) One electron picture of the XMCD process from which the spin-moment (a) and the orbital-
moment (b) of the magnetic material can be obtained. The 3d band is split into spin-up and spin-down subbands (Stoner
model). The absorption process of CL photons mainly excites spin-up electrons (2P3/2) and, vice versa, the absorption of
CR photons excites spin-down electrons (2P1/2). (Lower part) Dichroic difference of the XAS spectra acquired with CL
and CR photons, respectively. By using the sum rules it is possible to obtain the spin-moment and the orbital-moment
contribution to the total magnetic moment of the material. More information are in the text. Scheme re-adapted from [58].
(Inset) Adopted geometry convention for the x-ray circularly (CR and CL) polarized light.

is related to the expectation value of the angular momentum operator L, through the following
relation:

DL =

∫
L3+L2

(Iab− Ic)dE∫
L3+L2

(2Iab + Ic)dE
=

〈Qzz〉
h(2L−1)L

=

〈
∑
i
[3L2

z −L(L+1)]i
〉

2h(2L−1)L
. (2.1)

As already stated above, Iab and Ic represent the XAS intensity measured with light polarized
parallel and perpendicular to the sample plane, respectively. 〈Qzz〉 is the expectation value of
the quadrupole moment relative to the local charge around the absorbing Mn atoms. Generally
from the symmetry point of view, 〈Qzz〉 6= 0 in all cases where the probed system has a symme-
try lower than cubic. h = 2(2L+1)-n represents the number of holes in the final 3d states with n
electrons and Lz is the projected angular momentum along the z-axis. Through simple algebra
steps, it is possible to determine the relation between DL and the anisotropic occupancy of the
3d orbitals, considering the values of h, L and of Lz for each orbital. Finally, by considering the
atomic multiplet approach as valid and an equal occupation of the in-plane and out-of-plane t2g
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Figure 2.11: (Upper panel) XAS spectra (CR and CL polarized light) acquired at the Mn L2,3-edges at the temperature
of 4 K for a PZT/LSMO/STO bilayer. Applied magnetic field of 2 T along the x-ray propagation direction. (Lower panel)
The difference of the two XAS spectra gives the XMCD spectrum.

orbitals, the sum rule for the linear dichroism can be simply expressed through the following
relation:

DL =
hx2−y2−hz2

12
. (2.2)

This sum rule is valid only in the case that the magnetic (spin) contribution to the XLD is
completely absent.
Regarding the XMCD spectrum obtained at the Mn L2,3-edges, two sum rules (already partially
introduced in the previous section) are capable to unambiguously determine the orbital (morb)
and effective spin (me f f

spin) contributions to the total magnetic moment [62], which are expressed
through the following formulae (in units of µB/u.c.):

morb =−
4
3

∫
L3+L2

(ICR− ICL)dE∫
L3+L2

(ICR + ICL)dE
h =−4

3
q
r

h,

meff
spin =

6
∫

L3
(ICR− ICL)dE−4

∫
L3+L2

(ICR− ICL)dE∫
L3+L2

(ICR + ICL)dE
h =

6p−4q
r

h =

= 2〈Sz〉+7〈Tz〉. (2.3)

Here ICR and ICL stand for the XAS spectra obtained with CR and CL polarized light, respec-
tively; and h represents the number of holes in the 3d states. The quantities p, q and r just
indicate the listed integrals in the left hand side of the equations. Moreover, 〈Tz〉 is the expec-
tation value of the spin quadrupole coupling operator and 〈Sz〉 is the wanted spin moment. The
magnitude of 〈Tz〉 plays an important role in the application of the sum rule to the analysis of
the experimental spectra. Usually, the option to consider it equal to zero is followed (if not ac-
cessible from a different experiment). As a result, the impossibility to easily define it becomes
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Figure 2.12: Example of the application of the sum rules for XAS spectra acquired with CR and CL polarized radiation
at the Mn L2,3-edges. In a) the sum spectrum is shown (blue dots), i.e. (ICR + ICL); integration over the energy in
correspondence to the two L3 and L2 peaks gives (purple solid line) a value of r = 1.89. In b) the XMCD spectrum is
shown (orange dots), i.e. (ICR− ICL). Here the two black arrows indicate the results of the integration over the energy
(purple solid line), obtained considering only the first peak L3 and both peaks with the relative values of p = -0.27 and
q = -0.1, respectively.

a source of error in the sum rule regarding the determination of the spin magnetic moment.
Figure 2.12 shows, as an example, the definition of the quantities p, q and r. Precisely, in
Fig. 2.12a the sum of the two spectra aquired with CR and CL polarized light is shown, with
related integration (purple line), and the value r is indicated as well. Moreover, in Fig. 2.12b
the XMCD spectrum is shown with the related integration (purple line); in this case the values
of p and q are indicated as well.

2.4 Magnetic properties

The ground state of a magnetic material is the result of a competition between several energetic
terms. In general, the Zeeman energy term aligns the magnetization M along the direction of
the applied magnetic field H, i.e. EZeeman = -~H · ~M. Additionally, the exchange interaction en-
ergy term describes the long-range magnetic order related to the interaction between the several
magnetic moments of spin S of the ferromagnetic ions, i.e. Eex = -∑i6= j Ji j~Si ·~S j, where Ji j indi-
cates the exchange constant between two different spins. Precisely, for a positive (negative) Ji j
sign the spins align in a parallel (anti-parallel) way and a ferromagnetic (anti-ferromagnetic)
order is obtained. Another energetic term that is also very important to be considered is the one
stemming from the magnetic anisotropy. The latter simply means that the magnetic properties
of the material are strictly related to the direction along which the measurement is performed.
Examples of a directional dependence of the magnetic properties are given by the magnetocrys-
talline anisotropy term (Emc), to minimize the spin-orbital coupling, and the shape anisotropy
term (Eshape) to minimize the magnetostatic energy. It is important to highlight that the afore-
mentioned energetic terms characterize the Hamiltonian of the magnetic material differently if
the latter is studied in bulk or thin film form. The following sub-sections are mainly based on
the book ”Introduction to magnetic materials” written by Cullity and Graham [63].
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2.4 Magnetic properties

2.4.1 Shape anisotropy

The shape of the sample represents a source of magnetic anisotropy. Precisely, the concept
of shape anisotropy is mainly based on magnetostatic considerations. When the magnetization
(or at least one of its components) of a thin film is lying along the out-of-plane direction (i.e. c-
axis), the magnetic dipoles so oriented give rise to a demagnetizing field Hd = Nd M, where Nd
is the demagnetizing coefficient. Hd acts to reduce M along the c-axis and, hence, a higher H
value is required to completely orient M along the reduced dimension of the sample. However,
keeping the discussion rather general, the magnetic shape anisotropy energy term for a sample
shaped as a prolate spheroid is expressed as follows:

Eshape =
1
2

NcM2 +
1
2
(Na−Nc)M2 sin2

θ , (2.4)

where Nc and Na represent the demagnetizing coefficients along the two semi-major c and
semi-minor a axes, respectively. Equation 2.4 shows an angle-dependent term similar to a
material characterized by a uniaxial contribution term of the magnetic anisotropy (see later).
As a result, for a thin film the magnetic shape anisotropy constant becomes:

Kshape =−
1
2

NcM2, since Nc� Na. (2.5)

2.4.2 Magnetocrystalline anisotropy

Regarding 3d materials like the case of LSMO, the magnetocrystalline anisotropy energy term
Emc originates from the crystalline field (see Fig. 2.3) and spin-orbit coupling (SOC). Precisely,
the oxygen octahedra act through the generated crystal field potential, lifting the degeneracy
of the Mn 3d electronic levels, and as a result the orbital magnetic moments of the surrounded
transition metal ions are quenched. Accordingly, the orbitals akin to the Mn ions are strongly
fixed to the lattice and only by using very high magnetic field (several Tesla) their spatial ori-
entation can be altered. When an external magnetic field tries to rotate M, since the orbitals are
spatially unchanged, the spin system is successfully oriented when the SOC energy is suitably
exceeded. As a consequence, Emc favours the alignment of magnetization along particular di-
rections or planes, called easy axes or planes. The high energy direction (or plane) is a hard
axis (or plane). Depending upon the particular crystal structure of the magnetic material the
magnetocrystalline anisotropy energy term can be expanded phenomenologically as follows:

Emc = K0 +K1(α
2
1 α

2
2 +α

2
2 α

2
3 +α

2
1 α

2
3 )+K2(α

2
1 α

2
2 α

2
3 )+ ...cubic structure (2.6)

Emc = K0 +K1 sin2
θ +K2 sin4

θ + ...hexagonal structure (2.7)

where K0, K1, K2,... are constants of the material. Moreover, α1,2,3 are the direction cosines
related to the ~M direction with respect to the cubic crystal structure, and θ is the angle between
~M and the c-axis of the hexagonal crystal structure. Usually K2 is so small that it can be ne-
glected and, hence, the higher terms are practically never considered. In this respect, materials
that exhibit a cubic crystal structure are characterized by a biaxial anisotropy when considered
in the form of thin films, i.e. the two easy axes are in the plane. Hence, it can be written:
Emc = K0 + (K1/4)sin2 2θ . Interestingly, if H is applied in the plane of such a thin film and
Emc is measured, a four-fold symmetry curve is obtained. On the other hand, considering a
material with a hexagonal crystal structure, on the first order Emc is characterized by a uniaxial
contribution term, i.e. Emc = Ku sin2

θ , and a two-fold symmetry curve is measured. In the case
of a LSMO thin film the JT distortions lower the symmetry with respect to the cubic perovskite,
hence, a uniaxial contribution is expected for the magnetocrystalline anisotropy term.
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2 Materials and methods

Additionally, due to the breaking of symmetry experienced by the surfarce atoms, the concept
of surface magnetic anisotropy has also been considered. Precisely, Néel [64] introduced a
new anisotropy constant Ks strictly related to the surface or interface properties of the system.
Nowadays due to the possibility to grow high-quality ferromagnetic thin films, the concept of
magnetic surface anisotropy has been also generalized, and the magnetocrystalline anisotropy
term can be expressed as a function of the film thickness value d through the following formula:

Emc = Ke f f (t)sin2
θ , where Ke f f (t) = Kbulk +2

Ks

d
. (2.8)

Usually, the Kbulk and Ks terms favor an in-plane and out-of-plane preferential orientation of
~M, respectively.
As a conclusion of this small section it is important to introduce the concept of the anisotropy
field Ha, which is related to the aforementioned anisotropy constants. Precisely, by considering
a uniaxial contribution to the magnetocrystalline anisotropy, the following relation is valid:

Ha =
2K1

Ms
(2.9)

where Ms represents the saturation magnetization value. Accordingly, Ha is the minimum
magnetic field necessary to rotate ~M into the direction perpendicular to the easy axis.

2.4.3 Stoner-Wohlfarth model

Ferromagnetic and ferroelectric materials exhibit domains and domain walls. Hence, follow-
ing the same arguments valid for ferroelectrics, it is possible to argue that the magnetization
process takes place allowing the magnetic domains to nucleate, with subsequent domain wall
motion. However, Stoner and Wohlfarth [65] offered a (rather) straightforward way to describe
the hysteretic behaviour of ferromagnetic materials. The model provides a simple picture based
on which ~M does not change its magnitude, but in the attempt to follow the externally applied
~H, rotates in order to minimize the potential energy. Moreover, the model has been devel-
oped for a magnetic material exhibiting a uniaxial anisotropy contribution. Accordingly, with
reference to Figure 2.13 the energy of the system can be written as follows:

E = Ku sin2
φ −µ0MH cos(φ −θ), (2.10)

where Ku is the uniaxial anisotropy coefficient and µ0 is the magnetic permeability of free
space. ~M (~H) makes an angle φ (θ ) with the hard axis of the material, as sketched in Fig. 2.13.
By minimizing the energy of the system with respect to φ , the most energetically favorable
direction of ~M with respect to ~H is found. At zero field, the anisotropy contribution term plays
the main role, and ~M is oriented along the easy axis. On the other hand, for a sufficiently
high value of H, i.e. > 2Ku/M, ~M is oriented along the hard axis direction. Interestingly, for
materials where the uniaxial anisotropy contribution stems mainly from the shape anisotropy,
the minimum magnetic field necessary to orient ~M along the hard axis, hence, the anisotropy
field is: ~Ha = µ0 ~M.
In this Thesis this model has been used because it offered a possibility to explain the results
obtained from the anisotropic magnetoresistance measurements (see Section 5.5). Indeed, the
inherent simplicity of the model, where the reversal of ~M is treated in terms of rotations,
allowed a better understanding of the aforementioned measurements.
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2.5 Ferroelectric field effect: an example of charge-mediated magnetoelectric coupling

Figure 2.13: Schematic view of the ~M rotation, with an externally applied ~H, in the picture of the Stoner-Wohlfarth
model.

2.5 Ferroelectric field effect: an example of charge-mediated
magnetoelectric coupling

The ongoing research in the field of oxide materialsvii is mainly focused on the possibility to
exploit alternative routes towards the development of new systems exhibiting the outstanding
magnetoelectric coupling [66]. Following the Landau approach, the expansion of the free en-
ergy density of a material at a fixed temperature value in a magnetic H and electric E fields,
considered up to the quadratic order, results in a linear magnetoelectric coupling term, i.e.
∑i j = αi j Ei H j

viii. In single-phase multiferroic materials which are characterized by a simul-
taneous time-reversal and space-inversion symmetry breaking (reliable examples are materials
like Cr2O3 [67], BiFeO3 [68] and BiMnO3 [69]), the smallness of the magnetoelectric coeffi-
cients re-addressed the efforts of the scientific community towards composite-type multiferroic
heterostructures [70]. In the latter case the expansion of the free energy density related to each
material not necessarily shows a linear magnetoelectric coupling term. As a result, the effective
interaction between the two ferroic order parameters originates at the interface between the two
different oxides which are basically characterized, separately, by a magnetic and (ferro)electric
order. Along this direction, several oxide combinations and geometries [71] have been investi-
gated with the aim to exploit all the possible responsiveness of the ferroic materials to external
stimuli such as strain and/or charge. Figure 2.14, taken from [70], should offer a clear idea
of the different mutiferroic structures so far investigated, along with the type of mechanisms
used to drive the coupling between the magnetic and electric order parameters. As an ex-
ample, one possibility to obtain a relevant magnetoelectric coupling is directly related to the
product property between the elastic components of the materials chosen [72, 73]. Precisely,
a magnetostrictive material is embedded in a piezoelectric (ferroelectric) matrix and, upon the
application of an external electric field as a result of the converse piezoelectric effect, a stress
is transferred to the magnetostrictive material, which in turn, undergoes a modification of the
magnetic anisotropy properties, for example the variation of the easy axis direction can be pur-
sued. Another promising approach is given by layered (possibly patterned) heterostructures
which take advantage of the magnetic sensitivity of a strongly correlated material to a charge
modulation, that is induced at the interface with a ferroelectric material upon the reversal of the
viiAlong this direction also the possibility to grow oxide films and heterostructures in a higly controlled way is very important.

viiiαi j represents the magnetoelectric tensor which describes the onset of an electric (magnetic) polarization induced by the application of a
magnetic (electric) field.
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Figure 2.14: Scheme regarding the several possibilities to exploit the magnetoelectric coupling in different structures
along with the suggested coupling mechanism. The shaded area indicates the type of structure used in this Thesis. Image
from [70].

polarization direction (the shaded area in Fig. 2.14 indicates this possibility). In this respect,
the magnetic and/or transport properties of an LSMO ultrathin film can be altered by an accu-
mulation and/or depletion of carriers at the interface with a ferroelectric material. Precisely, the
aforementioned interfacial charge modulation is realized in the LSMO in order to screen the
electric field generated by the ferroelectric polarization charges, hence, ferroelectric/LSMO
heterostructures represent a type of composite multiferroic system [74]. In this respect, the
magnetoelectric coupling is a charge-driven effect which is triggered by a field-effect process.
Accordingly, at the interface of the two different ferroic oxides, screening effects become ex-
tremely important. Moreover, due to the high carrier concentration of the LSMO (common
values range between 1020 to 1022 carriers · cm−3), a relatively high modulation of the carriers
is obtained considering a thin film of LSMO which is gated by a rather thick PZT layer that,
hence, ensures a high ferroelectric polarization value. In the semiclassical approach of the
screening effect usually known as Thomas-Fermi theory (see p. 340 of [75]), the characteristic
distance beyond which the external electric fieldix is completely screened, i.e. the electrostatic
screening length λT F , should be comparable with the overall thickness of the LSMO in order
to achieve a measurable effect. Usually λT F is expressed as follow:

λT F = [π−1e2g(EF)]
−1/2, (2.11)

where g(EF) represents the density of states at the Fermi level EF of the LSMO. In litera-
ture λT F values, ranging in the interval 0.3÷ 1 nm are encountered. Hence, ultrathin layers of
LSMO are necessary to measure a relevant magnetoelectric effect.
The ferroelectric field effect can be used from the fundamental point of view, in the attempt to
discriminate among the several degrees of freedom that regulate the features of SCMs. Field
effect experiments can be very promising, since only the carrier concentration can be dynami-
cally varied without altering the level of disorder as, on the other hand, it is realized in the case
of chemical substitutions [76]. Indeed, the latter approach is irreversible and, by considering
the tolerance factor, the crystalline structure can be also modified. Moreover, the ferroelectric
field effect on superconducting materials revealed the possibility to electrostatically modulate
the temperature related to the onset of the superconductive state by several Kelvin in epitaxial
ixIt is extremely important to stress the fact that here E is generated by the polarization charges of the ferroelectric material. The effect of the

carrier accumulation and/or depletion on the LSMO magnetic and/or transport properties endures also when the external applied voltage,
necessary to switch the ferroelectric polarization, is removed.
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heterostructures [77].
The ferroelectric field effect can be very promising also for non-volatile memory devices where
the information is stored as polarization direction, and it is accessed by reading the resistance
state of the gated LSMO (which is used also as bottom electrode of the entire memory device).
Interestingly, the ferroelectric field effect is amenable to a reading procedure that doesn’t de-
stroy the information and, as a result, a decrease of the size characterizing the memory device
can be boosted with a possibility to reach new limits in the scaling-down process. However,
as pointed out by Hoffman and co-workers [78], the short retention time experienced by PZT
ferroelectric thin films (21 days in case of their investigated devices) of course becomes detri-
mental for LSMO/PZT ferroelectric field-effect devices which would not be rightly suitable
for non-volatile memories. Defects with the associated trap levels and depolarizing fields rep-
resent the main drawbacks of the ferroelectric oxides, and more work is required to be done in
order to overcome the aforementioned problems.
The changes of the interfacial carrier density are responsible for an alteration of the Mn va-
lence state at the La0.8Sr0.2MnO3/PZT interface, as reported by Vaz and co-workers in [79],
where also a possible modification of the interfacial spin configuration was proposed to ac-
count for the relatively large modulation of the magnetization magnitude [80]. Indeed, the
possibility that the accumulation and/or depletion of the holes(electrons) can give rise to a
magnetic reconstruction at the manganite/ferroelectric interface has been theoretically studied
by Burton and Tsymbal in [81] and by Dong and co-workers in [82] through density func-
tional theory (DFT) calculations. Also a microscopic model has been put forward by Dagotto
and co-workers [83], where interfacial magnetic phase transitions are observed by modulating
the electronic charge density at the system interface. Additionally, displacements of inter-
facial atoms, triggered by polar distortions [84, 85], can alter the overlapping of the 3d Mn
orbitals at the ferromagnetic/ferroelectric interface, hence, affecting the interface magnetiza-
tion. The proposed interface bonding mechanism was introduced specifically for Fe/BaTiO3
multilayers [86], but Rondinelli and co-workers pointed out in [87] that the mechanism can
be rather general and independent of the details regarding the particular interfacial bonding.
Moreover, phase separation or phase co-existence [11] could also give a plausible explanation
of the field effect experiments on manganites. In this respect transport and magnetic properties
are described through percolation paths which may be suitably tuned by the accumulation and
depletion of holes [88].
It is worth to notice that the intriguing electronic correlations exhibited by manganites (due to
the interplay between charge, spin and orbital degree of freedom) preclude the possibility to
clearly indentify and discriminate between cause and effect regarding the microscopic origin
of the mechanism driving the changes of the transport and magnetic features in a field effect
experiment.
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Per quanto bella e attraente possa essere una teoria,
c’è sempre un giudice supremo che ne decide le sorti: l’esperimento.
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As much as beautiful and attractive may be a theory,
there is always a supreme arbiter that decides its fate: the experiment.

English Translation by myself



3
Experimental setup

The aim of this chapter focuses on the different experimental techniques that were employed
to obtain the necessary information regarding the structural, morphological and magnetotrans-
port properties of all the single layers and heterostructures of LSMO and PZT grown in this
Thesis. All the oxide thin films were grown by pulsed laser deposition and, accordingly, in the
first section a brief introduction related to this deposition technique will be presented. Then as
further step, the technique of x-ray diffraction related to the structural characterization will be
explained. The surface morphology characterization accomplished by an atomic force micro-
scope will be the subject of the third part of this chapter. The instrument that was used for the
characterization of the ferroelectric switching properties will be introduced as well, along with
a different custom set-up. Finally, the magnetotransport characterization accomplished through
the physical properties measurement system (PPMS, Quantum Design) will be also briefly in-
troduced followed by a description of the Soleil beamline where a synchrotron experiment was
performed.

3.1 Pulsed laser deposition

Pulsed laser deposition (PLD) represents one of the most used physical vapor deposition tech-
niques for oxides [89], where a high-energy pulsed laser i ablates a ceramic target and forms
a vapor-plume as schematically shown in Figure 3.1. The PLD is nowadays supporting the
research activity of big companies, since it represents the most straightforward technique to
deposit oxide materials with a perfect stoichiometric transfer from the target onto a peculiar
substrate. On the other hand a drawback is the small deposition area related to the effective
focused area of the laser spot and, hence, of the generated plume that limits its use mostly to
research purposes.
Simply, as a result of the ablation process the (in part highly ionized) particles, ejected from the
target (typical diameter 2 inches), show a certain kinetic velocity depending upon the energy of
the laser and the oxygen (O2) partial pressure present in the chamber. The latter is connected to
a suitable vacuum pump system (a base pressure of∼ 10−7 mbar was realized in the PLD used
in this Thesis). Additionally, the O2 partial pressure is regulated by dedicated gas inlet circuits
and pressure gauge. Once the plume is generated, a certain amount of particles condenses onto
the substrate which is kept at a fixed distance from the target (∼ 6 cm) and at a certain temper-
ature. In order to optimize the growth of each oxide, parameters such as fluence (defined as
the ratio between the energy and the area of the laser pulse, usually expresses in mJ cm−2), O2

iA KrF excimer laser (Lambda Physik LPX300) was employed for all the deposition experiments in this Thesis. Wavelength and pulse
duration were 248 nm and 30 ns, respectively.
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Figure 3.1: Schematic view of the pulsed laser deposition chamber. The relevant parts are indicated in the picture.

pressure background, temperature of the substrate and repetition rate (frequency related to the
pulsed ablation) were systematically changed. Moreover, in order to obtain a rather uniform
ablation of the ceramic target the carousel, where it is lodged, is subjected to an appropriate
eccentric rotation.

3.2 X-ray diffraction

X-ray diffraction (XRD) is mainly based on Bragg’s law and, hence, on the concept that solids
exhibit a periodic arrangement of their constituents [90]. Precisely, the atoms that obey certain
symmetry relations (space group) form planes which, in turn, give rise to the elastic scattering
of the incoming x-rays. Each family of planes can be identifiedii by means of integers h, k
and l known as the Miller indices [75]. Accordingly, a/h, b/k and c/l specify the points of
intersection of the planes with the unit cell edges with a, b and c being the related lattice
parameters. As a result, Bragg’s law can be generally written as follows:

λ = 2dhkl sinθhkl, withiii λ = 0.15406nm (3.1)

where θhkl and dhkl are the angle of incidence and the interplanar distance of the (hkl) lattice
planes, respectively. As an example, for a cubic crystal structure the interplanar distance d
between {hkl}iv lattice planes is d = a/(h2 + k2 + l2)1/2, where a is the lattice parameter of the
cubic unit cell.
In this Thesis a Philips PANanalytical XPert XRD system was employed for all the structural
characterizations of the samples. The instrument was operated in the Bragg-Brentano geome-
try where the divergent and diffracted beams exhibit the same focal distance from the sample.

iiThis is more easily done in the Laue formalism where Bragg’s law becomes ∆K = K-K0 = G = hsx + ksy + lsz, where K and K0 are the
diffracted and incoming wavevectors, respectively. G is a reciprocal lattice vector, sx,y,z being the unit vectors of the reciprocal space.

iiiWavelength related to the Cu Kα radiation.
ivHere curly brackets indicate both negative and positive choice for the Milles indices and interchanges between h,k and l.
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In the simplest configuration, the x-ray source is fixed, while the sample holder and the detec-
tor can be rotated by an angle θ and 2θ , respectively. Additionally, independent rotations of
the sample holder are also possible which are indicated as ω , ψ and φ angles in Figure 3.2a.
The divergence slit has the main function to control the aperture of the incoming x-ray beam
and a Cu Kβ filter was also used to cut the correspondent narrow peak from the x-ray radia-
tion. Indeed, the latter is generated by the copper anode of an x-ray tube, where the accelerated
electrons also eject the Bremsstrahlung.
Studies on the orientation of thin films grown on different substrates were performed through
θ -2θ scans. The experimental set-up of a θ -2θ scan can be understood considering once more
Fig. 3.2a. The sample is positioned at the center of the instrument and the incoming x-ray beam
hits the sample surface with an incidence angle θ . At the 2θ angle the detector monitors the
scattered radiation. While the scan is performed, the angles θ and 2θ are continuosly varied
in such way that the angle at which the detector collects the scattered radiation is always the
double of the incident one. The quantity measured throughout the scan is the number of counts
that at each 2θ angle the diffracted radiation induces in the scintillator/detector. The obtained
spectra are usually given in the Intensity(Number of Counts)-2θ representation. Interestingly,
in a θ -2θ scan the scattering vector G is always parallel to sz (already defined in the footnote
ii). Accordingly, the upper part of Figure 3.2b shows a graphical definition of the scattering
vector G. Due to this geometrical constraint only those lattice planes (hkl) that are oriented
parallel to the sample plane can contribute to the Bragg diffraction.
Rocking curve measurements or ω-scans were necessary for the characterization of the degree
of mosaicity of the thin films. The experimental set-up is realized by fixing the angular position
of the detector at the value 2θ related to the family of crystallographic planes {hkl} needed
to be investigated and varying ω around the angle of incidence (i.e. θ ). As a result, a peak is
obtained which is narrower, the more the family of planes is perfectly aligned. Since, this mea-
surement provides information on the alignment of the crystallographic planes of the family in
question through the full-width-at-half-maximum (FWHM) of the measured peak, relevant in-
formation on the growth of the film along the direction perpendicular to the investigated family
of lattice planes is obtained. The FWHM parameter is also affected by the angular resolution
of the instrument itself. However, in general, values of FWHM less than 0.1◦ are required for
a small degree of mosaicity.
Reciprocal space mappings were also performed for some of the samples grown in this Thesis
for lattice relaxation studies. The idea of the reciprocal space mapping measurements relies on
the possibility to measure differently accessible points of the reciprocal space as, for example,
the one indicated by the S scattering vector in the upper part of Figure 3.2b. Here, the dotted
red arrows indicate the incidence and diffracted vectors that satisfy the symmetry requirement
of Bragg’s diffraction, i.e. G ‖ sz. Hence, to access the non-symmetric point of the K-space it
is necessary to modify the incidence angle in order to move S in the G position (the ω angle
can be calculated with an appropriate program, i.e. CaRIne Crystallography 4.0), and looking
for the scattered beam moving the detector in the new 2θ angle position. Accordingly, the
latter is calculated relatively to the new family of lattice planes which is not anymore parallel
to the sample surface (see, for example, the lower part of Fig. 3.2b where the (103) plane is in-
dicated). Afterwards, the measured S scattering vector can be decomposed into its components
along sx(sy) and sz, and information about the in-plane and out-of-plane lattice parameters of
the film can be obtained. Accordingly, the following formulae are used:

a(b) =
λ

2sinθ sin(θ −ω)
·h(k);

c =
λ

2sinθ cos(θ −ω)
· l. (3.2)
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3.3 Atomic force microscopy

Figure 3.2: a) Schematic view of the Bragg-Brentano geometry. Additionally, the angular movements related to the
sample holder are higlighted as well. b) Scheme representing in the upper part the symmetric condition for a Bragg
diffraction (see red dotted arrows). Morever, also the non-symmetric point S of the K-space (see dark green dotted arrow)
is figured, which corresponds to the family plane (103). In the lower part, the latter is represented along with the angle ω

between the two planes (001) and (103).

Experimentally, a reciprocal space mapping measurement can be carried out by combining 2θ

scans and ω-steps. Precisely, ω is fixed for every angular step, which defines the accuracy of
the measurement itself, while a 2θ scan is performed. As a result, a 2D map of the reciprocal
space is obtained where the distribution of the diffraction intensity gives important structural
information regarding the investigated samples. Indeed, the relative position of the measured
reciprocal space points between the film and substrate depend upon the relaxation state of the
film. Accordingly, for a completely strained film the reciprocal space points, corresponding to
a general family plane (hkl), are perfectly in line with the ones related to the substrate for both
symmetric and non-symmetric diffraction spots.

3.3 Atomic force microscopy

Atomic force microscopy (AFM) can be considered as a spin-off of scanning tunnelling mi-
croscopy (STM). In 1986 Binning and Smith [91] proposed the STM as a method to measure
forces as small as 10−18 N. Nowadays with AFM it is possible to investigate surfaces of insu-
latorsv on an atomic scale. In this Thesis the AFM technique was mainly used for morphology
studies of all the prepared samples and, here, the basic concepts concerning the operation prin-
ciple will be introduced. Precisely, a Dimension 3000 AFM microscope from VEECO was
employed. The instrument, operating in air, was isolated from acoustic and vibrational noise
through a standard acoustic enclosure and active damping table, respectively.

Figure 3.3a offers a schematic view of the experimetal set-up of an atomic force micro-
scope. Basically the main part of the latter is represented by a cantilever (usually made of
silicon) at the end of which the probing tip (force sensor) is suitably mounted. Metallic or
insulator materials, depending upon the required use, can be used to cover the tip. The latter

vIn the case of STM the investigated material has to exhibit a non-zero conductance value. Hence the STM tecnnique is applicable only to
metallic and/or semiconductor materials.
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Figure 3.3: a) Schema offering a basic view of the working principle of a atomic force microscope. Image adapted
from wikipedia. b) Force versus tip-sample distance graph. The non-contact and contact working area are highlighted.
Image from the NT-MDT website.

exhibits in average curvature of a ∼50 nm nanometers that ensure a lateral resolution of less
than 10 nm. The tip represents the force sensor which experiences the Van der Waals force
from the atoms forming the sample surface (see Fig. 3.3b). The latter is scanned in a prede-
fined micrometer-sized area moving the sample suitably lodged on an accurate piezo-scanner.
Generally speaking, the tip-sample interactions vary during scanning, since the tip-sample dis-
tance is modulated by the morphology features of the investigated sample. As a consequence
of the variation of the inter-atomic force of the tip-sample system, the laser beam, diffracted
from the cantilever, falls on one of the quadrant of the 4-quadrants photodetector. As a result,
the obtained voltage signal is used as a feedback to keep the tip-sample interaction constant
during scanning. The feedback signal is recorded for each investigated (x,y) point and turned
into a color-contrast image, where each color exihibits a linear relationship with the ”sensed”
surface height. As a result, a map of the morphology of the scanned area is obtained.
Relatively to the Van der Waals force-distance graph depicted in Fig.3.3b, the operating mode
of an AFM system can be varied from non-contact to contact mode depending upon the par-
ticular tip-sample distance. Precisely, in the non-contact mode, few tens of Angstroms from
the surface are enough, so that the tip responds to an attractive Van der Waals force. Addition-
ally, in the non-contact mode the cantilever is forced to oscillate near its resonant frequency
(∼ 30 KHz). The tip-sample force interaction during scanning alters the effective spring con-
stant of the cantilever, thereby changing its resonant frequency, phase, and oscillation ampli-
tude. These changes are detected using an internal lock-in amplifier. Hence, the feedback loop
adjusts the tip-sample distance in order to keep the amplitude of the cantilever oscillation con-
stant during scanning. In the contact mode region the tip is subjected to a repulsive Van der
Waals force that bends the cantilever at a fixed value usually addressed as set-point. In this case
the feedback signal, given by the variation of the repulsive force experienced by the tip-sample
system, acts in such a way as to keep the set-point value constant. Hence, in contact mode the
deflection of the cantilver is kept constant during the scan. As in the case of the non-contact
mode, the feedback signal renders a color-contrast image of the investigated sample surface.
In this Thesis all the AFM images were acquired in non-contact mode.
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3.4 Ferroelectric switching and hysteresis loop measurements

3.4 Ferroelectric switching and hysteresis loop measurements

One of the key measurements related to ferroelectric materials is the recording of the P-V
hysteresis loop, since it proofs that P can be reversed between two stable states upon the ap-
plication of a suitable voltage pulse V . The charge Q to the spanned area A ratio, i.e. Q/A,
represents a textbook definition of P. Experimentally, the latter can be switched when the fer-
roelectric material is suitably embedded in a type of device structure where the voltage pulses
are applied between a bottom and top electrode (usually the parallel-plate capacitor geometry
is used). As a result, since the polarization charges (of different polarity at the two metal-
lic contact interfaces) revers upon the application of a voltage pulse, the induced screening
charges at the top/bottom electrode also reverse and, hence, a current peak I is measured. Cor-
respondingly, the dynamic current-voltage characteristics, i.e. I-V , are measured in order to,
eventually, calculate P through the following general formula valid for a parallel-plate capaci-
tor geometry:

P =
1
A

∫
I f err(t)dt +

σ

d

∫
V (t)dt, (3.3)

where A, σ and d represent the top electrode area, the electrical conductivity and the thickness
of the ferroelectric material, respectively. The first term on the right hand side of equation 3.3
represents the ferroelectric contribution to the overall current peak, i.e. I f err, and on the con-
trary, the second term represents the contribution stemming from the dielectric conduction of
the parallel-plate capacitor system (bottom-electrode/ferroelectric/top-electrode), i.e. the so-
called leakage current. Here, precisely, V (t) is the time variation of the applied voltage pulse.
In this Thesis the possibility to switch the ferroelectric polarization of the PZT thin films was

Figure 3.4: Custom made ferroelectric system. The inset shows a cross-section related to the coaxial cables employed
for all the connections.

accomplished following two different experimental methods. In the first case a commercial
test apparatus by aixACCT systems GmbH, i.e. the TF Analyzer 2000 measurement system,
was employed. In the second case a custom set-up consisting of an oscilloscope connected to a
function generator was used to send a so-called positive-up negative-down (PUND) signal [92]
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3 Experimental setup

to the sample to investigate. Precisely, the Tektronix AFG3102 function generator and the Ag-
ilent Technologies DSO1024A oscilloscope were connected to the parallel-plate capacitor as
schematically shown in Figure 3.4. Accordingly, the PUND waveform is sent from the function
generator to the top electrode of the device and, parallel, to the oscilloscope as a trigger signal.
The bottom electrode of the device is connected to the oscilloscope for the reading procedure.
The ferroelectric current peak is ”detected” by the oscilloscope through a suitable internal re-
sistor, hence, the voltage pulses displayed in the oscilloscope can be eventually converted into
the ferroelectric switching current pulses for the P calculation, as required by formula 3.3. All
the connections were made by using coaxial cables of which a cross-section view is offered in
the inset of Fig. 3.4. In this respect, it is worth to notice that the metallic shields of the two
coaxial cables, usually connected to the ground, are connected together in the connection box
in order to improve the signal-to-noise ratio. Moreover, Figure 3.5 shows the typical sequence
of five voltage pulses as a function of the time which defines a PUND waveform. Accordingly,

Figure 3.5: Typical voltage pulse sequence defining a PUND waveform.

the first peak pre-sets the polarization state of the sample. The second peak P then polarizes
the sample positively and from the third peak U, assuming a good retention time,vi informa-
tion regarding only the leakage contribution is accessed. The subtraction (i.e. P-U) of the two
measured pulses gives the real ferroelectric swithing current from which, eventually, the polar-
ization value for the positive voltage pulse can be calculated. The same discussion is simply
repeated for the next two negative pulses, i.e. N and D. In this case the ferroelectric characteri-
zation related to the negative voltage pulse is obtained. As a result, PUND measurements give
the possibility to measure only the switchable ferroelectric contribution of the device, and all
the other intrinsic contributions are completely excluded.
Regarding the TF Analyzer apparatus the I-V loops were automatically converted into P-V
(P-E) loops since the TF Analyzer 2000 Hysteresis Software V2.1 provided the possibility to
insert the values of the top electrode area and the thickness of the ferroelectric thin film. A
suitable probe station was used to ensure a proper contact between the measurement system
and the sample. As already highlighted before, the measurement of an I-V loop requires a
time-dependent voltage pulse applied to the sample while recording the current. The pulse is
cycled from a negative value to a positive one and in this case the switching current pulse,
produced by the change of the polarization charges ∆P, depends on the switching time ∆t, i.e.
I = ∆P/∆t. As a result the switching current peak is larger for a faster switching voltage pulse.
The TF Analyzer measures the I-V loops with the so-called dynamic hysteresis measurement
(DHM). The voltage excitation signal is schematically depicted in Figure 3.6 in the case of a
triangular pulsevii [93]. Precisely, four bipolar triangular pulses of frequency νviii are applied
viAt least not less than the space between two different pulses.

viiUsually triangular pulses are favoured to the square pulses since, in the first case, a high rise time of the peak is avoided.
viiiTypical range from 1 Hz to 2 kHz.
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3.5 Magnetotransport measurements

Figure 3.6: Typical voltage pulse sequence used by the TF Analyzer apparatus. The shaded gray pulses account for the
pre-polarization of the sample while in red the measuring pulses are represented.

with a delay time of 1 s between each other. The first and third bipolar pulse are necessary
to pre-polarize the sample into the negative and positive state, respectively. Hence, the sec-
ond and fourth pulse are used to effectively measure the switching current pulses, and the I-V
loop is calculated from the combination of the currents measured in the corresponding voltage
pulses.
The copper/gold top-electrodesix were made by thermally evaporating the metallic material
source in a vacuum chamber (typical base pressure of 10−6 mbar) through a shadow mask.
The tungsten evaporation boat, hosting the source to evaporate, was heated through the Joule
effect and brought to a temperature higher than the characteristic melting temperature of the
metallic material. The boat-sample distance was always fixed around 20 cm, and the evapora-
tion process was controlled by a quartz balance in order to evaporate top electrodes of a certain
thickness value. Accordingly, large attention was given to accurately positionate the center of
gravity related to the sample-balance system on the same vertical line passing from the center
of the evaporation point on the underneath boat.

3.5 Magnetotransport measurements

All the magnetotransport measurements that will be presented in the following chapters were
performed by using a physical property measurement system (PPMS) of Quantum Design Co.
The samples were mounted on standard resistive bridge (pucks) supplied by Quantum De-
sign Co. Figure 3.7 shows one of the typically used resistive bridges where the sample was
contacted with simple copper wires. The latter were soldered to the appropriate labelled pads.
Conductive silver paste G3303B supplied by Plano GmbH was also used to allow a proper con-
tact between the aforementioned copper wires and the sample itself. The PPMS is basically a
cryostate where the temperature can be varied from 2 K to 400 K and, additionally, a magnetic
field, ranging from -9 T to +9 T, can be applied in- and out-of-plane with respect to the sample
surface [94]. The PPMS offered also the possibility to use a special rotator platform to mount
the sample; in this case the temperature measurement is done just on the sample holder and
not on the bottom of the cryostate like for the other type of measurements. The allowed angles
of rotation range from -10◦ to +370◦, for the standard rotator motor. The motorized steps are
in 0.0532◦ increments, and the maximum rate of rotation is 10◦ per second. All the measure-
ments were acquired by using the provided software, i.e. PPMS MultiVu. The latter served as
a single interface to the PPMS through the Model 6000 PPMS Controller. However, in special
ixTypical area used in this Thesis is 60× 60µm2.
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3 Experimental setup

Figure 3.7: Typical resistive bridge supplied from Quantum Design Co. for the rotator circuit board.

cases, the latter was by-passed to allow measurements through external instruments because
the Controller was not ensuring the necessary resolution for the measurement. Precisely, the
resolution is defined by three different specified limits for current, power and voltage. Ac-
cordingly, all the limits where exceeded in case of samples exhibiting a high resistance state
and, as a result, the related measurement was rather questionable. To overcome this prob-
lem the resistance R =V/I was measured by employing a DC/AC Current Source 6221 and a
Nanovoltmeter 2182A both from Keithley Instruments Inc., in order to send a certain current
amplitude I to the sample and measure the related voltage drop V , respectively. In this case the
measurement was performed controlling in a remote mode the aforementioned instruments by
using already existing custom-made programsx.

3.6 Experimental details of the Deimos beamline at Soleil

The Deimos (Dichroism Experimental Installation for Magneto-Optical Spectroscopy) beam-
line is dedicated to soft x-ray dichroic measurements at SOLEIL (Source Optimisee de Lu-
miere a Energie Intermediaire du LURE) of Paris, France [95]. The Deimos beamline is an
Apple-II undulator producing x-ray in a 350÷2500 eV energy range with variable polarizations
(circular and linear). The x-ray spot size can be as small as 80× 80µm2 and the absorption
measurements can be performed, at the same time, in TEY and TFY mode. Nevertheless, at the
time of the measurements shown here, the detector for the TFY mode was not working prop-
erly and for this reason all the XAS spectra were acquired by measuring only the total electron
yield (TEY) current as a funtion of the x-ray photon energy. The end-station of the beamline
consists of two interconnected ultrahigh vacuum (UHV) chambers used on request, for sample
preparations and/or sample characterizations (i.e. scanning tunnel microscopy), which are cou-
pled to the cryo-magnet chamber where the samples are suitably loaded, through a load-lock
module connected to a clean atmosphere glove box (see Fig. 3.8). The cryomagnet chamber
(internal pressure of ∼ 10−10 mbar) is provided with a superconducting coil capable to supply
a magnetic field of 7 T parallel to the x-ray beam, and of 2 T perpendicular to it. Moreover,
the sample temperature can be varied between 1.5 and 350 K. The polarization plane is per-
pendicular to the direction of the x-ray beam, which hits the sample with an incident angle of
∼ 30◦. As a consequence of the sample holder geometry, for a vertically polarized incoming
beam (LV), the electric field (E) vector of the light is oriented perpendicular to the z-axis of
the device (light polarized in-plane with respect to the sample, pab), whereas the E-vector of
horizontally polarized (LH) light is oriented nearly parallel to the z-axis (light polarized nearly

xThe programs were written by Prof. Marin Alexe and Dr. Ignasi Fina by using TestPoint and LabWindows softwares, respectively.
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3.6 Experimental details of the Deimos beamline at Soleil

Figure 3.8: Left: Schematic view of the cryomagnet chamber as described in the text. Right: Related photo taken from
the Deimos beamline website.

completely out-of-plane with respect to the sample, pc), (see, for example, Fig. 6.2a in Chapter
6).
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Ci sono soltanto due conclusioni:
se il risultato conferma le ipotesi, allora hai appena fatto una misura;

se il risultato è contrario alle ipotesi, allora hai fatto una scoperta.
Enrico Fermi

There are only two consequences:
if the experimental result confirms the theory, you have just done a measurement;

if the experimental result is inconsistent with the theory, then you have done a discovery.
English translation by myself.



4
Results on oxide growth and physical characterizations

The aim of the following chapter is to describe the growth and characterization of high-quality
thin films of LSMO and PZT. Achieving the stoichiometry control of both the oxygen content
and the cation ratio is decisive for the quality of the oxide materials. Moreover, the success of
the ferroelectric field effect experiments depends on the possibility to handle ultrathin layers
of LSMO but also on the challenge to grow both oxide materials as multilayers with very sharp
and plane interfaces. It is of common knowledge that transport and magnetic properties of
LSMO thin films can be tailored not only by inducing different epitaxial strain [35] but also
by allowing different growth modes [96]. As a result, the morphology becomes a key point
especially when the LSMO thin film is grown starting from the PZT layer and not from the
usual atomically flat single terminated substrate surface. Accordingly, not only the ferroelec-
tric properties of the PZT thin films are of paramount importance but also their morphology
represents a key point, especially when a layer-by-layer growth mode of the subsequent LSMO
layer is aimed at. The results obtained from transport, (micro)structural, ferroelectric and mag-
netic characterizations shown in the following sections, gave valuable feedbacks to optimize
the majority of the growth parameters for both oxide materials. As already mentioned in the
previous chapter, all the LSMO and PZT single layers and heterostructures were grown by
PLD, and a PPMS was used for the (magneto)transport measurements. Additionally, the mea-
surements of the ferroelectric properties of the PZT thin films studied mostly in the parallel
plate capacitor geometry, as shown here, were performed by the commercial apparatus TF An-
alyzer. Finally, the magnetic investigations of both LSMO and LSMO/PZT heterostructures
were accomplishedi by a magnetic property measurement system (MPMS) of Quantum Design
Co.

4.1 Substrate preparation

In general nucleation and growth of thin films depends on the morphology of the substrate
surface such as steps or chemical segregations being present. Accordingly, all the substrates
need some treatments before being employed as template for the growth experiments. Here the
way is discussed in which atomically flat surfaces and/or single chemical terminations can be
obtained. Along this direction, the choice of the substrate represents the first main step for the
growth of an epitaxial thin film. Several substrates are present on the market and the selection
has to be done allowing a reasonable comparison of the chemical and structural properties
with the material to grow. In this Thesis substrates provided by CrysTec GmbH have been

iAll the magnetic characterizations presented in this Chapter were perfomed by external collaborators. Thanks are given to Martin Wahler
at the Martin-Luther University Halle-Wittenberg, Germany.
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4.1 Substrate preparation

mainly used. Among the most common substrates, strontium titanium oxide SrTiO3 (miscut
ranging from 0.08◦ to 0.11◦), lanthanum aluminum oxide LaAlO3 and lanthanum strontium
aluminum tantalum oxide (LaAlO3)0.3(Sr2AlTaO6)0.7 have been the ones used for the growth
experiments.

4.1.1 Strontium titanate SrTiO3 (STO)

STO has a cubic perovskite unit cell with the lattice parameter a = 0.3905 nm. Figure 4.1a
shows a schematic view of the unit cell. Accordingly, the STO can be considered as a stack
of neutral SrO and TiO2 planes. The substrates as received from the company show al-
ways a rather rough surface with both chemical terminations. A coherent and fully epitaxial
growth of oxide materials can be successfully achieved when substrates with very smooth and
(preferentially) single-terminated surfaces are used. For this reason the nowadays standard
Kawasaki [97] procedure involving etching and annealing steps, was used for the treatment
of the STO substrates. Since etching can be chemically selective, an atomically flat single

Figure 4.1: a) Schematic view of the STO perovskite unit cell. b) Atomic force microscopy images (4×2µm2) of STO
substrates demonstrating the morphology improvement due to the annealing procedure.

TiO2-terminated STO surface is obtained, and with the successive annealing procedure a well
ordered terrace-step like structure (characteristic of substrates with miscut) is realized. Specifi-
cally the substrates as received were rinsed in deionized water for 3 minutes and quickly etched
in a 1:30 aqueous solution of NH4F -buffered HF. In order to limit the time of action of the
etching solution to the chosen range (15 seconds), the substrates were again dipped into deion-
ized water for a few seconds and then dried by pure N2 gas. As final step the substrates were
annealed in air at the temperature of 950 ◦C for two hours. The etching solution acts in order
to eliminate the natural SrO termination on top of the STO surface, and the annealing proce-
dure to reconstruct a well ordered terrace-step like structure. The latter was demonstrated by
performing atomic force microscopy (AFM) images before and after the annealing procedure,
see for example Figure 4.1b. First, just after the etching process, the step edges are not very
well defined, but no Sr islands are present on the substrate surface (upper part of Figure 4.1b).
The annealing procedure on the other hand induced a surface reconstruction yielding a perfect
vicinal surface exhibiting steps with a very defined edge and with a single unit cell height of
∼0.4 nm (lower part of Figure 4.1b).
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4.1.2 Lanthanum aluminate LaAlO3 (LAO)

LAO single crystals have a rhombohedral unit cell [98], but for sake of simplicity the pseudo-
cubic notation is used. As a result, the LAO crystal structure is represented by a cubic distorted-
perovskite structure with lattice parameters aLAO

pc = 0.3786 nm and α = β = γ = 90.066◦. Figure
4.2 shows a schematic view of the rhombohedral crystal structure (black dotted line) where also
two distinct distorted-perovskite pseudocubic unit cells are highlighted (orange dotted line).
In the pseudocubic representation it is easy to recognize that also for the LAO substrates two

Figure 4.2: Schematic view of the LAO rhombohedral crystal structure. Highlighted are also two distinct perovskite
cubic unit cells with lattice parameter of apc = 0.3786 nm.

different chemical terminations are possible. As a result, like for the STO substrates, it seems to
be the case that etching and annealing treatments are required to achieve the desirable smooth
single terminated surfaces. Nevertheless it has been demonstrated that only by means of an
annealing procedure single terminated atomically flat surfaces can be obtained [99]. Precisely
an AlO2-terminated LAO substrate can be obtained by only an annealing procedure. In this
regard the annealing time is a key parameter that can be modified accordingly to optimize
the morphology. Indeed Figure 4.3 shows the morphology of the same LAO substrate, cut
in two pieces, each of which has undergone a different annealing procedure. Figure 4.3a
shows the morphology of an LAO(001) substrate annealed for 2 hours at 1000 ◦C. Although
the terrace step-like structure is quite well defined, the surface of each single terrace is not
flat. Indeed the scan line profile shown in Figure 4.3b demonstrates that surface pores are
present. Increasing the annealing time to 10 hours, the pores (darker contrast in the previous
AFM image) completely disappear, and as shown in Figure 4.3c, an atomically flat surface
can be achieved. Annealing experiments carried out for 10 hours gave the possibility to the
surface atoms to occupy the positions where they are expected to have the lowest energy.
Moreover, from the phase image Fig. 4.3d of the AFM image shown in Fig. 4.3c, due to a
uniform contrast color a single chemical termination can be envisaged. The procedure of plane
flattening (not shown here), performed using the free software WSxM (WIndows Scanning
x = Force, Tunneling, Near Optical, ... Microscope), revealed in average steps of single unit
cell height, i.e. 0.378 nm, as expected from the pseudocubic notation.
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Figure 4.3: a) AFM image of a LAO substrate annealed for 2 hours at 1000 ◦C. The related scan line profile (b) clearly
shows a step-edge surface characterized by the presence of pores on the terraces. c) AFM image of a LAO substrate
annealed for 10 hours at 1000 ◦C demonstrating a surface completely flat with the related phase image (d) showing a
single color contrast characteristic of single-terminated surfaces. All the AFM images are 4×2µm2.

4.1.3 Lanthanum strontium aluminum tantalate (La,Sr)(Al,Ta)O3 (LSAT)

LSAT single crystals belong to the family of mixed perovskites (AA’)(BB’)O3, crystallograph-
ically defined in the space group Pn3̄m with lattice parameter a = 0.7720 nm. Figure 4.4 shows
the unit cell where the mixed occupancy of each cation site is visualized using balls of same
color. The as-received LSAT(001) substrates show double terminations like in the case of the

Figure 4.4: Schematic view of the LSAT mixed-perovskite unit cell.

other substrates. In order to achieve the formation of steps with unit-cell height, preferentially
A-site terminated, a special annealing procedure, as outlined in a recent work [100], has been
followed. Specifically the annealing procedure has to take place in a controlled lanthanum
pressure in order to keep the ratio between the A type cations at the substrate surface accept-
able. To obtain a sufficiently high lanthanum vapor pressure during the annealing, one LAO
substrate was positioned on top of the LSAT single crystal in the form of a bridge. As a re-
sult, all the LSAT substrates were annealed using the LAO-bridge setup at the temperature of
1200 ◦C for two hours. The result of this procedure is depicted in Figure 4.5, where the topog-
raphy image (left) and the related phase image (right) are shown. The terrace-step morphology
is successfully recovered without any SrO segregation. Some sinks are nevertheless present in
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Figure 4.5: Atomic force microscopy images (4×2µm2) of an LSAT substrate after annealing in a controlled lanthanum
atmosphere. Surface profile (left) and related phase image (right) demonstrate a step-terrace structure and the complete
absence of two different chemical terminations.

the morphology. The measured step height of ∼ 0.384 nm is comparable with half the c-axis
lattice constant value of LSAT.

4.2 Growth and physical properties of LSMO(x = 0.175) thin films

The interesting functional properties exhibited by the perovskite LSMO have been extensively
investigated through recent few years and partially reviewed in Ref. [101]. In this respect, a
massive number of reports can be found in the literature covering quite consistently the entire
range of doping x. Nevertheless, the particular compositional doping used in this Thesis, i.e.
x = 0.175, is rather poorly explored, especially for thin films. Considering the electronic phase
diagram of bulk LSMO (shown in Fig. 2.2b), as already briefly discussed in the chapter 2.1,
a transition between the metallic and the insulating phases, with a TC of ∼280 K, is exhibited
at the nominal level of doping of x = 0.175. Moreover, the latter peculiar transition at that spe-
cific doping level is also accompained by a structural transition, as already illustrated in Fig.
2.5. LSMO thin films grown with a nominal level of doping lying just at the border between
two or more electronic ground states should be characterized by an increased sensitivity to
external stimuli (such as the ferroelectrically induced electric field). This assumption here mo-
tivated the choice to study LSMO thin films with x = 0.175. As already highlighted by Ahn and
co-workers in [102], when strongly correlated oxides are used as sensitive material in prototyp-
ical ferroelectric field effect devices (FeFEDs), due to the relatively high carrier concentration
(order of 1021 charge cm−3) to which corresponds a screening length of a few Angstroms (as
obtained in the framework of the Thomas-Fermi model, see formula 3.1), ultrathin layers are
indispensable to have a measurable field effect. Consequentially several growth experiments
were necessary to study the (magneto)transport properties of the LSMO thin films exhibiting
different misfit strain and thickness values. The data obtained in this direction are shown in this
section along with the structural and the morphological characterizations as well. Moreover,
also a magnetic characterization will be introduced. For sake of simplicity hereafter in this
Thesis the acronym LSMO will indicate only thin films grown with x = 0.175.

4.2.1 Crystallographic and morphology properties on different substrates

The growth of LSMO thin films was optimized onto STO(001) single crystal substrates, tun-
ing the deposition temperature and the oxygen background pressure in the PLD chamber. As
a result of several growth experiments, values of 600◦C and 0.20 mbar turned out to be the
best choice for the deposition temperature and for the O2 background pressure, respectively.
The laser fluence has been fixed around the value of 0.4 mJ/cm2, taking into consideration the
possibility to have a well-confined plume with boundaries at two-thirds of the substrate-target
distance. Moreover, all the samples were slowly cooled down to room temperature in an O2
background atmosphere of 100 mbar. The root-mean-square (rms) surface roughnesses of all
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the LSMO thin films grown, determined by AFM, was less than 0.2 nm. As already discussed
previously, the bulk LSMO is lying just at the border of a structural transition, i.e. between
the O∗ orthorhombic towards the rhombohedral crystal structure as x is increased. However,
when thin films are considered, the structural/electronic phase diagrams undergo relevant mod-
ifications due to the presence of external parameters such as strain, possible oxygen vacancies
and thickness value. For this reason, from the structural point of view and mainly for sake

Figure 4.6: a) θ -2θ XRD pattern of a 50 nm thick LSMO film grown on top of a STO(001) single crystal substrate.
The LSMO peaks completely overlap the STO ones. In b) the related AFM image (4×2µm2) reveals a completely
smooth surface free of precipitates with a rms surface roughness of 0.19 nm. c) θ -2θ XRD measurement (blue curve)
acquired for a 5 nm thick LSMO film around the (002) reflection of the STO. The red curve indicates the result of the
fitting procedure. From the minimum of the root-mean-square deviation curve (d), the value of (0.391±0.001) nm for the
LSMO out-of-plane lattice parameter is estimated.

of simplicity, the pseudo-cubic notation is commonly employed. Indeed, basically repeating
what has been already explained in section 2.1, thin films of La1−xSrxMnO3 show a slightly
distorted perovskite unit cell that can be further distorted depending upon the choice of an ap-
propriate substrate. Specifically, as the effect of a different accomodation of the misfit strain,
distinct JT distortions, along with appropriate oxygen octahedral rotations, can emerge which
in turn affect the transport and the magnetic properties of the manganite system [35]. Accord-
ing to Ref. [19] the pseudo-cubic lattice constant of the bulk La1−xSrxMnO3 compound ranges
between apc = 0.391 nm at the level of doping x = 0.15, to apc = 0.388 nm at x = 0.3. Moreover,
as already introduced in section 2.1 it emerges that the LSMO in the O∗ orthorhombic struc-
tural phase is actually more close to a (pseudo)cubic unit cell with a = 0.391 nm. Interestingly,
Figure 4.6a shows the XRD pattern obtained from a 50 nm thick LSMO film grown onto a STO
substrate. Only the peaks corresponding to the latter can be easily distinguished. The overall
absence of other peaks (not considering the one indicated by the green asterisk since it corre-
sponds to a spectral line of the copper x-ray source) demonstrates, primarily, a fully epitaxial
growth of the LSMO thin film on top of the STO, and next, a very low (practically absent)
mismatch between the LSMO and the substrate in-plane lattice parameters. In order to get a
better insight of the latter result, a XRD θ -2θ scan was acquired for a ultrathin (i.e. 5 nm) layer
of LSMO which is shown in Figure 4.6c, along with the result of a fitting procedure described
in Ref. [103] (see, for example, the red curve). Accordingly, from the fitting procedure an out-
of-plane lattice parameter identical to the in-plane parameter of the STO(001) was obtained.
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Precisely, the red solid curve in Fig. 4.6c shows the result of a fully dynamical simulation ob-
tained using as fixed parameter the value of 5 nm for the LSMO thickness which was the result
of a transmission electron microscopy (TEM) technique investigation. The satisfactory match
between the measured oscillations around the (002) peak of the STO and the fitting curve oc-
curs when the out-of-plane lattice parameter of the pesudo-cubic structure of the LSMO is
precisely aLSMO

pc = (0.391±0.001) nm (see the rms deviation curve in Fig. 4.6d). As a result, it
can be claimed that the LSMO grows as a real (pseudo)cube onto a STO(001) single crystal
with a lattice parameter value as obtained from the fitting procedure. Moreover, this result is
further substantiated by the morphology characterization undertaken for the same 5 nm thick
LSMO film. In this respect, Figure 4.7a shows the related AFM image where the atomically
flat surface, characterized by the complete absence of islands, demonstrates firstly a proper
optimization of the deposition parameters and, secondly, the cube-on-cube growth. Indeed, as
a result of the flattening procedure which is shown in Figure 4.7b, the related cross-sectional
profile, which is further shown in Figure 4.7c, proves an averaged step height of ∼0.4 nm, that
confirms the previous crystallographic result. Accordingly, from a cube-on-cube growth mode
the step height value should correspond to the out-of-plane lattice parameter of the crystal
structure related to the thin film. Additionally, also LAO and LSAT single crystals were used

Figure 4.7: a) Topography image (2×2µm2) of a 5 nm thick LSMO film grown onto a STO(001) single crystal. b)
Flattened image with related scan-line profile (c) from which a step height of ∼0.4 nm is obtained.

as substrates for the LSMO growth. Considering the previous calculated lattice parameter
value for the LSMO, i.e. aLSMO

pc = (0.391±0.001) nm, a compressive strain state is expected in
both cases of growth onto the two aforementioned substrates. Interestingly, the growth exper-
iments were carried out using the same optimized PLD parameters as for the STO substrates.
Figures 4.8a,c show the XRD patterns obtained from a 25 nm thick LSMO film grown on top
of LAO and LSAT single crystals, respectively. The growth is epitaxial and no spurious phases
are present. By analyzing the diffraction patterns, the two out-of-plane pseudo-cubic lattice
parameters of cpc = (0.402±0.001) nm and of cpc = (0.392±0.001) nm are calculated for the
LSMO grown onto LAO and LSAT single crystals, respectively. Cube-on-cube growth is also
demonstrated. Indeed, Figures 4.8b,d show the topography images characterized by an atomi-
cally flat surface with a step-terrace structure. Reciprocal space mapping (RSM) measurements
acquired at room temperature around the (103) reflection of the LSMO grown onto LAO and
LSAT substrates (see Figures 4.8e,f respectively), reveal a completely strained LSMO film
in both cases. Indeed the peaks corresponding to the LSMO layers, that are 5 nm thick on
the LAO substrate and 25 nm on the LSAT substrate, are perfectly aligned to the correspond-
ing substrate peak (the vertical dotted line represents a guide to the eyes). Considering the
lattice parameter values of the pseudo-cubic unit cell of the LAO and LSAT substrates (viz.
aLAO

pc = 0.378 nm and aLSAT
pc = 0.386 nm), an in-plane compressive strain state of -3.44 % and of

-1.30 % can be calculated for the LSMO layers, respectively.
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4.2 Growth and physical properties of LSMO(x = 0.175) thin films

Figure 4.8: a) θ -2θ XRD pattern of a 25 nm thick LSMO film grown on LAO single crystal. b) The related topography
image (4×2µm2) with a calculated RSM surface roughness of 0.18 nm. c) θ -2θ XRD pattern of a 25 nm thick LSMO
film grown on top of a LSAT single crystal. d) The related topography image (4×2µm2) with a calculated RSM surface
roughness of 0.21 nm. e) Reciprocal space map of a 5 nm thick LSMO film around the (103)pc family plane of the LAO
substrate. f) Reciprocal space map of a 25 nm thick LSMO film around the (103) family plane of the LSAT substrate. In
both cases the LSMO is completely strained.

4.2.2 Functional properties: magnetotransport and magnetic characterizations of
LSMO thin films

As already pointed out before, an important step during the characterization of the LSMO thin
films, in particular for a successful achievement of the ferroelectric field effect experiments, is
the study of the magnetic and transport properties. In this respect a short discussion regard-
ing the observed variations of the functional properties exhibited by LSMO thin films grown
on different substrates and using different oxygen partial pressure (i.e. PO2) is given here.
The transport measurements were performed mainly using the Van der Pauw technique [104].
Hence, the edges of the (5×5) mm2 samples were contacted by copper wires using silver paste
as the optical microscope image shows in the upper part of Figure 4.9 where also a schematic
representation of the two Van der Pauw configurations used for the measurement of the sheet
resistance and Hall coefficient are sketched. Source-meter and volt-meter are indicated by A
and V labels, respectively. Moreover, in the lower part of Figure 4.9 also a Hall bar (HB)
geometry is schematically shown along with the two possible configurations for the measure-
ments of the longitudinal and transversal resistance, i.e. Rxx and Rxy, respectively. Irrespective
of the measurement set-up used for the (magneto)transport characterization of the LSMO thin
films, a constant current I is injected and the voltage drop is monitored as a function of the
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4 Results on oxide growth and physical characterizations

Figure 4.9: (Upper part) Scheme of the Van der Pauw technique. The two configurations for resistance and Hall
coefficient measurements are schematically reproduced. An optical microscope image represents an example of sample’s
contact. (Lower part) Schematic representation of the Hall bar set-up employed for the measurement of Rxx and Rxy.

temperature and/or magnetic field. As a result, in Figure 4.10a (4.10b), resistivity ρ(T ) and
magnetization M(T) curves are shown, as a function of the temperature for a 50 nm thick
LSMO film, grown on top of a STO(001) single crystal with PO2 = 0.15 mbar (PO2 = 0.2 mbar).
The related AFM images are shown in the insets of the two graphs as well. The acquired
ρ(T ) curves show the typical temperature dependence of the perovskite manganite [19]. An
insulating (in the sense of dρ/dT < 0 ) behavior is observed at high temperature and a metal-
lic (dρ/dT > 0) behavior is characteristic of the low temperature region. At the temperature
TIM, the insulator-to-metal transition is found (see black dotted lines in both graphs of Fig.
4.10). Due to the magnetoresistance effect, the transition is practically suppressed when an
external magnetic field H is applied along one particular crystalline direction, and the overall
resistivity decreases. The latter effect is properly displayed in the two graphs of Figure 4.10,
where the two red ρ(T ) curves were acquired with an external magnetic field of 5 T applied
along the out-of-plane direction. The DE mechanism qualitatively accounts for the magnetic
nature of the insulator-to-metal transition, and the experimental proof is given in both graphs
of Figure 4.10. Specifically, highlighted by the vertical dotted line is the expected correspon-
dence between the LSMO insulator-to-metal transition, and the onset of the magnetization:
TIM and TC almost overlap. Indeed, when the LSMO becomes ferromagnetic for temperature
values lower than TC, the observed metallic behavior can be qualitatively ascribed to the DE
model as introduced in section 2.1.1. The influence of PO2 on the transport properties of the
LSMO is obvious. An increase of the PO2 value, from 0.15 mbar to the value of 0.2 mbar,
improves the metallicity of the LSMO. Indeed the overall resistivity value is lowered when the
deposition is carried out with 0.2 mbar: the measured residual resistivity at 20 K is equal to
0.5 mΩcm to compare with the higher value obtained at 0.15 mbar, i.e. ∼3 mΩcm. Moreover,
TP is shifted to a higher temperature, from 301 K obtained with a value of PO2 = 0.15 mbar to
311 K for PO2 = 0.2 mbar. The same trend is also experienced by the M(T) curves: a higher
TC and a higher magnetization saturation are exhibited by the film grown with PO2 = 0.2 mbar.
Specifically, the relation M(0.2 mbar)>M(0.15 mbar) is obtained. It is clear that the PO2 value
influences the functional properties of the LSMO thin films. The role played by the oxygen va-
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Figure 4.10: Resistivity and magnetization curves as a function of the temperature acquired for two 50 nm thick LSMO
layers grown on top of STO(001) single crystals. Two different PO2 of (a) 0.2 mbar and (b) 0.15 mbar were employed.
For the transport measurements H was applied along the out-of-plane [001] direction of the sample. The magnetization
was acquired with µ0H = 0.1 T applied along the [110] direction (diagonal of the sample). The vertical dotted lines
represent a guide to the eyes, and they highlight the correspondence between TIM and TC. Atomic force microscope
images (3×1.5 µm2) are shown in the insets.

cancies is a rather common approach for a plausible explanation of the observed trends. Indeed
in Ref. [105] similar results have been shown. Here, the possible presence of oxygen vacancies
was considered as the main cause of the worsening of the transport and magnetic properties
of the studied manganite thin films. However, it has also been demonstrated in Ref. [106] that
an increase of TIM and TC can be obtained in a completely opposite situation, viz. lowering
the PO2 background value. In this case the key point to consider regards the optimization of
the correct transfer of the stoichiometry from the target to the substrate. In this respect, the
insets of each graph of Figure 4.10 showing the AFM images of the two LSMO films, clearly
show that some precipitates are observed in the case of the LSMO grown with PO2 = 0.15 mbar.
Those precipitates are the consequence of an improper control of the cation stoichiometry in
the ablation process as reported in Ref. [107]. Along with the presence of precipitates, the
step-terrace structure of the vicinal substrate is nevertheless recovered, and the presence of the
small islands demonstrates a too high kinetic energy of the ad-atoms. Indeed the latter can be
decreased, increasing the oxygen pressure, and a very smooth surface, free of precipitates (see
AFM image in Fig. 4.10a), can be obtained. On the other hand, the decrease of the kinetic
energy of the ad-atoms can be achieved upon a proper tuning of the laser fluence, for instance.
However, the decision to keep the value of PO2 = 0.2 mbar was taken since the growth of the
subsequent ferroelectric oxide layer can be better achieved and controlled at relatively high
oxygen pressure values.
Important information regarding the transport properties (i.e. type, number and mobility of the

charge carriers), can be accessed performing Hall effect measurements. Figure 4.11a shows
the field dependence of the Hall resistance ρHall , acquired for a 22 nm thick LSMO film at
various temperatures. Asamitsu and co-worker studied [108] the Hall effect for single crystals
of La1−xSrxMnO3 at several x. Interestingly, a good agreement with the Hall data acquired
for thin films is found. Some of the LSMO films were patterned photo-lithographically in
a Hall bar geometry characterized by a 200µm long and 100µm wide channel. The trans-
verse resistivity ρxy, of the Hall bar configuration, was measured sweeping the external applied
magnetic field H from negative to positive values. In this way the even contribution in H
of the longitudinal resistivity ρxx, due to possible misalignment effects of the Hall bar leads,
was completely removed as explained in Ref. [109]. Hence, ρHall was obtained by averaging
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4 Results on oxide growth and physical characterizations

Figure 4.11: a) Hall resistance ρHall curves acquired for a 22 nm thick LSMO film versus H at temperatures from 20 K
to 340 K. b) Calculated Hall charge density (nHall) and mobility (µHall) as a function of the temperature. c) Intercept of
the ρHall curves at zero field from the linear part at high field versus ρ0

xx.

the value of ρxy acquired at opposite H, precisely: 2 ρHall = [ρxy(+H) - ρxy(−H)]. Since the
LSMO is ferromagnetic an anomalous Hall effect is expected, as observed in ferromagnetic
metals [110]. Indeed for temperatures well below TC (∼300 K) the ρHall curves follow the
phenomenological equation:

ρHall = ROB+µ0RSM,

where B = µ0H + µ0(1−N)M is the magnetic induction, RO and RS represent the ordinary and
the anomalous Hall coefficients, respectively. The demagnetization factor N due to the used
geometry (thin film) is almost one (N∼1), so that the small deviation in B from µ0H can be
neglected. For temperatures above 180 K, the ρHall curves undergo a relevant decrease with H,
reaching the minimum at H ∼1 T (anomalous Hall effect) and then they rise linearly for higher
field values (ordinary Hall effect). The sharp drop in ρHall almost vanishes for temperatures
below 180 K demonstrating a characteristic temperature dependence for RS. The theory, by
which the anomalous contribution to the Hall effect originates from an asymmetric scattering
of the charge carriers at the localized magnetic ions [111], is commonly accepted. Moreover,
it has been well established that the relation RS(T )∝ ρxx(T )n is valid also for oxide materi-
als [108]. The exponent n depends on the type of the scattering mechanism involved in the
transport: n = 1 for skew scattering and n = 2 for side jump scattering [110].
Through a linear fit in the high-field region (H > 1 T) of the measured ρHall curves, the ordi-
nary Hall coefficient RO, and the anomalous Hall coefficient RS (intercept at zero field) can
be calculated. M can be considered a constant since at high field it is saturated. Assuming as
valid the relation nHall = 1/eRO which has been obtained for a single-band material [29], the
Hall charge carrier density can be easily calculated as well. Figure 4.11b shows the temper-
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ature dependence of nHall (black line) together with the calculated Hall mobility (red curve)
µHall = RO/ρ0

xx, where ρ0
xx is the longitudinal resistance measured at zero magnetic field. Both

nHall and µHall smoothly increase as the temperature is decreased. A relatively high value
of 1021 holes ·cm−3 for the Hall charge density, and a relatively small value ∼1 cm2V−1s−1

for the mobility were measured. This demonstrates that the LSMO thin films behave like a
bad metal where the charge carriers are holes (positive slope of ρHall). Furthermore, plotting
the RS(T ) coefficient against the corresponding ρ0

xx(T ) values in the region of high temper-
ature values (i.e. from 300 K down to 180 K), a relevant information about the anomalous
Hall effect can be inferred as well. Figure 4.11c shows the temperature dependence of the RS
coefficients versus the zero-field longitudinal resistance ρ0

xx for a 22 nm thick LSMO film. A
linear relationship between ρ0

xx and RS can be argued (see, for example, the dotted blue line in
Fig. 4.11c). Since n∼ 1, a skew scattering, arising from the spin-orbit coupling between the
magnetic moment and the charge carrier, may be suggested. Indeed in a material, where the
DE mechanism is proved to determine the transport below TC, the magnetic scattering or the
spin-disorder scattering is expected to be the main scattering process in the system, as already
obeserved in Ref. [108].
In the framework of the Thomas-Fermi model [102] a screening length, i.e. the distance over
which external applied electric fields are screened in the material, of only a few Angstroms is
obtained considering the concentration of holes measured at room temperature of∼1021cm−3.
This means that, as already highlighted before, in order to have a measurable modulation of
the (magneto)transport properties of the LSMO through a field effect approach, ultrathin films
need to be considered. Accordingly, a systematic study regarding the thickness dependence of
the LSMO transport properties was performed in order to determine the minimum thickness
at which an insulator-to-metal transition was still observed. Figure 4.12a shows the transport

Figure 4.12: a) Temperature dependence of the resistivity acquired for unpatterned LSMO layers of various thicknesses
grown on top of STO single crystals. b) Temperature dependence of the resistivity acquired for 5 nm thick LSMO films
grown on STO, LAO and LSAT single crystals, respectively.

measurements on a series of LSMO thin films of various thicknesses grown onto STO single
crystals. It is worth to note that LSMO films grown with thicknesses higher than 4 nm exhibit
the characteristic insualtor-to-metal transition as described before. Upon the decrease of the
thickness, a concomitant lowering of TIM is experienced as well, and for the nominal thickness
value of 4 nm no transition is found anymore. This feature is commonly addressed invoking the
presence of a dead layer. Ultrathin layers (≤ 4 nm in this case) of LSMO show a complete in-
sulating behavior, and a proper understanding of the physics involved in this mechanism is still
missing. Regarding the ferroelectric field effect experiments, described in the next section 5.3,
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the minimum thickness value of 5 nm (still characterized by an insulator-to-metal transition)
was chosen for all the PZT/LSMO heterostructures investigated. Moreover, relevant informa-
tion regarding the tranport properties were obtained exploring the role of the strain induced by
using different substrates as well. Specifically, 5 nm thick LSMO films were grown onto STO,
LAO and LSAT single crystals, and the transport measurements are shown in Figure 4.12b. The
LSMO film grown on top of the STO shows the already discussed insulator-to-metal transition
at ∼250 K and it undergoes a second transition at ∼ 150 K, and below an insulating behavior
is recovered. This result is obtained only for 5 nm thick LSMO films demonstrating that the
thickness is in general an important parameter for the transport properties of oxides grown in
the form of thin films. Actually this observed upturn is the fingerprint of La1−xSrxMnO3 single
crystals with x = 0.15 [19], demonstrating to some extent that a decrease of the thickness value
of LSMO films implies a possible recovery of the typical physical properties of the low-doping
level region. The LSMO bulk electronic phase diagram indeed shows, at doping levels lower
than x = 0.175, an insulating electronic ground state. Moreover, as already reported in Ref. [36],
the transport properties of manganites are heavily depending on the electronic anisotropy aris-
ing from the different orbital occupation of the Mn 3d eg levels. Specifically, compressive
and tensile strains induce an elongation and a compression of the MnO6 octahedra, respec-
tively. As a result, the z2 or the (x2− y2) orbital state are lowered in energy for compressive
and tensile strain states, respectively. Accordingly, insulating and conducting behaviors are
triggered in the former and in the latter case, respectively. Indeed when a 5 nm thick LSMO
film is grown on an LAO single crystal, the transport properties show a completely insulating
behavior for the entire temperature range investigated, because of the compressive strain. Con-
sidering as pseudo-cubic lattice parameter for the LSMO film the one obtained on STO, i.e.
aLSMO

pc = 0.391 nm, a compressive in-plane strain εx = εy of almost -3% and -1% are obtained
on LAO and LSAT substrates, respectively. Although the LSMO exhibits a compressive strain
when grown on LSAT single crystals, the transport properties show a clear metallic behavior
even at low temperatures. Indeed in Figure 4.12b the upturn in the temperature dependence
of the resistivity is not anymore observed for the LSMO grown on LSAT single crystals. That
most probable might be ascribed to the fact that on LSAT the LSMO dead layer thickness is
lower than one experienced onto STO and LAO substrates.

4.3 Growth and characterization of PZT films

PZT is the ferroelectric material chosen as dielectric gate for the ferroelectric field effect de-
vice. Structural, morphological and ferroelectric properties of PZT films were investigated.
These properties are relevant in order to obtain good switching properties (low leakage, high
polarization and very good retention), combined with a morphology that in principle should al-
low a layer-by-layer growth of the subsequent LSMO layer. Part of the results collected during
the entire optimization and characterization procedure are shown here.

4.3.1 Structural, morphological and ferroelectric switching properties

The growth of epitaxial ferroelectric PZT layers was carried out mainly by using STO(001) sin-
gle crystals as substrates, buffered with a 5 nm thick LSMO film. It is needless to mention that
in order to allow the PZT polarization reversal, the presence of a bottom electrode is manda-
tory. The growth optimization was achieved mainly by varying parameters such as substrate
temperature and laser repetition rate. Throughout the entire set of deposition experiments, the
laser fluence and the oxygen pressure were kept constant at the values of 0.4 mJ/cm2 and of
0.28 mbar, respectively. The latter growth parameters were already optimized in a previous
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Figure 4.13: (Upper part) AFM images (0.5×1µm2) and hysteresis loops along with dynamical current-voltage char-
acteristics of three Cu/PZT/LSMO/STO capacitors grown at various temperatures. Each loop was acquired at 1 Hz. Top
electrode area was 60×60µm2. (Lower part) a) θ −2θ scans of 30 nm thick PZT films grown at three different tempera-
tures show a c-axis elongation of the tetragonal crystal structure as the temperature is decreased. b) ω-scans taken around
the (002) PZT reflection show the same degree of crystallinity for all three ferroelectric films. Gaussian fits of the rocking
curves (not shown) gave a value for FWHM of ∼ 0.12◦.

work. Figure 4.13 shows morphological, ferroelectric switching and structural characteriza-
tions of 30 nm thick PZT films grown at several temperatures with the repetition rate fixed at
5 Hz. Copper top electrodes of 60×60µm2 area were evaporated ex-situ on PZT, in order to
have a well-defined parallel-plate capacitor geometry. From the upper part of Figure 4.13 the
best combination of morphology and ferroelectric properties is given by the PZT films grown at
a temperature of 575◦C. The step-terrace structure resembles the original vicinal STO surface
and typical ferroelectric switching, corresponding to a high value of the remanent polarization
of ∼100µCcm−2 (calculated after the substraction of the contribution given by the leakage
current) is obtained. The structural properties of all PZT films displayed an intrinsic temper-
ature dependence. Indeed in Figure 4.13a, θ -2θ scans show a clear shift of the (002) PZT
peak position towards lower angle values as the temperature is decreased. Accordingly, the
tetragonal distortion becomes more pronounced: from cPZT = 0.426 nm calculated at 600◦C to
cPZT = 0.430 nm obtained at 550◦. Moreover, rocking curves shown in Figure 4.13b (centered
at the same ω value to be easily comparable) demonstrate that the degree of crystallinity is
constant for all growth temperatures. Through a Gaussian fit (not shown in the plot) a FWHM
value of ∼0.12◦ is obtained for all three samples. Usually thin films with a good level of
crystallinity are characterized by FWHM values less than 0.1◦. Further growth experiments
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Figure 4.14: (Upper part) AFM images (0.5×1µm2) and hysteresis loops along with the dynamical current-voltage
characteristics of two Cu/PZT/LSMO/STO capacitors grown at 575◦C with a repetition rate of 7 and 10 Hz. Each loop
was acquired at 1 Hz. Top electrode area was 60×60µm2. (Lower part) a) θ -2θ scans of 30 nm thick PZT films grown
at two different repetition rates show a c-axis elongation of the tetragonal unit cell as the repetition rate is increased. b)
ω-scans taken around the (002) PZT reflection show a higher degree of crystallinity when the repetition rate of 10 Hz is
used. A FWHM of ∼0.08◦ is the value obtained by a Gaussian fit of the rocking curve (not shown).

were required, and the influence of the laser repetition rate was studied. Figure 4.14 shows
the morphology, ferroelectric switching and structural characterizations of 30 nm thick PZT
films grown at a temperature of 575◦C by using two different repetition rates, i.e. 7 and 10 Hz.
A higher repetition rate improves the morphology of the PZT films and also the ferroelectric
switching properties (calculated polarization value higher than 100µCcm−2). In this case the
best combination can be considered the one of the film grown at 10 Hz where PZT films show
better morphology and an imprint-free switching with lower coercive voltage. Figure 4.14a
shows the θ -2θ scan of the film grown at 10 Hz and an out-of-plane lattice parameter equal to
cPZT = 0.429 nm is obtained. Moreover, the very small FWHM value (∼0.08◦) obtained from
the rocking curve depicted in Fig. 4.14b demonstrates a higher degree of crystallinity than pre-
viously reported. The same cPZT value obtained in this case was also observed for the PZT film
grown at a temperature of 550◦C. Figure 4.15 shows a high resolution TEM image taken on the
PZT/LSMO/STO sample grown at this high repetition rate along with a RSM taken around the
asymmetric reflection (103). A coherent growth of both oxide materials with a plane and sharp
interface is demonstrated (see Fig. 4.15a). This is an important point to highlight since a robust
ferroelectric field effect is highly depending on the quality of the oxide interface. Moreover,
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the RSM shows a completely strained film as expected for the relatively low thickness value of
30 nm.

Figure 4.15: a) High resolution TEM image of a 5 nm thick LSMO film used as bottom electrode for a ferroelectric
capacitor in the parallel plate geometry. The interface with the PZT (30 nm was the thickness) is sharp and plane and no
dislocations are present. b) RSM taken around the asymmetric reflection (103). A fully strained PZT film is observed.

4.3.2 Oxide electrodes for PZT films

The ferroelectric switching properties are not only depending on the intrinsic quality of the
ferroelectric oxide. The nature of the metal contact is of paramount importance for the magni-
tude of the leakage current measured between top and bottom electrode in a typical switching
experiment. Indeed in Ref. [112] it has been demonstrated that Cu top electrodes, forming
a better rectifying contact than other metallic materials such as Pt or Au, represent the best
choice for epitaxial PZT films. The choice to use Cu top electrodes to investigate the fer-
roelectric properties of the PZT thin films, is thus justified. Moreover, in this Thesis the
additional possibility to switch the ferroelectric polarization of a PZT layer by using LSMO
electrodes was considered as well. Figure 4.16 shows the (micro)structural characterizations
of a LSMO/PZT/LSMO/STO heterostructure characterized by thickness values of 5, 30 and
8 nm for the bottom LSMO, PZT and top LSMO layers, respectively. As a result, the θ -2θ

scan shown in Fig. 4.16a exhibits only peaks belonging to the (00l) family plane demonstrat-
ing a single c-domain state of the PZT layer. From the peak positions an out-of-plane lattice
parameter of 0.429 nm can be calculated. Moreover, from the rocking curve acquired around
the (002) PZT reflection and depicted in Figure 4.16b, the evident broadening of the PZT peaks
is also demonstrated (i.e. FWHM of ∼0.2◦). The latter can be attributed to a small presence
of a-domains. Actually from the reciprocal space map, shown in Figure 4.16c, the PZT film
embedded in the two LSMO layers is completely strained or, at least, the related RSM features
are very similar to the ones obtained for the PZT/LSMO/STO bilayer (see Fig. 4.15b) which
was characterized by a very small value of the FWHM parameter. Hence, a-domains should be
absent. To get more information the bilayer was investigated also by TEM, and Figure 4.16d
shows the obtained result. Though sharp and plane interfaces are easily recognizible, demon-
strating a coherent growth of the top LSMO layer as well, the presence of extended defects
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Figure 4.16: a) θ -2θ scan of a LSMO/PZT/LSMO/STO heterostructure. b) Rocking curve of the (002) PZT reflection
with a calculated FWHM parameter of ∼0.2◦. (c) RSM acquired around the (013) asymmetric reflection. d) TEM image
showing plane and sharp interfaces with some dislocations in the PZT and the top LSMO layers (orange arrows).

in the PZT film (see arrow in the TEM image) clarifies the very large value obtained for the
FWHM parameter. The extra time needed to grow the top LSMO layer most probably altered
the density of the extended defects and generated a broadening of the PZT peaks. Regarding
the top LSMO layer a dramatic change of the morphology and the transport properties can
be envisaged as well. In this respect, Figure 4.17b shows the surface morphology of the top
LSMO layer characterized by a massive presence of grains. The rms roughness of the surface
also largely increased, i.e.∼0.9 nm. From the line profile analysis of the AFM image the depth
of the valley between two grains is about one-third of the overall LSMO thickness. As already
highlighted before, the morphology of manganite thin films is an important parameter for the
transport properties. Figure 4.17a shows the temperature dependence of the top LSMO resis-
tance and, indeed, a completely insulating behavior is found on the entire range of temperature
investigated. Since the resistance of the top LSMO layer was very high at low temperatures, a
Keithley 6517B Electrometer (two-probe method) was necessary to use.
However, aside from these last results the improvement of the ferroelectric switching prop-
erties of a PZT thin film sandwiched between two LSMO layers by annealing was pursued.
In Figure 4.18a the schematic view of the Cu/LSMO/PZT/LSMO/STO capacitor structure is
shown. The top LSMO layer was chemically etched after the evaporation of the metallic Cu
contacts. All the switching experiments were performed at 100 Hz. In Figures 4.18b,c the
measured current-voltage characteristics for the capacitor in the as-obtained state and after an
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Figure 4.17: a) Insulating behavior of an 8 nm thick LSMO film grown on top of a PZT layer. b) AFM image
(10×5µm2) displaying the poor morphology with the related line profile scan (c) demonstrating the high rms rough-
ness of ∼0.9 nm.

ex-situ annealing procedure (300◦C for 1 hour) are shown, respectively. First, a lower polar-
ization value of ∼80µC/cm2 is measured, (a value of ∼100 µCcm−2 was obtained when the
metallic Cu top electrodes were evaporated directly on top of the free PZT surface), and fur-
ther, a large imprint suppressed the possibility to have a switchable system with two stable
polarization states. The measured asymmetry in the hysteresis loop was still present after the
ex-situ annealing procedure, demonstrating that the oxygen content might not play a role in
the explanation of the observed features. Indeed, a completely different result was obtained
decreasing the cooling rate of the heterostructures from 15◦C/min to 5◦C/min. Figure 4.18d
shows a completely imprint-free hysteresis loop. A clear understanding of the imprint in fer-
roelectric capacitors is still missing. Nevertheless, from the presented results it can be easily
evidenced that a careful control of the cooling rate is very important since the thermal stress of
each single oxide might play the relevant role for the polarization pinning of the PZT layer.

4.4 Magnetic properties of PZT/LSMO/STO heterostructures

As already pointed out before, the goal of the ferroelectric field-effect experiments is given
by the possibility to tune the magnetic properties of LSMO thin films by switching the PZT
polarization. For this reason, the magnetic characterization of simple LSMO/PZT bilayers was
necessary in order to gain information from the magnetic properties of the system as well. Ac-
cordingly, here, the magnetic properties of a PZT/LSMO/STO heterostructure, characterized
by thickness values of 5 and 150 nm for the LSMO and PZT layers, respectively, are discussed.
The different measurements performed gave information on the magnetic anisotropy of the
heterostructure. Precisely, the easy axis direction was determined, i.e. the crystallographic
direction that is energetically favorable for the alignment of the Mn magnetic moments. Gen-
erally, in the case of thin films, the magnetization is expected to lie always in the plane of the
film. In this respect, shape anisotropy and demagnetizing field energies play the main role.
Figure 4.19a shows the hysteresis loops obtained at 10 K, with H applied along the in-plane
[100] and [110] crystallographic directions. The diamagnetic contribution of the substrate
was subtracted from the linear fit made from the magnetization curve acquired up to 5 T. The
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Figure 4.18: a) Schematic view of the Cu/LSMO/PZT/LSMO/STO capacitor. b), c) Hysteresis loops and dynamical
current-voltage characteristics of the capacitor in the as-obtained state and after the annealing procedure, respectively. d)
Imprint-free hysteresis loop after a decrease of the cooling rate.

saturation magnetization is reached for an applied field of ∼0.5 T for both directions and is
equal to ∼2.3 µB/Mn. The remnant magnetization value measured along the [100] direction
is significantly smaller than the one measured along the [110] direction. This result has been
already observed for other LSMO doping levels [113]. As a result, the [100] and [110] direc-
tions represent the hard and easy axis, respectively. A difference of ∼0.7 µB/Mn between the
two different orientations is obtained. µB is the Bohr magneton. Also the coercivity fields are
slightly different between the two different orientations, ±44 mT and ±30 mT for [100] and
[110] directions, respectively. The temperature dependence of the magnetization, acquired at
two different magnetic fields and along the two different directions, are presented in Figures
4.19b,c. The measurements were performed in the field-cooling (FC) mode, i.e. a constant
applied magnetic field was switched on at 400 K, and the temperature dependence of the mag-
netization was recorded on cooling down the heterostructure to 4 K. Figure 4.19b shows the
results obtained for the small field of 2 mT applied along the hard and the easy axis, respec-
tively. Along the direction [110] the magnetization value almost reaches the saturation, i.e.
∼2.3 µB/Mn. A completly different scenario is obtained when the field is oriented along the
[100] direction. In this case, the magnetic moments are not capable to orient completely and the
smaller magnetization saturation value of ∼1.4 µB/Mn is recorded. This result confirms that
the [110] direction represents the easy axis for the magnetization. The TC of the heterostructure
is ∼265 K. On the other hand, Figure 4.19c shows the results obtained for the field of 0.5 T
applied along the hard and easy axis, respectively. In this case the externally applied magnetic
field is sufficient to saturate, in both directions, the magnetization value. Since each magnetic
moment experiences a low exchange energy, due to the presence of a large applied magnetic

52



4.5 Conclusion

Figure 4.19: a) Magnetic hysteresis loops of a LSMO/PZT/STO heterostructure. LSMO and PZT thickness is 5 nm and
150 nm, respectively. Magnetic field applied in plane along the [100] and [110] directions. b),c) Magnetization curves as
function of the temperature acquired applying a magnetic field of 2 mT and 500 mT along the easy axis (red curve) and
hard axis (black curve), respectively.

field, the TC value measured is shifted to a higher temperature region (∼300 K). The saturation
value of the magnetization along the two different orientations turned out to be the same, i.e.
all the magnetic moments are aligned along the two different orientations.

4.5 Conclusion

Table 4.1 lists the optimized deposition parameters for both oxide materials used in this Thesis.
A highly oxidizing atmosphere is the optimal growth condition for both oxides. Structural and
TEM-based analysis revealed that highly epitaxial LSMO and PZT thin films were grown on
different substrates. A coherent growth is achieved for the PZT/LSMO heterostructures, and
morphological investigation showed smooth and atomically flat surfaces of both oxides. More-
over, (magneto)transport characterizations of bare LSMO films showed the typical insulator-
to-metal transition, and thickness-dependent measurements demonstrated that for the chosen
level of doping, i.e. x = 0.175, the latter is still observed for LSMO films with thickness val-
ues higher than 4 nm. The properties were completely different when the LSMO layers were
grown on top of the PZT layer. In this latter situation LSMO shows a completely insulating
behaviour also for a thickness value of∼5 nm. The relatively high resistance, as will be shown
in the next chapter, hides the expected interfacial field effect and, hence, the modulation of the
magnetic and (magneto)transport properties of the electrostatically gated LSMO layer. Dif-
ferent characterizations like dichroic x-ray absorption spectroscopy (see, for example, 6) were
necessary to investigate the effective ferroelectric field effect on LSMO thin films grown on
PZT in suitably patterned LSMO/PZT/LSMO/STO heterostructures.

Table 4.1: Deposition parameters

Oxides Temperature PO2 Fluence Repetition Rate Cooling Rate
[◦C] [mbar] [J/cm2] [Hz] [◦C/min]

LSMO 600 0.2 ∼ 0.4 1/2 5
PZT 575 0.28 ∼ 0.4 10 5
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5
Magnetotransport and magnetic characterization of ferroelectric

field effect devices (FeFEDs)

The following chapter focuses on the studies of (magneto)transport and magnetic properties
of LSMO thin films as function of the PZT polarization (P) direction, undertaken on proto-
typical ferroelectric field effect devices (FeFEDs). To allow the study of the field effect only
in correspondence to the switched area of the FeFEDs, a specific engineering process of the
(top electrode)/PZT/LSMO heterostructures was necessary. In this respect, the efforts to obtain
pre-patterned Hall bar masked substrates are discussed here as well. The LSMO ultrathin film
of the FeFED accomplishes a two-fold function such as a sensitive material (channel) and a
bottom electrode of the device itself. Experimentally, the majority of carriers in the LSMO
layer are electrostatically accumulated/depleted at the LSMO/PZT interface upon the reversal
of P. With reference to Figure 5.1 the meaning of accumulation and depletion states are here

Figure 5.1: Schematic representation of a ferroelectric field effect device (FeFED). The accumulation (left) and deple-
tion (right) states are represented.

introduced through the following argument. As already highlighted in the previous chapter
the majority of carriers in the channel are holes. Correspondingly, upon the application of a
negative voltage to the top electrode of the FeFED, P is switched as pointing upward and, con-
sequently, the electric field generated by the negative polarization charges at the LSMO/PZT
interface is screened by an accumulation of holes (see left side of Fig. 5.1). Regarding the
opposite situation, i.e polarization pointing downward, a depletion of holes at the LSMO/PZT
interface is realized (see right side of Fig. 5.1). As a result, a reversible P-control of the
onset of the ferromagnetic order and the modulation of the temperature dependence of the re-
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sistance ρ(T ), regarding the gated LSMO thin film is achieved. Moreover, also anisotropic
magnetoresistance (AMR) measurements, as function of the P direction, are presented here.
The magnetic field H was applied in a plane perpendicular to the current density J, and the
obtained electrostatic modulation of the anisotropy field values Ha are explained introducing a
possible modulation of the interfacial magnetic anisotropy of the gated LSMO layer.

5.1 Engineering of the FeFEDs for magnetostransport and magnetic
studies

In order to unambiguously study the magnetotransport properties of the LSMO as a function
of the P direction, a suitable measurement geometry has been considered, i.e. a Hall bar (HB)
geometry. As a result, a feasible patterning of the heterostructures represents a procedure as
complex as necessary. Accordingly, the ”top-down” method is generally used. The latter is
based on two different modi operandi which include dry or wet etching procedures. Linked to
them are some drawbacks, such as the non-enviroment friendly character and the high prob-
ability of unwanted ion implantation for the wet and dry etching methods, respectively. For
this reason, as pointed out by Banerjee et al. in [114], both aforementioned approaches can
be completely avoided when a high temperature stable sacrificial oxide mask is suitably de-
signed. Along this direction, almost all the FeFEDs studied in this Thesis were engineered
using amorphous aluminum oxide (AlOx)-masked substrates. As a result, an in-situ growth of
the LSMO and PZT oxides in a pre-patterned HB geometry was possible. Accordingly, Figure

Figure 5.2: Schematic view of the several steps required to prepare the sacrificial AlOx hard mask.

5.2 shows a schematic view of the several steps required to prepare the sacrificial AlOx hard
mask. First, a photolithographic process was necessary to pattern the HB geometryi directly
onto the different substrates. Thereafter, a very thick layer of AlOx (∼ 200 nm) was deposited
by sputtering an aluminum target under 2.5 mbar of gas mixture (90%Ar/10%O2). Henceforth,

iThe photomask that was used to tranfer the HB geometry onto the several substrates, was custom-designed by using the software Layout.
Afterwards, the company Compugraphics Jena GmbH was charged for the realization of the quartz glass with an opaque chrome layer
shaped as the wanted HB geometry.
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a lift-off process performed using organic solvents provided substrates completely covered by
an amorphous AlOx layer appropriately patterned for the HB geometry. As a result, the epitax-

Figure 5.3: (Left side) Optical image of the FeFED after the evaporation of the copper top electrode. (Right side)
Dynamical current-voltage characteristic with related calculated polarization hysteresis curve. A polarization value higher
than 100 µCcm−2 can be obtained for the FeFED grown on top of a STO single crystal with 5 and 170 nm thick LSMO
and PZT layers, respectively.

ial growth of the LSMO and PZT oxides was achieved only in the region where the substrate
was unmasked by the AlOx layer. Subsequently, in order to allow the PZT polarization rever-
sal only in the restricted area corresponding to the HB channel area, an appropriate copper top
electrode was evaporated. Figure 5.3 shows the optical image of the FeFED after the evapo-
ration of the top electrode (left side). I+, I− and V+, V−, VH indicate the current and voltage
pads of the HB geometry, respectively. Scratches were made manually with a diamond-coated
tip through the PZT layer in order to contact the LSMO pads with simple copper wires by using
silver paste. The 200µm long and 100µm wide area, delimited by the contact legs V+ and
V−, corresponds to the channel of the HB geometry. The right side of Figure 5.3 shows the
ferroelectric switching features of a FeFED grown onto an STO substrate with 5 and 170 nm
thick LSMO and PZT layers, respectively. Successfully, a saturation polarization value of
∼100µCcm−2 was measured, as expected for high quality PZT films [49].
On the other hand, Figure 5.4a shows the schematic view of the device used for the in-situ
P-dependent magnetometer experiments. In this respect, the magnetic characterization of the
LSMO/PZT heterostructures was a challenging task, since it requires large-scale samples (sev-
eral mm2) and also the possibility to reverse the ferroelectric polarization without removal of
the device from the SQUID. As a result, in order to study the influence of the P-reversal on the
magnetic properties of the LSMO, capacitors exhibiting relatively large area were necessary.
Accordingly, the improvement of the ferroelectric properties of the PZT was indispensable in
order to reduce the leakeage current and, hence, allow the switching of large area-capacitors. In
this case, the PZT/LSMO/STO heterostructures were not patterned and after the PLD growth,
by using a metallic shadow mask, nine gold top electrodes were evaporated on top of the
(3x3) mm2 area sample. The area of each top electrode was measured through an optical mi-
croscope which in average turned out to be equal to (0.64±0.01) mm2. As schematically shown
in Fig. 5.4a, the top electrodes were contacted in parallel in groups of three (also in this case
through simple copper wires and silver paste), in order to allow the simultaneous ferroelectric
switching, keeping the underneath LSMO layer to ground, as sketched in the cross-section
shown in Fig. 5.4a. As a result, Figure 5.4b shows the PUND voltage train pulse used to
switch the polarization (see section 3.4) of all the capacitors connected in parallel. An oscillo-
scope was used to acquire the dynamical voltage-time signal from the FeFED in response to the
PUND. The calculated current (the internal resistance of the oscilloscope was equal to 50 Ω) as
a function of the time is displayed in Fig. 5.4b. Here it is possible to see the clear difference be-
tween the two current pulses ISW and Ileakage, obtained during the P and U pulses, respectively.
The larger value of the current obtained while applying the P pulse accounts for the ferro-
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Figure 5.4: a) Schematic view of the FeFED for the in-situ SQUID measurements. The P switching was allowed only
in correspondence of the 9 capacitors (see cross section view). b) Switching features of 3 capacitors connected in parallel.
The PUND signal (left side) was sent to the FeFED by using a function generator and the switching current peaks (right
side) were acquired by using an oscilloscope.

electric switching. The leakage current (due to the electronic transport across the capacitor)
is obtained while applying the U pulse. Similar behavior can be inferred from the subsequent
N and D pulses. Consequentially, by integration over time of the obtained free-leakage cur-
rent peak (i.e. U(D)-P(N)), normalized to the total electrode area and averaged between both
voltage polarities, a total amount of switchable polarization of ∼100µC/cm−2 was obtained.
Hence, after the successfull confirmation of the proper switchability, the FeFED was mounted
on a custom made copper rodii providing the necessary electrical connections. To account for
the magnetic signal coming from the connection setup and from non-uniformities close to the
FeFED, a background signal was acquired well above the TC of the LSMO (i.e. 350 K), which
was subtracted in the subsequent measurements at lower temperatures. The latter was possible
since both diamagnetic and paramagnetic contributions are considered basically temperature
independent (at least in the temperature range of interest).
Moreover, since the ferroelectric field effect is in principle an interface effect [115], the quality
of the LSMO/PZT interface is an important issue which needs to be investigated. As a mat-
ter of fact, during the relatively high temperature growth of the oxides, interdiffusion of some
more mobile elements (such as Pb in the case of PZT), could deteriorate the interface qual-
ity. For this reason the control of the layer-by-layer growth of the oxides is an important step
along the direction of successful field effect experiments. In the previous chapter the plane and
sharp LSMO/PZT interface has been already shown. Here, in order to confirm (at least within
the experimental errors) the absence of interdiffusion effects, energy dispersive x-ray analysis

iiThanks are given to Francis Bern of Leipzig University.
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Figure 5.5: In a) the HAADF/STEM characterization of the PTZ/LSMO/STO heterostructure is shown. The two figures
in b) show the two-dimensional Mn and Pb elemental distributions at the crossing PZT/LSMO interface area (indicated
in a) by the red square) measured by EDX.

(EDX) measurements are shown as well. The latter were perfomed by using a scanning trans-
mission electron microscopeiii recording the x-ray intensity, in a cross section of the sample,
along a line across the sample interface and calculating the spatial distribution of the selected
elements (Mn and Pb in this case) with an accuracy of a few percent. Figure 5.5 shows the
EDX measurement results. Figure 5.5a shows a high angle annular dark field (HAADF) scan-
ning transmission electron microscopy (STEM) image of a PZT/LSMO/STO system and Fig.
5.5b shows the two-dimensional Mn and Pb spatial element distributions at the PZT/LSMO
interface area (indicated by the red square) measured by EDX. For the semi-quantitative anal-
ysis the Mn-Kα and the Pb-Lα x-ray peaks were used. Due to the abrupt color gradient in the
Fig. 5.5b, the two-dimensional EDX map demonstrated the absence of a Pb diffusion from the
PZT into the underneath LSMO thin film.

5.2 P-dependent in-situ SQUID measurements

Magnetization measurements were carried out in a Superconducting Quantum Interference
Device (SQUID, Quantum Design MPMS-7) in DC mode with a custom made sample holder
equipped with copper wires to allow the in-situ P-switching. Moreover, all the copper contact
parts were properly organized in order to extend uniformly along the whole sample region, and
the measurements were performed by orienting the externally applied magnetic field along the
[100] STO orientation (in-plane geometry). Upon the application of a +5 V (-5 V) pulse the
PZT polarization was switched to point downward (upward), in order to induce the depletion
(accumulation) state (see cross-section in Fig. 5.4a). Figure 5.6 shows the in-situ P-dependent
magnetometer experiments of a FeFED characterized by 5 and 100 nm thick LSMO and PZT
layers, respectively. First, the device was switched into accumulation (-5 V voltage pulse) at
the temperature of 300 K, and then the magnetization M was acquired as a function of the tem-
perature until T = 4 K (see solid red dots in Fig. 5.6a). Afterwards, P was switched, again at
300 K, pointing downward, i.e. the depletion state was achieved (+5 V voltage pulse). Cor-
respondingly, M was measured in the same temperature range (see solid black dots in Fig.
5.6a). As a result, a clear modulation of TC and M upon the ferroelectric switching is obtained.
iiiThanks are given to Dr. Eckhard Pippel for the EDX measurements.
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Figure 5.6: a) Temperature dependence of the magnetization for both polarization states acquired in field cooling
with H=10 mT. The result is completely reproducible. b) Calculated difference of the magnetization values measured in
accumulation and depletion states, respectively.

The latter result is in complete agreement with previous reports [80] and [116], for LSMO thin
films of a different Sr-content (i.e. x’ = 0.2). In order to verify the reproducibility of the SQUID
measurements, the device was switched back into accumulation, and as visualized in Figure
5.6a both measurements in accumulation (see red open and solid dots) match perfectly. By a
close inspection of the magnetization curves a TC shift of ∼11 K is obtained, from ∼249 K to
∼260 K, switching the device from the depletion to the accumulation state. Those temperature
values were estimated from a linear extrapolation to zero magnetization near the critical region,
as explained in Ref. [80]. This result is in complete agreement with a genuine charge-driven
effect: the higher TC value for the hole accumulation is considered to be consistent with the
trend reported by the electronic bulk phase diagram [11] of La1−xSrxMnO3 in the ferromag-
netic phase, where TC increases with Sr-content. For the temperature range 100<T< 250 K,
the measured value of M in accumulation is higher than that measured in depletion, since the
magnetic state, in accumulation, starts at higher TC than in depletion. The crossover related to
the temperature behavior observed at ∼50 K is not very distinct, but, nevertheless, it can still
be explained in the framework of the charge modulation. Indeed, in the case of manganite, M
varies with Sr-content, x, as (4-x)µB/Mn. As a result, in depletion an increase of M is obtained
with respect to the accumulation state. The latter trend is highlighted in Figure 5.6b, where
the calculated difference as a function of the temperature is shown regarding the magnetization
values measured in accumulation and depletion. As a result, this difference is mainly positive
(M in accumulation higher than in depletion) from 300 K until ∼50 K where the trend fully
changes sign. The maximum is obtained at almost 230 K with a magnetization modulation
of ∼1.5µemu at which, by using the LSMO thickness of 5 nm, a variation of total magnetic
moment between accumulation and depletion of 0.34 µB/Mn is calculated. By considering the
bulk phase diagram of manganite, a change of 0.34 µB/Mn in magnetic moment should be
accompained by the same magnitude change in x. Since the nominal value of the measured
LSMO is x = 0.175, it can be easily argued that the change in magnetic moment cannot be
simply accounted for by band-filling effects. The possibility that an accumulation of holes is
capable to create an antiferromagnetic (AFM) spin re-arrangement at the LSMO(x = 0.2)/PZT
interface could account for the observed large discrepancy, as proposed by Vaz and co-workers
in Ref. [79]. In spite of the reliability linked to the previous plausible explanation of the mea-
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sured M modulation, it is clear that the magnetic properties of a 5 nm thick LSMO film grown
onto a STO substrate can be successfully controlled by P-reversal.

5.3 Magnetotransport studies of the FeFEDs

The general properties of the perovskite hole-doped manganite La1−xSrxMnO3, with a partic-
ular attention regarding the high sensitivity to external stimuli such as magnetic and electric
fields, have been already introduced in the section 2.1 of this Thesis. Accordingly, colossal
magnetoresistance (CMR) and anisotropic magnetoresistance (AMR) effects are widely stud-
ied especially for their appealing technological relevance. Prototypical FeFEDs offer the possi-
bility to exploit the aforementioned properties to obtain intriguing modulations. In this section,
the results obtained from the (magneto)transport characterization of the FeFEDs grown onto
STO, LSAT and LAO single crystals are shown. The P-switching of the FeFEDs was accom-
plished by using the same setup employed for the in-situ SQUID magnetometer measurements.
Precisely, by applying a square pulse of +3 V (-3 V) of magnitude and with a period of 50 ms,
between the top electrode (see Fig. 5.3) and the LSMO (which, hence, was connected to the
ground), the FeFED was set into the depletion (accumulation) state. All the switching experi-
ments were performed at T = 300 K while the FeFED was mounted on the special holder of the
PPMSiv, which was employed for the (magneto)transport measurements.

5.3.1 FeFED on STO

Figure 5.7a shows the reversible effects of the P-switching regarding the resistivity of the gated
LSMO as a function of the temperature, ρ(T ). It is worth to notice that the latter exhibits, for
both P states, the typical temperature dependence of the bare 5 nm thick LSMO film, which
has been already presented in the section 4.2.2. Here, the ferroelectric field effect produces
an overall shift of the resistivity curves measured in the depletion (ρdepl) and accumulation
(ρacc) states of the FeFED. Interestingly the ρdepl to ρacc ratio turned out to be higher than
1.5 at room temperature, and, as the temperature decreases, a peak is observed with a max-
imum of nearly 3.5 at 200 K (see inset in Fig. 5.7a). In addition, the characteristic peak of
the ρ(T ) curves which marks, at the temperature TIM, the insulator-to-metal transition of the
LSMO, is electrostatically modulated by ∼20 K (from ∼230 to ∼250 K, switching the FeFED
from the depletion to the accumulation state, respectively). Moreover, as the temperature is
further decreased, the characteristic metallic behavior (i.e. ∂ρ/∂T > 0) vanishes for both P
states, while the LSMO is still ferromagnetic (see Fig. 5.6a). The less itinerant character of
the conduction electrons is due, most probably, to localization effects [117] where the random
impurity (Sr-substitution) or the electron-lattice interaction (i.e. effect of the lattice polaron
already introduced in section 2.1) might play the main role. As already highlighted in section
2.1.3 a structural phase transition (i.e. from R to O∗ phase) is expected at this doping level
upon the decrease of the temperature [40], and the observed upturn in the resistivity curves
can be the result of that structural transition at the particular thickness value of 5 nm as well.
The localized carriers may mediate the ferromagnetic interaction between the neighboring Mn
ions and, as a result, the ferromagnetic phase occurs in a percolative fashion. Indeed, as al-
ready highlighted previously, the bulk LSMO is on the borderline between the insulating and
metallic phases, which, hence, are in close competition, and the localization effects can be
also the consequence of possible phase separations in the system. (It is important to note also
that the LSMO thickness value is slightly above the electrical dead layer thickness, as already
described in section 2.1.3). By a close inspection of the ρ(T ) curves, it is also clear that the
ivIn the PPMS the sample enviroment is kept at a low pressure state of ∼10 mbar.
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Figure 5.7: a) Temperature dependence of the resistivity for both polarization states of the FeFED grown on STO. The
inset shows the ρdepl to ρacc ratio. b) Curvature of the resistivity curves acquired in depletion and accumulation as a
function of t̃ = T/TIM .

ferroelectric field effect affects the temperature at which the upturn is observed for the two
P states. As a result, the geometric properties of the LSMO ρ(T ) curves are modulated by
the ferroelectric field effect. In this respect, by defining t̃ = T/TIM and ρ̃ = ρ(T )/ρ(TIM), the
curvature c(t̃) = ρ̃ ′/[1+(ρ̃ ′′)2]3/2 (where the prime denotes the derivative with respect to t̃), can
be calculated. Figure 5.7b shows the results of the curvature calculation as a function of the
reduced temperature t̃. It is easily noticed that, in correspondence to the magnetic phase tran-
sition (i.e. t̃ = 1), between the depletion and accumulation state a variation of almost 50% is
obtained for the curvature value. The latter result might justify that in accumulation the fer-
romagnetic phase transition is sharper than in depletion, hence the resistivity peak (that marks
that transition) is less broad in accumulation. On the other side, regarding the peaks related
to the upturn of the resistivity, the amplitudes of the curvature (see peaks around t̃ = 0.7 in
Fig. 5.7b) are rather comparable between the accumulation and depletion states. It is clearly
observed that in depletion the possible localization effects come into picture at a higher tem-
perature than in accumulation. By considering the fact that this upturn of the resistivity is
obtained, at this nominal level of doping (i.e. x = 0.175), only for 5 nm thick LSMO films, the
previous finding can be simply explained considering that the effects of the dead layer become
more pronounced in depletion: the charge carriers available for the conduction are ”subtracted”
from the FeFED.
This charge-driven effect is also at the base of the observed modulation of TIM, which can be di-
rectly linked, as expected from the DE mechanism, to the observed shift of TC [19]. Precisely,
from the electronic phase diagram of La1−xSrxMnO3 a decrease of the Curie temperature is
observed correspondingly to a decrease of x. Summarizing, these findings demonstrate that
the ferroelectric field effect is capable to tune the (magneto)transport properties of the LSMO
in the same way in which the variation of the level of doping does. Hence, the highlighted
trend of the transport properties of the FeFED can be mascroscopically explained as a genuine
charge-driven effect.
In order to get more information regarding the electronic behaviour of the FeFED, also Hall
effect measurements at several temperatures were performed. Correspondingly, Figure 5.8
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Figure 5.8: Hall resistance as a function of the externally applied magnetic field, calculated for the two opposite PZT
polarization states of the FeFED grown onto STO single crystal, i.e. accumulation (right) and depletion (left).

shows the transverse resistance (Rxy) measurementsv as function of the externally applied H,
for both depletion (left) and accumulation (right) states of the FeFED. The anomalous Hall
effect is observed already at the temperature of 250 K for both P directions. The measured Rxy
values are higher than the one measured for the bare 22 nm thick LSMO film. Precisely, as
already reported in the previous chapter, values of few Ω for the Rxy quantity were obtained
(see Fig. 4.11a). Here, regarding the FeFED, values of Rxy of the order of kΩ were mea-
sured. Those high resistance values are due, most probably, to the very small thickness of the
LSMO film (i.e. 5 nm) and to an inadequate quality of the electrical contact which was ensured
simply scratching the top PZT layer. Nevertheless, by using the same procedure already intro-

Figure 5.9: Hall charge carrier concentration (left) and Hall mobility (right) as a function of the temperature measured
for both accumulation and depletion states of the FeFED grown on STO.

duced in the section 4.2.2, it was still possible to obtain a reliable linear fit of the Rxy curves
at high magnetic field values. In this respect, Figure 5.9a shows the results of the fitting pro-
cedure. A ferroelectric field effect modulation of the (3D) Hall charge carrier concentration as
a function of the temperature is clearly obtained for the investigated FeFED. Interestingly, the
Hall charge carrier concentration obtained in accumulation is higher than in depletion, hence,
demonstrating that the modulation of the physical properties related to the FeFED are due to
a real charge-driven effect. Precisely, at 250 K, by employing the nominal value of 5 nm for
the thickness of the LSMO for both P states, an effective carrier density of 0.03 and 0.004
carriers/u.c. is obtained for the accumulation and depletion state, respectively. The latter result

vThe presented Rxy measurements are the result of a smoothing and interpolation procedure, since the unwanted rather low signal-to-noise
ratio due to the high contact resistance of the FeFED was detrimental for the Hall measurement itself.
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shows a complete mismatch with the expected nominal value of the carrier density as imposed
by the chosen level of doping, i.e. 0.175 carriers/u.c. This can be explained following two
different arguments. In the first case the Hall effect measurements are actually not realiable,
since the ordinary Hall coefficient was difficult to determine because of either the effect of
the large contact resistance or the large magnetoresistance measured even at low temperatures.
Second, in the case that the Hall measurements and the subsequent analysis procedure can be
considered certain, a possible non-homogenous distribution of the carriers across the channel
area might induce the measurement of a very low carrier density. As a result, not all the avail-
able carriers seem to contribute to the transport. Moreover, different from what was measured
for the 22 nm thick LSMO layer (see Fig. 4.11b), the temperature trend of the charge density
of the FeFED is completely opposite (for both accumulation and depletion states). Precisely,
for a 5 nm thick LSMO layer, which is just above the dead layer thickness (i.e. ∼4 nm), the
carrier density decreases as the temperature is decreased. The latter trend might be explained
in the framework of the localization effects: The overall number of carriers available for the
conduction decreases as the temperature is decreased, and a parallel increase of the resistivity
is obtained.
From the Hall resistance measurements also the Hall mobility can be calculated. As a result,
Figure 5.9b shows the Hall mobility of the FeFED for both accumulation and depletion states.
In the high temperature region (i.e. 200÷250 K), the Hall mobility pratically does not depend
on the temperature, hence, the main contribution to the transport is guaranteed by the charge
carriers, which are characterized by an energy very close to the mobility edgevi [118]. When
the temperature is further decreased, an increase of the mobility values for both P directions
is observed. Accordingly, the mobility increases up to ∼5 cm2V−1s−1. Although the temper-
ature dependence of the Hall mobility would clearly describe the presence of a metallic state,
the ρ(T ) curves of the FeFED exhibit the upturn as already shown before in Figure 5.7. As
a result, the temperature dependence of the ρ(T ) curves can be explained assuming that the
main contribution to the transport is basically given by the density of the charge carriers ir-
respective of the related mobility values. Indeed, from the Hall resistance measurements the
charge carrier density of the FeFED deeply decreases as the temperature is decreased.
The presence of the reported upturnvii of the ρ(T ) curves, below ∼150 K, indicates that the
DE picture does not hold anymore though the 5 nm thick gated LSMO layer still exhibits clear
ferromagnetism. As a result, other electronic mechanisms need to be considered. In principle,
the exact transport mechanism in ultrathin La1−xSrxMnO3 films is still an open question. As
already reported for a low doping level of La1−xSrxMnO3 single crystals, the variable range
hopping (VRH)viii [117] dominates the conductivity in the ferromagnetic phase [119]. The
VRH theory is based on the idea that charges are localized with a finite probability to jump
(hopping mode) to another localized state. As a result, the temperature dependence of the
resitivity is expressed through the following relation:

ρ = ρ0e(T0/T )1/4
, where T0 =

β

KBN(EF)a3 . (5.1)

Where N(EF), a and β are the density of states (DOS) at the Fermi level EF , the radius of the
localized states and a constant (nearly 20 [120]), respectively. Nevertheless, it is questionable
whether the VRH theory can be applied to the lanthanum manganite oxide which is charac-
terized by low values of mobility [121].ix In this respect, Figure 5.10 shows the temperature
viThe meaning of the mobility edge supposes the presence of disorder in the system and is strictly related to the presence of localized states.

Precisely, the mobility edge defines the energy separation between localized and de-localized states.
viiThis is actually obtained, as expected from the bulk electronic phase diagram of La1−xSrxMnO3, for x = 0.15 [19].

viiiOriginally, the VRH theory was developed to explain electron transport in doped semiconductors where electrons are localized due to the
effect of the doping. Hence, the VRH theory is strictly valid for materials that do not show good transport properties such as manganites.

ixActually this simple transposition is conventionally done by the oxide materials community.
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Figure 5.10: Temperature dependence of the FeFED resistivity in the Arrhenius, lnρ-1/T 1/4 representations for both
accumulation and depletion states. In the highlighted low temperature region a linear fit (orange dashed lines) is success-
fully obtained.

dependence of the resistivity in the lnρ-1/T 1/4 representation. As a result, from the linear ex-
trapolation of both ρ(T ) curves in the low temperature region, i.e. ∼120÷∼50 K, T0 values
of 1/4

√
(50.57±0.05)K and 1/4

√
(36.46±0.03)K, are obtained for depletion and accumula-

tion states, respectively. Interestingly, if the VRH theory can be considered validx, the ratio
between the two T0 values obtained in depletion and accumulation, i.e. Tdepl

0 /Tacc
0 , is ∼3.7.

Accordingly, if the ferroelectric field effect by a simple conjecture leaves unaffected the radius
of the localized states, in accumulation an increase of the DOS at EF is obtained. Hence, as a
first result it can be simply claimed that in the aforementioned temperature region the FeFED
in accumulation shows an overall decrease of the resistivity (when compared to the depletion
case), due to an increase of the localized states available for the hopping mechanism.
On the other hand, regarding the resistivity properties above TIM and, hence, in the param-
agnetic phase, different mechanisms can account for the transport. Accordingly, the VRH
theory can be still useful but also a pure thermally activated law can be used to fit the re-
sistivity curves, i.e. ρ = ρ0 e(Eact/KBT ), with Eact being the activation energyxi. Additionally,
also the law describing the hopping of small polaronsxii between localized states, i.e. ρ =∼
T e(Eact/KBT ) [122], can be used. In this respect, the previous procedure of processing the
experimental results (linear fit of ρ(T ) displayed in Arrhenius plots) is not always univocal.
Precisely, the temperature range in which the linear fit is performed is very important. For
example, in the range from 320 to 270 K the resistivity covers a very limited range in both the
accumulation and depletion states, and in the Arrhenius representation both T−1 (thermal acti-
vation) and T−1/4 (VRH) dependences can be easily confused. It is clear that in this case the
possibility to distinguish between several mechanisms is difficult, and in general, additional
measurements are required. Nevertheless, several works, which are collected in the Salamon
review article (see Ref. [123]), attribute the conduction mechanism of manganite thin films to
hopping of small (Holstein) polarons in the paramagnetic phase. In this respect, the conduc-

xIn principle, in order to effectively assume that the VRH is the dominant transport mechanism, also thermopower measurements need to be
performed [118].

xiUsually for a disordered system the activation energy is related to the possibility that the carriers can be thermally activated between the
Fermi level and the mobility edge.

xiiPolarons, in a simplified view, can be considered as carriers that bring with them a local crystalline distortion.
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tion is characterized by an activation energy Eact . As a matter of fact, the linear extrapolation
performed in the temperature range of interest for the ρ(T ) curves of the FeFED suitably dis-
played in the Arrhenius lnρ-1/T representation (not shown here) gave two different values
for the activation energy. Precisely, values of (80.7±0.5) meV and (99.6±0.4) meV for accu-
mulation and depletion, respectively, were obtained. The latter result demonstrates that the
ferroelectric field effect is able to modulate not only the number of carriers that contribute to
the transport, but also the related energy scale. As already widely discussed in this section, the
transport mechanism in manganite thin films is not uniquely defined, and several models are
necessary to account for different experimetal evidences. Usually the scientific community is
amenable to the simple physical concepts of doped semiconductor which, hence, are extended
to the world of maganites. In this respect, the different activation energy values of the FeFED
can be explained, accounting for a possible tuning of the relative position between the Fermi
level and the mobility edge of the localized states.
As already shown in the previous chapter the transport properties of the LSMO strongly de-
pend on the presence of a magnetic field. As expected, a large negative magnetoresistance
(MR) is obtained. The latter was studied as a function of the P direction, with H applied along
two different directions with respect to the FeFED normal. In this respect, Figure 5.11 shows
the schematic view of the FeFED along with the two different aforementioned H orientations.
Accordingly, the quantities ρout

⊥ and ρ in
⊥ indicate the resistivity measured with H oriented out-

Figure 5.11: Definition of the quantities ρout
⊥ and ρ in

⊥ with respect to the schematic view of the FeFED. (Left) H oriented
out-of-plane (parallel to the FeFED normal), correspondingly ρout

⊥ is defined. (Right) H oriented in-plane (parallel to the
FeFED plane), correspondingly ρ in

⊥ is defined. The subscript ⊥ stands for H perpendicular to the current density J.

of-plane and in-plane with respect to the FeFED, respectively. Moreover, the symbol used as
subscript stands for H oriented at an angle of 90◦ with respect to the current density J. To
quantify the MR effect, the quantities MRin(out)=100· [ρ in(out)

⊥ (T )-ρH=0]/ρH=0 were calculated
for both accumulation and depletion states of the FeFED. Figure 5.12a,b shows the FeFED
resistivity, under a magnetic field of 5 T applied in-plane and out-of-plane with respect to the
FeFED plane, as a function of temperature for both depletion and accumulation states, re-
spectively. It is worth to note that for both PZT polarization states, when the magnetic field
is oriented out-of-plane, the expected decrease of the resistivity is less marked than when H
is oriented in-plane. As a result, Figure 5.12c shows that the maximum of the MRin signal is
found at∼214 K for the depletion state and at∼248 K for the accumulation state. Precisely, the
maximum in depletion is 64.5 % and decreases to 59.4 % in accumulation. The observed trend
of the MRin peak position confirms the effective modulation of the TC of the FeFED. Moreover,
the decrease of the MRin maximum, switching the FeFED from depletion to accumulation, is
also confirmed from several other studies where the level of doping in the system was modified
statically (hence adopting different chemical doping [18]) and not electrostatically, like in this
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Figure 5.12: Temperature dependence of the resistivity related to the FeFED for (a) depletion and (b) accumulation
states measured with an applied magnetic field of 5 T. c) Magnetoresistance data calculated for H oriented perpendicular
(green) and parallel (blue) to the FeFED plane for the depletion and accumulation states.

case. This offers the possibility to completely discriminate the pure charge-driven effect (of
the decrease of the MR peak in the LSMO upon the increase of the carrier concentration) from
a possible disorder-driven effect. The same discussion applies to the MRout signals. In this
case, it is clearly observed that the peak magnitude decreases remarkably when H turns to be
oriented out-of-plane. Specifically, the FeFED normal direction (c-axis) represents the hard
axis for the field-dependent MR measurements. The small but distinct variation of the ρ(T )
curves by orienting H from the in-plane towards the out-of-plane direction demonstrates that
the insulator-to-metal transition of the LSMO depends on the orientation of H. The observa-
tion of the appearing of a gap between MRin and MRout (similar to the modulation between
ρout
⊥ and ρ in

⊥ ) triggered further magnetotransport studies which will be presented in the next
section.
Also isothermal MR measurements were carried out in order to completely characterize the
FeFED from the magnetotransport point of view. In this way the relation between the magne-
toresistive properties and the magnetization M of the FeFED can be studied as a function of
the P direction as well. Figure 5.13 shows the isothermal magnetoresistance curves normalized
at the ρH=0 value, as a function of the magnetic field acquired at several temperatures for ρ in

⊥
(see Fig. 5.13a) and ρout

⊥ (see Fig. 5.13b), respectively. Regarding the MR data aquired for
H applied in-plane, an overall decrease of the resistivity for all the investigated temperatures
is clearly observed at each value of the magnetic field. Precisely, at the temperatures of 300 K
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Figure 5.13: H-dependence of the MR properties of the FeFED aquired at several temperatures for the magnetic field
applied (a) in-plane and (b) out-of-plane with respect to the FeFED plane.

and 250 K the MR magnitude is higher in accumulation than in depletion. As the temperature
is further decreased, this trend completely reverses. The same trend is observed also in the case
of H applied out-of-plane as it is possible to visualize in Fig. 5.13b. Here, the very important
difference with respect to the MR curves acquired with H applied in-plane is related to the
small upturn observed at low temperature and magnetic field values. As already shown in sec-
tion 4.4, the magnetization of LSMO single layers (grown on top of STO substrates) is lying
along the [110] direction. The presence of the shape anisotropy favors the orientation of the
magnetization in-plane [63]. Hence, when H is applied out-of-plane, the energy that the sys-
tem gains aligning all the magnetic moments in-plane needs to be exceeded, and additionally
also the demagnetizing field has to be considered. The latter is strictly related to the geom-
etry of the sample under investigation. In general, when a thin film geometry is considered,
the applied H is cancelled out by the out-of-plane component of the magnetization [124], i.e.
M⊥ = H/4π . In this respect, as H keeps increasing from zero, the internal field is zero along the
normal direction and M completely rotates out-of-plane when H = 4πM. During this rotation,
M is constant, resulting in the observed upturn of the MR curves. For H ≥ 4πM the internal
field is no longer zero, and the negative magnetoresitance is restored. As a result, in the case of
the investigated FeFED, in order to completely orient M out-of-plane, a magnetic field higher
than 1.5 T was necessary. By a close inspection of the MR curves depicted in Fig. 5.13b, it
is clearly observed that the decrease of the MR curves (after the observed upturn), at a fixed
temperature value, is measured at different magnetic fields for the accumulation and depletion
states. In accumulation, in order to completely rotate M out-of-plane, a higher magnetic field is
required, and the latter increases as the temperature is lowered. This trend is in complete agree-
ment with the in-situ magnetic characterization (which was discussed in section 5.2), where in
the temperature range of interest here, a higher value of M was measured in accumulation than
the one obtained in depletion. Hence, it turns out easy to conclude that the magnetoresistance
and magnetic characterizations are in complete agreement.
The ferroelectric field effect gave the possibility to study, in a relatively limited range, the effect
of the charge density variation without adding any disorder due to chemical doping. The mea-
sured modulation of the TIM, TC and MR peaks well reproduces the results obtained with the
static variation of the chemical doping. Hence, these results demonstrate that by tuning the car-
rier density of a strongly correlated material the related functional properties can be reversibly
modulated, as already reported by Hong et al. in Ref. [76] for similar devices. Moreover,
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from the attempts to gain some information regarding the transport mechanism of the gated
LSMO, it turned out that the ferroelectric field effect is, most likely, capable to modulate the
energy scale of the electronic levels that regulates the transport in the system. For example,
in the paramagnetic phase, where the resistivity value is electrostatically modulated by more
than 50 %, the believed polaronic hopping mechanism that follows a thermally activated law is
characterized by different energy activation values between accumulation and depletion states.
As a result, the intrinsic energy scale of the material, LSMO in this case, is affected and, hence,
the ”active” carriers (the ones that contribute to the transport) are modulated according to the
boundary conditions fixed by the field effect.

5.3.2 FeFED on LSAT

Figure 5.14a shows the temperature dependence of the resistivity related to the FeFED grown
onto an LSAT substrate, as a function of P. As in the case of the FeFED built onto STO, the
5 nm thick gated LSMO film grown onto LSAT exhibits the standard temperature dependence
of the resistivity as already discussed before. An overall shift of the ρ(T ) curves is observed
between accumulation and depletion. Also the upturn is still observed, and the temperature
at which it takes place is modulated upon the P-switching: this temperature is ∼70 K for the
depletion state and ∼20 K for the accumulation state. The latter values are lower than the ones
reported before for the FeFED grown on top of a STO substrate. The ρdepl to ρacc ratio turned

Figure 5.14: a) Temperature dependence of the resistivity related to the FeFED grown onto an LSAT substrate for
both P states. The inset shows the ρdepl to ρacc ratio. b) Curvature of the resistivity curves acquired in depletion and
accumulation as a function of t̃=T/TIM .

out to be ∼1.5 at room temperature, and as the temperature is further decreased a rising maxi-
mum of nearly 6 is observed at ∼20 K (see inset in Fig. 5.14a). Moreover, Figure 5.14b shows
the curvature curves calculated for both accumulation and depletion states as a function of the
reduced temperature t̃. Accordingly, like in the case of the FeFED on STO, the magnitude
of the peak calculated in accumulation is larger than in depletion. As a result, the insulator-
to-metal transition in accumulation is sharper than in depletion. Moreover, as expected, also
the TIM temperatures are modulated: from ∼235 K in accumulation to ∼226 K in depletion.
The experienced shift in TIM of ∼9 K is lower than the one measured on the FeFED grown on
STO, and interestingly, irrespective of the field effect modulation, the TIM suffered an over-
all decrease. The latter translates (through the DE mechanism) to a decrease of TC values of
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the FeFED itselfxiii. Since the LSMO thin film grown onto an LSAT substrate experiences a
compressive strain (as shown in the previous chapter), a worsening of the DE mechanism is
expected as reported in [34]. Basically in thin films, only the in-plane interactions are impor-
tant, and the control of the orbital ordering (i.e. overlapping of the eg states) is important for
the control of the magnetic exchange energy and, hence, of TC. Indeed, the compressive strain
state stabilizes a preferential occupancy of the 3dz2 over the 3dx2−y2 orbitals [35], with obvious
subsequent decrease of the in-plane exchange interaction energy.
Figure 5.15 shows the Hall resistance measured as a function of the magnetic field at several

Figure 5.15: Hall resistance curves as a function of H calculated for the FeFED grown onto a LSAT single crystal for
both accumulation (right) and depletion (left) states.

temperatures for accumulation and depletion. Also in this case the anomalous field effect is
already observed at the temperature of 250 K and, in this case, the measured Hall resistance
values are one order of magnitude lower than the ones obtained in the case of the FeFED
grown on STO (see Fig. 5.8). Accordingly, below 250 K the normal Hall signal is saturated

Figure 5.16: Hall charge carrier concentration (left) and Hall mobility (right) as function of the temperature measured
for accumulation and depletion states of the FeFED grown onto a LSAT substrate.

and the calculation of the effective carrier density of the gated LSMO grown on an LSAT sin-
gle crystal can be achieved. In this respect, Figure 5.16 shows the temperature dependence
of the Hall charge density (left) and Hall mobility (right), for both accumulation and deple-
tion states. Interestingly, also in this case the ferroelectric field effect modulates the overall
Hall carrier concentration. Precisely, at 200 K carrier concentrations of ∼7·1020 cm−3 and

xiiiFor LSMO/LSAT and PZT/LSMO/LSAT heterostructures no magnetic characterization have been undertaken.
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Figure 5.17: Temperature dependence of the resistivity related to the FeFED grown on LSAT for (a) depletion and (b)
accumulation states measured with H of 5 T. c) Related magnetoresistance curves calculated for H applied out-of-plane
(green curve) and in-plane (blue curve) with respect to the FeFED plane for depletion and accumulation states.

∼5·1020 cm−3 in accumulation and depletion were measured which corresponds to 0.04 and
0.03 carriers/u.c., respectively. It is worth to notice that the overall value of the carrier concen-
tration is one order of magnitude higher than the one measured on the FeFED grown onto a
STO substrate but, however, still not comparable to the nominal expected value. Moreover, as
the temperature is decreased, the Hall carrier concentration is smoothly increased. Actually, at
50 K a deep decrease of the latter is observed, most probably due to the same, aforementioned,
localization effects that drive the upturn of the resistivity. Regarding the Hall mobility (graph
shown on the right side of Fig. 5.16), also in this case the Hall mobility slowly goes towards
zero as the temperature is increased. Moreover, in accumulation the Hall mobility is higher
than in depletion, though the calculated values are very small if compared to the ones obtained
from the FeFED grown on STO. The latter finding might be explained as a possible bending
of the Mn-O-Mn bonds due to the compressive strain state exhibited by the LSMO grown onto
the LSAT substrate. As a result, it might be concluded that, also in this case, the major con-
tribution to the transport is given by the effective number of the carriers and not particularly
by their related mobility value. Moreover, from the Arrhenius representation of the two ρ(T )
curves (not shown for sake of simplicity) it turned out that for T≥TIM two different values for
the activation energy are obtained also in this case. Precisely, values of (83.6±0.2) meV and
(70.6±0.3) meV for depletion and accumulation are obtained, respectively. Hence, also for the
FeFED engineered onto an LSAT single crystal, the modulation of the energy scale related to
the different 3d electronic levels of the Mn ions seems to take place: the formation of small
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polarons, which then contribute to the transport by hopping between several localized states,
is obtained at different energy for the accumulation and depletion state.
As already reported in [125] by Jin et al., the magnetoresistance properties of manganites ex-
hibiting a lower TC value are enhanced. In this respect, the magnetoresistance characterization
of the FeFED, which is shown in Figure 5.17, confirms the aforementioned trend. Precisely,
a value of ∼77 % (to compare with the value of ∼65 % measured in depletion for the FeFED
grown on STO) is obtained for the amplitude of the MRin peaks in the depletion state. In
accumulation the maximum value of the MR decreases to the value of ∼71 %. The trend
observed for the shift of the temperature at which those maxima are measured and of the
maximum amplitudes mimics the results obtained measuring the FeFED engineered onto STO
(see Fig. 5.12c). Additionally, a rather small difference between the MRin and MRout sig-
nals is still present and, consequentially, the c-axis of the FeFED turned out to be the hard
axis for the magnetoresistance measurements also for the FeFED grown onto an LSAT single
crystal. As a result, these findings demonstrate that the ferroelectric field effect acts on the
(magneto)transport properties in a rather general way, irrespective of the strain state exhibited
by the manganite thin film.

5.3.3 FeFED on LAO

Figure 5.18 shows the resistivity as a function of temperature related to the FeFED grown
onto an LAO single crystal. The resistivity exhibits an insulating behavior in the entire tem-
perature range investigated (see Fig. 5.18a) for both accumulation and depletion states. As
already reported in the literature, see for example [126], a dead layer thickness of ∼15 nm is
reported for a LSMO(x = 0.3) thin film grown onto an LAO single crystal. As a result, the

Figure 5.18: a) Temperature dependence of the resistivity related to the FeFED grown onto a LAO substrate for both P
states. The inset shows the ρdepl to ρacc ratio. b) Arrhenius lnρ-1/T 1/4 representation of both ρ(T ) curves.

thickness value of 5 nm was expected to be well below the dead layer thickness value, also for
the LSMO composition used in this Thesis. Nevertheless, the ferroelectric field effect is capa-
ble to modulate the overall resistivity value. As a result, the ρdepl to ρacc ratio turned out to be
higher than 1.3 at room temperature, and as the temperature decreases, a rising maximum of
nearly 2 is observed at ∼150 K (see inset of Fig. 5.18a). Moreover, the lnρ-1/T 1/4 represen-
tation of both ρ(T ) curves displayed in Figure 5.18b shows that from 320 K until ∼150 K the
VRH hopping mechanism successfully describes the transport of the gated LSMO thin film.
From the linear extrapolation performed in the aforementioned temperature range, T0 values
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of 1/4
√
(91.83±0.09)K and 1/4

√
(83.42±0.05)K are obtained for the depletion and accumu-

lation states, respectively. The ratio Tdepl
0 /Tacc

0 turned out to be equal to ∼1.4. Accordingly,
in accumulation an increase of the DOS at EF is obtained, though the relative modulation is
less robust when compared with the FeFED grown on STO (viz. 3.7). The magnetoresistance
characterization of the FeFED is shown in Figure 5.19. In this case the value of 0.5 T for the
applied magnetic field was employed. The presence of the magnetic field decreases the overall

Figure 5.19: Temperature dependence of the resistivity related to the FeFED grown onto an LAO substrate for both
(a) depletion and (b) accumulation states measured with an applied H of 0.5 T. c) Magnetoresistance data calculated
with H oriented out-of-plane (green curve) and in-plane (blue curve) with respect to the FeFED plane for depletion and
accumulation states.

value of the resistivity for both accumulation and depletion states, as shown in Figure 5.19a,b
respectively. The effect is enhanced in the lower temperature region, and from Fig. 5.19c it can
be easily envisaged that the MR magnitude is higher in depletion than in accumulation. Pre-
cisely, values of∼40 % and∼12 % are obtained at∼160 K for the depletion and accumulation
state, respectively. Interestingly, regarding the MR calculated in the depletion state, a distinct
difference of ∼6 % between MRout and MRin is obtained around room temperature, i.e. in the
range of 310÷250 K. As the temperature is further decreased the sign completely reverses and
MRout <MRin, as experienced so far for all the reported results of the MR characterization
of the FeFEDs grown onto STO and LSAT substrates. On the other hand, regarding the MR
calculated in the accumulation, the aforementioned gap between MRout and MRin, observed
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in a quite large interval around room temperature, is practically absent. The latter result might
turn out interesting for application purposes where usually MR values of less than 1 % are
commonly characterizing real devices. The large compressive strain exhibited by the LSMO
thin film grown on top of the LAO (i.e. almost -3.3 %) triggers an overall occupancy of the Mn
3d z2 orbitals that, consequentially, enhances an out-of-plane DE mechanism.

5.4 Anisotropic magnetoresistance study of FeFEDs on STO

The anisotropic magnetoresistance (AMR) which was discovered by William Thompson [127],
can reveal interesting magnetic properties, and the related microscopic mechanism is at the
base of the most modern concept of spintronics. Experimentally, as already mentioned, AMR
refers to the variation of the resistance that depends on the orientation of the magnetization M
with respect to both the current density J and the crystal axes. In the manganite the underlying
physics of the AMR mechanism is rather complicated to explain, due to the strong correlations
exhibited by the system. In general, from the angular dependence of the AMR [128, 129],
information on the spin-orbit coupling (SOC) [130] and the magneto-elastic coupling (Jahn-
Teller distortions) [129] of the system can be obtained. Commonly, AMR measurements are
performed rotating H within the plane of the system, hence, allowing H to rotate from the par-
allel to the perpendicular direction with respect to J. As a result, for sufficiently large applied

Figure 5.20: In-plane AMR characterization undertaken with H equal to 3 T for a FeFED and a bare 10 nm thick
LSMO film grown onto a STO substrate. The same HB geometry was used for both samples. a) Angular dependence of
the AMR resistivity at 300 K for the accumulation and depletion states. The orange dot line represents a fit done by using
the cos2(ψ) dependence. b) Temperature dependence of the normalized AMR ratio for accumulation, depletion and a
bare 10 nm thick LSMO film.

fieldsxiv, the AMR follows the well know [131] cos2(φ) dependence, where φ is the angle
between M and J. Hong et al. in [76] reported that the electrostatically-induced charge car-
rier modulation of a LSMO(x = 0.2) ultrathin film is not capable to alter the normalized AMR
ratio, i.e. | ρ‖−ρ⊥ | /ρH=0, where ρ‖ and ρ⊥ indicate the resistance of the gated LSMO film
measured for H oriented parallel and perpendicular to J, respectively. Interestingly, in this
Thesis, the latter result was also confirmed for a FeFED engineered onto a STO substrate. In
this respect, Figure 5.20 summarizes the results obtained from the AMR characterization of
a 10 nm thick gated LSMO film performed with an applied H of 3 T. Figure 5.20a shows the
angular dependence of the resistivity ρ(ψ) acquired at 300 K for accumulation and depletion
states. Here ψ represents the angle between J and H. For both P states the cos2(φ) angular

xivThis requirement is necessary since M may not follow the direction of H.
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dependence is obtained as demonstrated by the fitting curve shown by the orange dotted line in
Fig. 5.20a. In this case ψ ≡ φ since at the value of 3 T, M completely follows (supposedly) H.
It is worth to note that the amplitude of the AMR signal, i.e. ρ‖-ρ⊥, is not affected by the field
effect. On the other hand, Figure 5.20b shows the temperature dependence for |ρ‖-ρ⊥|/ρH=0

Figure 5.21: Schematic view of the H rotation with respect to the FeFED normal.

(viz. the normalized AMR ratio), calculated for the FeFED and for a bare 10 nm thick LSMO
layer as well. The solid lines represent a guide for the eyes and, first, it can be easily noticed
that the presence of the PZT decreases the magnitude of the normalized AMR ratio by ∼25 %.
Second, it is also clearly recognizable that the normalized AMR ratio curves collapse into each
other for the accumulation and depletion states. Hence, it can be concluded that, regarding the
used LSMO composition, the |ρ‖-ρ⊥|/ρH=0 quantity is independent from the carrier concen-
tration modulation as well.
As already mentioned in the previous section, the observed modulation between MRout and
MRin triggered a different type of AMR characterization. Completely new results are obtained
by allowing the rotation of H in a plane always perpendicular to J, from the out-of-plane
(θ = 0◦) towards the in-plane (θ = 90◦) direction with respect to the FeFED normal (out-of-
plane AMR). In Figure 5.21 the adopted geometry for the out-of-plane AMR measurement
is schematically sketched. In this case the information collected originates from the relative
orientation between M and the crystal axes of the gated LSMO layer. As a result, Figure 5.22a
shows the angular dependence of the resistivity ρ(θ), exhibiting a two-fold symmetry, mea-
sured at T=180 K with an applied H equal to 2 T, for accumulation and depletion states. In this
case, the out-of-plane AMR investigation was undertaken for the same FeFED grown onto a
STO substrate, and of which the magnetotransport results have been already shown and dis-
cussed in the section 5.3.1. Notably, the out-of-plane AMR amplitude is clearly influenced by
the field effect. A key result of this Thesis is shown in Figure 5.22b where the temperature
dependence of the normalized AMR ratio, i.e. ∆ρAMR/ρH=0, with ∆ρAMR being the difference
between ρout

⊥ and ρ in
⊥ , has been already previously determined (see for example Fig. 5.11).

The two curves almost overlap at high temperatures but for T<∼220 K, a clear splitting oc-
curs and, precisely, a higher value in accumulation than in depletion is obtained. Remarkably,
the latter electrostatically-induced modulation is only related to the out-of-plane AMR mea-
surements. Therefore, to gain an insight into the aforementioned modulation, the measured
ρ(θ) curves, all dominated by a uniaxial magnetic anisotropy contribution, were successfully
described through the following formula:

ρ = ρ0 +∆ρAMR cos(2φ),

where φ is the angle between M and the c-axis, and ρ0 is a constant. Accordingly, the fit was
performed (see the green and black solid lines in Figure 5.22a), by calculating φ(θ) within the
original Stoner-Wohlfarth model [65] (magnetization rotation), considering as magnetic hard
axis (due to shape anisotropy) the FeFED normal (i.e. c-axis). As a result, from the fitting
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Figure 5.22: a) Angular dependence of the resistivity ρ(θ), exhibiting a two-fold symmetry acquired at the temperature
of 180 K applying a constant magnetic field of 2 T for accumulation (red curve) and depletion (black curve) states. The
solid lines represent a fit made by using the cos(2φ) dependence, φ being the angle between the device normal and the
magnetization. b) Temperature dependence of the normalized AMR ratio, i.e. ∆ρAMR/ρH=0, for both P states.

procedure (where only the second order term was considered), the minimum magnetic field
value necessary to rotate M out-of-plane, i.e. the anisotropy field Ha, was obtained. The lat-
ter can be expressed as µ0Ha = 2Ktot/Ms, where Ktot and Ms are the total effective uniaxial
anisotropy constant of the system and the saturated magnetization value, respectively. Regard-
ing the magnetoresistance curves acquired as a function of the magnetic field (see Figure 5.13)
it is important to show that at H = 2 T, the FeFED exhibits in both depletion and accumula-
tion states a decreasing trend for ρ

out(in)
⊥ (T ) which proves that M can be completely aligned

out-of-plane and thus follows H for the entire range of temperatures investigated, as already
reported in Ref. [124]. Subsequently, at the temperature of 180 K, Ha values of (0.47±0.01)

Figure 5.23: Temperature dependence of the anisotropy field values, i.e. Ha, calculated regarding the FeFEDs engi-
neered onto a (a) STO and (b) an LSAT substrate for the accumulation and depletion states.

and (0.66±0.01) T were calculated for the accumulation and depletion states, respectively. In
Figure 5.23a the calculated Ha values are shown as a function of the temperature for the accu-
mulation and depletion states. It is worth to notice that the temperature dependence of the Ha
values mimics the one of the normalized AMR ratio, and it is observed that in the accumulation
state a higher magnetic field is required to rotate M out-of-plane than in depletion. The afore-
mentioned results demonstrate that the electrostatic coupling at the LSMO/PZT interface is
capable to induce a variation of the magnetic anisotropy field as large as 40% at 180 K. More-
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5 Magnetotransport and magnetic characterization of ferroelectric field effect devices (FeFEDs)

over, in order to get more information regarding the observed ∆ρAMR/ρH=0 modulation and the
different magnetic states (i.e. ferromagnetic and/or paramagnetic phases) of the FeFED, also
out-of-plane AMR measurements at different H values were undertaken. Figure 5.24 summa-
rizes the results of those measurements for two different temperatures. Precisely, Figure 5.24a
(b) shows the magnetic field dependence of the normalized AMR ratio at the temperature of
200 K (300 K) for the accumulation and depletion states. At 200 K, just below the TC value,

Figure 5.24: Field dependence of ∆ρAMR/ρH=0 calculated at (a) 200 K and (b) 300 K for the accumulation and deple-
tion states.

∆ρAMR/ρH=0 exhibits different values but practically the same field dependence is obtained
for both accumulation and depletion states. Notably, for high magnetic field values, the nor-
malized AMR ratio decreases. On the other hand, at 300 K, where the gated LSMO thin film is
in the paramagnetic state, the latter is keeping increasing upon the increase of the applied field.
However, also in this case the field dependence emerges to be the same for accumulation and
depletion, together with a rather small modulation measured for the entire range of magnetic
field values investigated. Interestingly, it can be claimed that the different magnetic states of
the gated LSMO thin film are susceptible to alter the scaling law of the normalized AMR ratio
as function of the field and, additionally, the ferroelectric field effect is capable to modulate the
measured amplitude values.
As already shown before from the out-of-plane data analysis, information regarding the mag-
netic anisotropy of the PZT/LSMO system can be envisaged. Generally speaking, the magnetic
anisotropy of a system consists of shape (magnetostatic), magnetocrystalline, magnetoelastic,
and surface anisotropy terms [63]. Correspondingly to the investigated system, the present out-
of-plane AMR measurements indicate that the observed two-fold symmetry of the ρ(θ) curves
can be mainly attributed to the shape anisotropy term (which, in the case of thin films, favors an
in-plane orientation of M). In this framework, it emerges that Kshape = 0.5µ0M2

s , where Kshape
is the shape anisotropy constant and, consequently, it follows that Ha = Ms/2 (see Ref. [63]).
As a result, the same relative percentage variation is expected for Ha and Ms upon the ferroelec-
tric switching of the FeFED. However, as a matter of fact, it was measured (at 180 K)∼30 % of
variation for Ha (see Fig. 5.23a) and only ∼6 % for Ms (see Fig. 5.6a), on switching from the
accumulation to the depletion state. Therefore, one would have to assume that another uniaxial
anisotropy contribution term should be responsible for the relatively large variation of the Ha
values. Since the ferroelectric field effect is mainly an interface effect [132], the extra Ks term is
expected to originate from the broken symmetry that the Mn ions experience at the PZT/LSMO
interface, i.e. the surface magnetic anisotropy term (Néel model [64]). Along this direction,
the modulation of the Ha values can be argued to be a consequence of the alteration of the
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energy scale related to the eg levels of the interfacial Mn ions. Indeed, Kyuno and co-workers
in Ref. [133] gave a theoretical prediction on the sensibility of the surface magnetic anisotropy
of Ag/Fe and Au/Fe multilayers related to the 3d band filling of the Fe ions. Accordingly, the
results obtained from the (magneto)transport characterization of the FeFEDs presented so far
established an essential proof that the ferroelectric field effect is capable to electrostatically and
reversibly modulate the valence state of the interfacial Mn ions. Interestingly, Chen and co-
workers by using a transmission electron microscopy technique [134] were able to underline
the dynamical modulation of the c/a ratio, related to the oxygen octahedra surrounding the Mn
ions at the LSMO(x = 0.2)/ferroelectric interface, induced by depletion/accumulation states.
Moreover, earlier reports [36] pointed out that substrate-induced strain effects, altering the c/a
ratio of the MnO6 octahedra, drive the lowering in energy of either the 3d z2 (i.e. compres-
sive strain) or the 3d x2− y2 (tensile strain) orbitals which, subsequently, modify the magnetic
properties of the system. All these arguments can be used to propose a valid model that qualita-
tively explains the observed modulation of the Ha values related to the FeFED grown on STO.
The model should establish a link between the ferroelectrically induced displacements of the
interfacial Mn and O ions of the LSMO and the Mn 3d orbital reconstruction (different over-
lapping and filling). Accordingly, such a model is based on the sketch shown in Figure 5.25,

Figure 5.25: Model displaying the effect of the polarization charges on the interfacial LSMO unit cells. Related to the
depletion (accumulation) state a decrease (increase) of the c/a ratio is proposed. Accordingly, a different hybridization
energy and a strain-mediated effect allow a different interfacial orbital anisotropy. Schema re-adapeted from Ref. [134]

where at the PZT/LSMO interface the depletion (accumulation) state increases (decreases) the
c/a ratio, resulting in a preferential out-of-plane 3d z2 (in-plane 3d x2−y2) orbital occupancy.
By applying this model to the results shown in Figure 5.23a, a qualitative explanation can be
envisaged. Indeed, since in depletion the interfacial MnO6 octahedra expand along the out-of-
plane direction, a preferential occupancy of the 3d z2 orbitals is obtained. Consequently, the
ferromagnetic coupling is enhanced along the out-of-plane direction [27] and the rotation of
M is easier to take place. As a result, the expected Ha values are lower than the ones related
to the accumulation state where, on the other hand, the out-of-plane shrinking of the MnO6
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octahedra triggers a preferential 3d x2− y2 orbital occupancy which favors a more stable in-
plane orientation of M. As a result, the electrostatically-induced Mn 3d orbital reconstruction
at the PZT/LSMO interface accounts for the observed modulation of the Ha values. In this
respect, the PZT/LSMO interface was uniquely accessible since the rotation of H in a plane
perpendicular to J, from the out-of-plane (hard axis for M) towards the in-plane (easy plane for
M) direction, allowed to study the symmetry breaking experienced by the interfacial atoms. To
further validate the proposed model, the out-of-plane AMR measurements were repeated for a
FeFED grown onto an LSAT substrate. Accordingly, an extrinsic strain-induced out-of-plane
elongation of the LSMO unit cell was obtained. As a result, since an overall occupancy of
the out-of-plane 3d z2 orbitals is triggered, a decrease of the Ha values, as predicted by the
model (superimposed to the ferroelectric field effect modulation) was expected. Accordingly,
out-of-plane AMR measurements were performed also in this case with an applied H equal
to 2 T and, in this respect, Figure 5.23b shows the calculated Ha values as a function of the
temperature for the accumulation and depletion states. It is worth to notice that the Ha values,
as expected, are remarkably decreased, compared to the ones obtained on the FeFED grown
onto STO. Moreover, the modulation of the Ha values between the accumulation and depletion
states is still observed, originating from the electrostatical alteration of the interfacial Mn 3d
orbital occupancy. The observed variation of the surface magnetic anisotropy is directly linked
to a feasible orbital reconstruction, electrostatically induced, that in turn can be responsible
for a variation of the SOC at the PZT/LSMO interface. X-ray linear dichroism (XLD) com-
bined with X-ray magnetic circular dichroism (XMCD) measurements, as a function of the
PZT polarization directions, which are reported in the next following chapter, can elucidate the
intrinsic mechanism of the proposed interfacial spin/orbital reconstruction inherent to the Mn
ions.

5.5 Magnetotransport measurements of LSMO/PZT/LSMO/STO
heterostructures

In this section the attempts to achieve a relevant ferroelectric field effect in heterostructures
exhibiting the following stack of the oxide layers: LSMO/PZT/LSMO/STO, will be discussed.
Along this direction, it is necessary to emphasize that the large efforts, devoted to the optimiza-
tion of the morphology of the PZT film (partly presented in the previous chapter), were actually
part of an ”evolving” project. Specifically, the final goal of the present Thesis was to study the
magnetotransport properties of an LSMO thin film sandwiched between two (switchable) fer-
roelectric layers. As a consequence, all the results shown so far represent the effective starting
point necessary to engineer a more complex device. Actually, along this direction, two main
problems one was faced with: First, the worsening of the transport properties of the LSMO thin
film grown on top of the PZT layer (see for example Fig. 4.17) and, second, the low quality of
the PZT ferroelectric properties mainly related to the poor retention timexv. The latter might
be linked to the several photolithographic steps necessary to obtain the complex device, most
probably being mainly detrimental for the oxide interface quality and, hence, preventing a re-
liable field effect study of the transport properties of the LSMO. Precisely, in order to permit
the switching of the PZT polarization, relatively to the channel area of the top LSMO pat-
terned in the usual HB geometry, the bottom LSMO layer had to be patterned in an appropriate
gate geometry as well. However, among several attempts only a LSMO/PZT/LSMO/STO het-
erostructure was obtained showing an acceptable retention time. As a result, Figure 5.26 shows
xvThe low retention time was monitored as follows: The externally applied voltage pulses, of the same polarity, were consequentially applied

to the device at a fixed interval of time (i.e. 10 minutes). As a result, the extremely low retention time was demonstrated, since the current
switching peaks were repeatedly observed at each applied voltage pulse.
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Figure 5.26: a) Temperature dependence of the resistivity of the LSMO/PZT/LSMO/STO heterostructure as function of
the two P states. The related inset shows the ρdepl to ρacc ratio. b) Ferroelectric switching features of the heterostructure.

the temperature dependence of the resistivity acquired for the aforementioned heterostructure,
along with the ferroelectric switching properties. The latter were measured by using a TF An-
alyzer applying the voltage signal to the top LSMO layer while keeping the bottom one to the
ground. The switching was perfomed at the controlled temperature of 300 K, as in the previ-
ous cases, with a frequency of 1 Hz. As a result, the dynamical current-voltage characteristic
shown in Figure 5.26b exhibits a small value for the coercive voltage, i.e. around ± 2 V, and
practically absent imprint features. Though at negative voltage values the leakage is not negli-
gible, the ferroelectric switching peak is still observed. The depletion and accumulation states
related to the investigated hetererostructure are characterized by a PZT polarization direction
as schematically shown in the two insets of Figure 5.26b. A relatively high polarization value
of ∼75µCcm−2 was measured for a thickness value of the PZT equal to 100 nm. On the other
hand, the value of the thickness for the bottom and top LSMO layers was chosen to be 10 nm.
Figure 5.26a shows the ρ(T ) curves of the heterostructure as a function of the two P direc-
tions. As a result, a completely insulating behavior is observed for both the accumulation and
depletion states, concomitantly to a minor field effect modulation of the transport properties.
Indeed, the ratio of ρdepl to ρacc turned out to be barely one, except for temperatures lower than
∼70 K, where a sligthly distinguishable modulation between accumulation and depletion can
be observed. Moreover, at the temperature of ∼250 K, where the metal-to-insulator transition
is expected to take place, a little kink is observed, but, as the temperature is further decreased,
the insulating behavior became very stable and the resistivity keeps on increasing for both the
accumulation and depletion states. As already highlighted in the previous chapter, the qual-
ity of the morphology of the LSMO is very important for the transport properties, which are
worsened by the presence of grains. Figure 5.27 shows the morphological and structural char-
acterization of the LSMO/PZT/LSMO/STO heterostructure. The AFM image related to the
top LSMO layer shown in Fig. 5.27a indeed exhibits a very rough profile (see Fig. 5.27b),
demostranting that the LSMO cannot grow in a layer-by-layer mode as already presented in
the previous chapter (see, for example, Fig. 4.17b). Moreover, the x-ray pattern acquired
around the (002) STO reflection and shown in Fig. 5.27c, exhibits a quite broad full-relaxed
(002) PZT peak characterized by a rocking curve with a FWHM parameter equal to∼0.6◦ (not
shown here). As a result, the worsening of the transport properties related to the top LSMO
layer might be due either to the poor morphology quality or to the possible presence of an
increased electrically dead layer thickness.
Along this direction, in order to understand if a LSMO film with a thickness value below the
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Figure 5.27: a) AFM image (8×4µm2) of the top LSMO layer demonstrating the poor quality of the morphology. The
green line represents the profile scan shown in (b). The calculated rms surface roughness is equal to ∼0.385 nm. c) θ -2θ

scan around the (002) STO reflection.

dead layer (<5 nm on STO), can undergo a modulation of the transport properties through the
ferroelectric field effect, a FeFED with a 4 nm thick LSMO film was investigated as well. The
latter was grown on top of a STO single crystal. As a result, Figure 5.28 shows the (mag-
neto)transport characterization of a 4 nm thick LSMO gated by a 150 nm thick PZT layer as a
function of both accumulation and depletion states. Interestingly, though the LSMO exhibits
the expected insulating behavior (see Fig. 4.12), the ferroelectric field effect is capable to
modulate the overall LSMO resistivity curves as shown in Fig. 5.28a. Accordingly, the ratio
of ρdepl to ρacc increases as the temperature is decreased, precisely, from the value of ∼1.4
obtained at the temperature of 300 K, it reaches the maximum value of∼2.4 at 125 K (see inset
in Fig. 5.28a). The magnetoresistance properties were also investigated, and it turned out that
upon the application of a magnetic field of 5 T oriented along the FeFED normal (i.e. out-of-
plane), the LSMO exhibits the standard decrease of the resistivity (see up and down-triangle
curves in Fig. 5.28a). As a result, the MRout as a function of temperature was calculated for
both accumulation and depletion states and, interestingly, it emerges that the modulation of the
position and magnitude of the MR peaks completely mimics the results obtained on the FeFED
engineered with a 5 nm thick LSMO film. Precisely, a MR maximum of ∼46 % is found at the
temperature of ∼194 K in accumulation, and it increases to the value of ∼58 % at the temper-
ature of ∼180 K in depletion. The lnρ-1/T 1/4 representation of both ρ(T ) curves (not shown
here) shows that in the entire investigated temperature range (except the observed kink cover-
ing the values from ∼200 K to ∼160 K) the transport mechanism of the electrostatically gated
LSMO can be described by a VRH hopping mechanism. From the usual linear extrapolation
performed in the higher temperature range (i.e. 320÷200 K), T0 values of 1/4

√
(58.71±0.04)

and 1/4
√

(49.74±0.07)K are obtained for the depletion and accumulation states, respectively.
The related ratio, i.e. Tdepl

0 /Tacc
0 , is equal to ∼2. As a result, also in this case, in accumulation

an increase of the DOS at EF is obtained, although the relative modulation is lower if com-
pared with the FeFED grown with a 5 nm thick LSMO layer. Indeed, in the case of 5 nm thick
LSMO the value of ∼3.7 was calculated for the Tdepl

0 /Tacc
0 ratio. Moreover, the ferroelectric

field effect modulates the overall Hall carrier concentration. At 280 K, values of ∼2·1020 and
∼6·1019 holes/cm3 are measured in accumulation and depletion, respectively. It seems rather
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Figure 5.28: a) Temperature dependence of the resistivity acquired for a 4 nm thick LSMO film gated with a 150 nm
thick PZT layer for both depletion and accumulation states. Up and down-triangle curves are obtained upon the applica-
tion of a 5 T magnetic field along the FeFED normal. The related inset shows the ρdepl to ρacc ratio. b) Magnetoresistance
curves calculated for the accumulation and depletion states.

clear that even in the case of an electrically ”dead” LSMO layer (directly grown onto a STO
single crystal) the ferroelectric field effect is capable to modulate the related magnetotransport
properties.
As a result the effectiveness of the dead layer seems not to be insensitive to the ferroelectric
field effect modulation. Hence, for the LSMO thin film grown on top of the PZT layer it can be
concluded that the driving factor for the observed poor modulation of the transport properties
through the ferroelectric field effect might be attributed to the decrease of the quality either of
the LSMO morphology or of the top LSMO/PZT interfacexvi.

5.6 Conclusion

In summary, the ferroelectric polarization is capable to significantly modulate the magnetic
and (magneto)transport properties of a LSMO thin film upon switching a neighbouring PZT
layer between its two remanent states. The overall trends observed for the TC and TIM tem-
peratures are well explained in the framework of the DE mechanism. Attempts to understand
the transport mechanism of the several FeFEDs investigated gave plausible reasons to believe
that the ferroelectric field effect is capable to alter the energy scale related to the electronic
states which, hence, plausibly affect the transport properties. A key result of this Thesis is
obtained from the out-of-plane AMR measurements which demonstrated that the normalized
AMR ratio can be electrostatically modulated. The normalized AMR ratio modulation was ex-
plained by re-adapting a model where polar distortions, induced by the ferroelectric instability
of the PZT layer to the interfacial unit cells of the LSMO thin film, were explaining the AMR
data collected from FeFEDs grown on STO and LSAT single crystals. In this respect, the in-
terfacial magnetic anisotropy of the electrostatically gated LSMO layer has been put forward.
Moreover, studies undertaken on suitably patterned LSMO/PZT/LSMO/STO heterostructures
revealed the impossibility to obtain a reliable field effect of the top LSMO layer, where an
improvement of the LSMO morphology is still required. Finally, the FeFED grown on a single
crystal of LAO exhibited a relevant difference between the room temperature MRout amplitude
obtained in accumulation (∼0 %) and depletion (∼6 %). The latter might be considered an
important result from the application point of view.

xviNo TEM images were aquired for this type of heterostructure.
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6
Soft x-ray absorption spectroscopy characterization of

ferroelectric field effect devices

Important information related, mainly, to the electronic structure of a strongly correlated ma-
terial are given by x-ray absorption spectroscopy (XAS) measurements. By using particular
fitting models and sum rules, also a quantitative picture of electronic and magnetic properties
of the material under study can be obtained. The following chapter focuses on the spectro-
scopic results obtained by investigating the magnetic and electronic properties of suitably pat-
terned LSMO/PZT/LSMO/STO heterostructures using the XAS technique with linearly and
circularly polarized synchrotron radiation. X-ray magnetic circular dichroism (XMCD) and
x-ray linear dichroism (XLD) at the Mn L2,3-edges were used to gain information regarding
the magnetic moment and the interfacial orbital occupancy of the LSMO layer as a function
of the P direction. XAS at the O K-edge was also acquired and demonstrated that an overall
modulation of the hybridization level of the system was achieved as well with the P-switching.
The XAS spectra were acquired at the Deimos beamline of the Soleil synchrotron radiation
facility located in Paris (France). Interestingly, a satisfactory agreement between the experi-
mental data and multiplet atomic calculations rendered a reliable electrostatical modulation of
the interfacial orbital polarization of the LSMO layer.

6.1 Theoretical and pratical guide to get (semi)quantitative
information from XLD and XMCD spectra

As already discussed in section 2.3, the XAS spectra can be reproduced applying theoretical
models which take into account the electronic properties of the specific element. Accordingly,
single band or atomic multiplet models are used to describe delocalized and localized states, re-
spectively. However, in the case of the TMOs (i.e. La1−xSrxMnO3) the situation cannot be de-
lineated so sharply because of the intrisic competition between localized and delocalized states.
Nevertheless, XLD and XMCD spectra at the Mn L2,3-edges can be successfully explained by
using atomic multiplet models, which nevertheless need to be modified to incorporate features
regarding different symmetries, typically non-spherical, of the solid enviroment [135]. As a
result, the coordination and local symmetry of the final and ground states become relevant.
The most common symmetry effect in solids is the cubic ligand field. Accordingly, a cubic
(undistorted octahedra around the transition metal), tetragonal (D4h, JT-distorted octahedra)
or lower symmetries need to be taken into account. Those symmetry effects have been already
introduced in section 2.1 specifically to the perovskite structure of the LSMO (see, for exam-
ple, Fig. 2.3). As a consequence of the previous symmetry considerations, the XAS spectra
are the convolution of the multiplet structures at the L3- and L2-edges that reflect the spin-
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orbital coupling of the 2p states, i.e. the 2P3/2 and 2P1/2 core-levels, combined with all the
possible final 3d states which are accessible (by symmetry) to the excited electron. Moreover,
those peaks, associated to the aforementioned multiplet structures, are also convoluted by a
peculiar broadening associated to intrinsic and instrumental effects. The intrinsic broadening
is related to the lifetimes of the core-hole and the excited final state. The broadening of core-
hole lifetimes can be modeled by a Lorentzian function [54]. The broadening by the excited
state lifetimes is more complicated. At the edge onset (where the lifetime of the excited state
approaches infinity) the broadening is zero and increases with increasing energy. Nevertheless,
the peak at the L3-edge is usually characterized by broadening values ranging in the interval
0.3÷0.4 eV for Mn compounds. This parameter is rather empirical, and can be estimated on
the base of the spectral shape. On the other hand, the peak at the L2-edge exhibits a shorter
lifetime. As a result, the broadening value is roughly two times higher than the one obtained at
the L3-edge, and values of 0.6÷0.7 eV are usually used for Mn compounds. The instrumental
broadening is easiest to simulate: it can be modeled by a Gaussian with a FWHM given by
the instrument which is rarely below 0.1 eV [136]. Nevertheless, at the Deimos beamline of
the Soleil synchrotron, the nominal resolution of the x-ray beam was 0.08 eV. The open-source
CTM4XAS programi [137] was used for the atomic multiplet scattering splitting calculation of
the XLD and XMCD spectra. Figure 6.1 shows an example of two simulated XLD spectra for

Figure 6.1: Calculated XLD spectra for the Mn L2,3-edges of a Mn+3 ion (D4h symmetry). Used program parameters:
10Dq = 1.8 eV, ∆t2g = [xy− (xz,yz)]=± 0.9 eV and ∆eg = [(x2− y2)− z2]=± 0.2 eV. (Left) The simulation for negative
values of ∆t2g and ∆eg indicates a preferential in-plane orbital (x2− y2) occupancy. The completely opposite situation,
i.e. preferential out-of-plane orbital (z2) occupancy, is found for positive values of the previous parameters (right).

the Mn L2,3-edges of a Mn3+ ion for both in-plane compressive and tensile strain states. The
two insets represent a schematic view of the two typical Jahn-Teller distortions of the MnO6

iAnother identical code is Missing developed by Prof. Claudia Dellera at the Politecnico of Milano.
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octahedron. The XLD spectra were calculated by the atomic multiplet scattering theory im-
plemented with the CTM4XAS code. Basically, the XLD spectra reflect the relative energy
splitting of the eg and t2g levels, which is reported again in a more simple view in the lower
part of Figure 6.1. In the case of an in-plane tensile (compressive) strain state the 3d x2− y2

(z2) orbitals are lower in energy, and the XLD spectrum looks like the one depicted on the
left side (right side) of Figure 6.1. Moreover, in many systems (like for the case of doped
manganites) it is important to extend the crystal field multiplet theory with the inclusion of
charge transfer effects [138] which complicate the description of the final state in the XAS
process. Precisely, charge-transfer effects take into account the partial hybridization between
the Mn 3d and O 2p orbitals. The simulated XLD spectra, shown before in Figure 6.1, were
indeed calculated introducing also such kind of effect. Specifically, in the CTM4XAS soft-
ware the charge-transfer effects are parametrized by the following constants: charge transfer
gap ∆CT , on site Udd and intersite Upd Coulomb repulsion. Typical values reported in literature
for LaMnO3 are ∆CT = 3÷3.5 eV, Udd = 5 eV and Upd = 6.5 eV [136]. As a result, when also
charge-transfer effects are considered, the XLD spectra of manganites can be still simulated
by multiplet scattering splitting theory. However, beyond any possible complex mechanism
that needs to be considered to explain the shape of the XAS spectra, especially for the case
of doped manganites, the overall information regarding the eg orbital splitting and, hence, the
related anisotropy in the occupancy can be gained from the analysis of XLD spectra.
Similar considerations are capable to describe also the XMCD spectra. Specifically, the atomic
multiplet calculations successfully reproduce the experimetal results, introducing the magnetic
exchange interaction into the model. The latter splits the final states with different spin con-
figurations, which give rise to a magnetic dichroism. Also the XMCD spectra are dependent
on the Mn valence, and in general for ferromagnetic manganites cannot be completely repro-
duced without explicitly considering the presence of a mixing between the Mn4+ and Mn3+

ions. On the other hand, when the mixing effect is considered, combinations of atomic spectra
obtained from ions in different electronic configurations can be dangerous, since not always
strictly valid. As a result, the fitting procedure needs to be valuated case-by-case.

6.2 XLD measurements on the LSMO/PZT/LSMO/STO FeFED

Several studies have shown that different surface symmetries [57] and substrate-induced strain
effects [36] are capable to induce a different interfacial partial occupancy of the 3d x2− y2

and z2 orbitals in La1−xSrxMnO3 thin films. Due to the strong correlation between the several
degrees of freedom for which manganites, in general, are widely investigated, the resulting or-
bital and/or charge anisotropy can in turn affect the related physical properties. Indeed, results
collected from a spectroscopy study have recently shown that upon the P-reversal, a tuning
of the competition between the ferromagnetic and anti-ferromagnetic phases of the half-doped
La0.5Ca0.5MnO3 manganite, can be realized [139]. Moreover, a surface x-ray diffraction study
of the system LaAlO3/SrTiO3 (LAO/STO) revealed that the presence of a polarity mismatch,
at the oxides’ interface, induces buckling of the cations [140]. Interestingly, it has been proven
that an injection of electrons at the LAO/STO interface, inducing the aforementioned lattice de-
formations, can be responsible for an orbital reconstruction mainly based on a re-arrangement
of the level hierarchy of the partially occupied Ti t2g orbitals [141]. Additionally, recent high
resolution TEM measurements on manganite/ferroelectric/manganite heterostructures demon-
strated structural distortions of the interfacial MnO6 octahedra induced by the ferroelectric
instability. These structural distortions can be indirectly translated into an inversion of the
eg orbital occupancy [134]. Hence, from crystal field effects, which can be either intrinsic
(different lattice symmetries) or extrinsic (strain and/or polar distortions), a fascinating possi-
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bility to induce an orbital reconstruction at the interface between two oxides can be derived.
Therefore, in suitably engineered devices a clear modulation of the interfacial functional prop-
erties can be studied. However, a direct demonstration of an inversion of the transition metal
3d-states, through spectroscopy probes, is still missing. In the attempt to try to fill up the
aforementioned gap, XAS spectra at the Mn L2,3-edges and O K-edge were measured for the
LSMO/PZT/LSMO/STO FeFED, as a function of the P direction. The belief, that upon the
P-reversal the variation of the energy scale of the Mn 3d orbitals may be achieved, was the
driving force behind the measurements performed at the Soleil synchrotron radiation facility
and presented here.

Differently from the case of the (magneto)transport characterization introduced in the pre-

Figure 6.2: (a) Schematic view of the x-ray absorption spectroscopy experiment on the LSMO/PZT/LSMO FeFED.
The photon linear polarizations can be set parallel (pab, vertical polarization) or almost perpendicular to the ab-plane
(pc, horizontal polarization). CR and CL indicate photons circularly right and circularly left polarized, respectively. (b)
Ferroelectric switching of the PZT layer during the experiment: (top panel) PUND gate voltage signal applied to the
bottom LSMO layer with the top LSMO grounded, and (bottom panel) current vs. time characteristic acquired during
the switching process. The ferroelectric polarization directions, related to the PUND polarity, are sketched in the insets
(bottom panel).

vious chapter, here the studied heterostructures were suitably patterned through several pho-
tolithographic steps. Indeed, in order to study the Mn 3d orbital occupancy as a function of
the P direction, the bottom and the top LSMO layers were patterned in two separate steps,
realizing a back-gated 200×100 µm2 Hall bar (HB) channel. The PZT lying underneath the
channel of the HB was switched by applying a suitable voltage pulse between the bottom
(gate) and top (HB) LSMO layers. Figure 6.2a shows the schematic view of the FeFED,
along with the geometry used for the XLD and XMCD experiments. A typical switching cy-
cle performed on the FeFED tested at the Deimos beamline is shown in Figure 6.2b. More
in details, a function generator applies a positive-up negative-down (PUND) signal between
bottom gate and the top channel (grounded), while an oscilloscope was used to read the fer-
roelectric switching pulses [92]. The polarization of the PZT layer was ∼80 µCcm−2. The
insets of Figure 6.2b illustrate the direction of P with respect to the applied voltage pulse.
Accordingly for polarization pointing toward (away from) the top LSMO layer the depletion
(accumulation) state is realized. The incoming beam, characterized by a vertical×horizontal
size of 80×80 µm2, is focused on the upper LSMO layer in grazing incidence conditions
(incidence angle of ∼30◦ with respect to the device surface). The 60 nm thick PZT layer
was characterized by a relatively high value of P and a long retention time. In particular, a
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patterned LSMO(6 nm)/PZT/LSMO(12 nm) heterostructure deposited on top of a (001) STO
single crystal was investigated. The LSMO/PZT/LSMO/STO heterostructure investigated at

Figure 6.3: (a) Retention measurement for the LSMO/PZT/LSMO/STO FeFED. The resistance of the top LSMO layer
was monitored. b) Results related to the polarization calculation for the P-U current pulses displayed in the previous Fig.
6.2b.

the synchrotron radiaton facility was made of two separated FeFEDs. After almost 6 hours in
average of acquisitions the heterostructure was removed from the ultra high vacuum chamber
and the PZT polarization retention tested by sending an appropriate voltage pulse. Unfortu-
nately one of the two FeFEDs was characterized by a bad retention time, since P was found
completely reversed and, for this reason, only the results related to the properly working device
are shown here. Accordingly, in Figure 6.3a the retention characteristic acquired at 300 K for
the properly working FeFED is shown, for both the accumulation and depletion states. Since
the top LSMO layer was patterned in a HB geometry it was possible to monitor the resistance
value as a function of the P direction. The displayed percentage values are the time dependence
of the resistance with respect to the initial values measured just after the P-switching for both
the accumulation and depletion states. The following formula has been used to calculate the
retention value:

Retention = 100+100· [R(t = 0)−R(t)],

where R(t = 0) and R(t) represent the measured resistance value just after the P-switching
(i.e. at t = 0) and at the time t, respectively. After at least 6 hours, the obtained values of the
resistance remain practically constant at 300 K, hence, demonstrating the good retention time
of the ferroelectric polarization. In Figure 6.3b the P, U and P-U current pulses are shown. The
integration over time (see, for example, the orange solid line) of the P-U pulse gives the total
amount of charges collected in the parallel plate capacitor-like geometry, i.e. ∼25 mC that
become∼16 mC if the shaded area (still accounting for the leakage contribution) is subtracted.
Hence, dividing the latter value through the nominal value of the switched area (∼2·10−4

cm2) the relatively high polarization value of ∼80µCcm−2 is obtained.
Substantial difficulties were faced regarding the alignment of the incoming x-ray beam in

correspondence to the channel area of the top LSMO layer patterned in a HB geometry. Ac-
cordingly, in order to achieve a reliable alignment, several XAS spectra were acquired scanning
along the x,z-direction in resonance and off-resonance modes. Since outside the HB channel
no Mn signal was expected, x and z scans were performed at the energies of 641.17 eV (on the
Mn L3 resonance) and 631.17 eV (off resonance). The substraction of the two scan line profiles
for each x,z-direction provided a powerful tool to properly align each FeFED with respect to
the incoming x-ray beam. As an example Figure 6.4 shows the result of the aforementioned
procedure. The insets of the two graphs reported in Fig. 6.4 show an optical microscope im-
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Figure 6.4: Example of the x-ray beam alignment procedure. On the left the result of the z-scan across the HB channel
(see blue arrow in the inset) is shown. On the other hand on the right the XAS spectrum obtained from an x-scan along
the entire lenght of the HB geometry is depicted (see blue arrow in the inset). Both insets show the optical microscope
image of the LSMO/PZT/LSMO/STO heterostructure with the bottom LSMO shaped as gate and the top LSMO as HB
geometry.

age of the studied heterostructure where the (bottom) gate and top HB geometry of LSMO are
easily recognizible. Moreover, the blue arrows indicate the two directions used for the x-ray
beam alignment. Therefore, in the left graph of Fig. 6.4 the result obtained from a z-scan
performed in correspondence to the 100µm-wide HB channel is reported. On the other hand,
in the right graph of Fig. 6.4 the result obtained from the x-scan performed along the entire
lenght of the HB geometry is shown. Correspondingly, only after an adequate alignment of the
x-ray beam in correspondence to the channel area of the HB geometry the XAS measurements
were suitably performed. In this respect, it is necessary to remember that only in that area it
was possible to switch the polarization of the PZT layer due to the chosen geometry of the
bottom LSMO layer.
Interestingly, Figure 6.5 shows a clear proof of the particular sensibility of the XAS technique
to the electronic configuration of the element under investigation. In Figure 6.5a room tem-

Figure 6.5: a) XAS spectra at the Mn L3 absorption peak measured at room temperature for several La1−xSrxMnO3
thin films characterized by different Sr-contents all grown onto a STO substrate. In b) the related XLD spectra are shown.

perature XAS spectra at the Mn L3-edge (2P3/2 multiplet), of several bare La1−xSrxMnO3 thin
films grown on STO substrates as a function of the doping level x are comparatively shown.
It is worth to notice that the absorption peak position shifts to higher energy values when x
increases. Indeed, the maximum value of the Mn L3 peak moves from 642.7 eV in LaMnO3 to
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643.5 eV in La0.3Sr0.7MnO3. The observed shift of the peak is an evidence of a Mn valence
state variation, which is linked to the different doping levels and modifications of the MnO6
symmetry due to unavoidable chemical distortions. In order to have a quantitative information
of the energy shift as a function of x, the absorption rising peak which also experiences a shift
to higher energy values with the increase of x was considered. By a linear fit of the rising part
of the XAS peaks (not shown here for sake of simplicity), the intercept with the photon energy
axis E was calculated. At x = 0, E = 639.81 eV and at x = 0.7 E = 640.08 eV. Hence, the relation
∆x/∆E = 2.6 eV−1 describes qualitatively the effect of the doping level on the shift in energy
of the L3 peak position. As already mentioned before, due to the relevant change of the spec-
tral shape also an alteration of the symmetry related to the ground state of the manganite thin
films can be envisaged [142]. Precisely, for the spectrum acquired at x = 0, an evident complex
2P3/2 multiplet structure is obtained (see the pre-peak at low energy values in Fig. 6.5a of
the black solid line) which is theoretically simulated (not shown here) assuming the stable 3d
t3
2ge1

g electronic configuration for the ground state with a crystal-field splitting of 2 eV. As a
result, the electronic ground state of LaMnO3 is mainly 3d4 with 10Dq = 2 eV. Then, when x
is increased, the L3 peak is much more broadened and a satisfactory agreement with the simu-
lated spectra is found when the crystal-field splitting energy is decreased to a value of 1.2 eV,
and also charge transfer effects are considered through the ∆CT parameter. First, the variation
of the 10Dq value demonstrates, indeed, that the symmetry of the ground state is affected by
the variation of the valence state of the Mn ions [143]. Next, the increase of the covalency
of the ground state, i.e. the ligand oxygens share electrons with the Mn ions as explained in
Ref. [144], justifies the use of charge transfer effects for the simulation. Finally, it can be con-
cluded that the ground state of bare La1−xSrxMnO3 thin films grown on top of STO substrates
show a clear tendency towards the 3d4 electronic configuration for low level of doping and
additionally, when x increases, the hypothesis of the hybridization between the Mn and O ions
results in a rather complete picture, where the ground state is more close to a mixture of 3d3

and 3d4L, with L being a ligand hole. Additionally, Figure 6.5b shows the XLD spectra related

Figure 6.6: Mn L3 absorption peak measured at room temperature for the FeFED for light polarized in-plane (pab) and
out-of-plane (pc). The difference of the rising peaks between accumulation and depletion is highlighted in the two insets.

to each of the previously introduced bare La1−xSrxMnO3 thin films characterized by different
x values. Without entering into details of a realible discussion related to the understanding of
the features related to each XLD spectrum, here, the main focus is (barely) on the fact that the
variation of x is also capable to affect the XLD spectra. Whether this is due to structural distor-
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tions induced by a different level of doping, or due to the intrinsic variation of the valence state
of the Mn ions, is so far unknown. In this respect, field effect experiments can be extremely
helpful to discriminate between the two aforementioned origins for the differences exhibited
by the XLD spectra. Since the ferroelectric field effect, as shown in the previous chapter, can
be basically explained as a charge-driven effect, it would be of obvious relevance to reproduce
the results shown in Fig. 6.5 (which were obtained by a static variation of the doping level)
through the possibility offered by the FeFED, viz. with a dynamic variation of the doping level
upon the reversal of the P direction.
Along this direction a compelling result is illustrated in Figure 6.6 where the Mn L3-edge XAS
spectra acquired for both light polarizations, i.e pab and pc, and for both accumulation and de-
pletion states of the investigated FeFED are shown. By a close inspection of the related insets,
it is worth to recognize that the Mn L3 absorption rising peak shifts towards lower energies in
depletion, in complete agreement with the aforementioned trend obtained for a static variation
of the hole doping level (see Fig. 6.5a). The same result is obtained for both light polarizations.
As a result, the doping level of the gated upper LSMO layer can be dynamically tuned upon
the P-reversal. By operating, as in the case of Figure 6.5, a linear fitting procedure of the XAS
rising peak, a difference in the photon energy, ∆E, of ∼0.023 eV was found from which an
average dynamic modulation of x of ∼0.06 holes/Mn is calculated. Hence, from the analysis
of the XAS measurements acquired in accumulation and depletion, it emerges that the interfa-
cial doping level of the upper LSMO layer is electrostatically modified by switching P. The
obtained value for the modulation of x is also consistent with previous reports in literature [70].
Additionally, the relative modulation of the magnitude obtained between pab and pc indicates
a clear presence of linear dichroism in the system. Hence, relevant information regarding a
possible anisotropy of the orbital occupancy can be obtained. Along this direction, it needs to
be highlighted that at room temperature and in zero magnetic field, the XLD spectra are mainly
related to the orbital anisotropy, and mainly information related to the level hierarchy of the
Mn 3d t2g and eg states can be addressed. An important result along this direction is illustrated

Figure 6.7: a) XLD spectra obtained in the accumulation state of the FeFED. The orange solid line represents the
integral of the XLD spectrum calculated over the entire range of photon energy investigated. b) XLD spectrum obtained
for the depletion state of the FeFED. Also in this case the solid orange line represents the integral of the XLD spectrum.

in Figure 6.7 where spectroscopic studies performed on the FeFED characterized by a good
retention time are shown. The two XLD spectraii were calculated from the Mn L2,3-edges XAS
measurements acquired at room temperature and zero magnetic field for the accumulation (see
Fig. 6.7a) and the depletion state (see Fig. 6.7b). Interestingly, a peculiar change of the shapes

iiBoth XLD spectra were normalized to the value of the Sum XAS spectrum at the L3 peak value. The Sum XAS spectrum indicates indeed
the sum of the two XAS spectra acquired with light parallel and perperdicular to the FeFED plane, respectively.
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of the spectra can be easily seen. Specifically, regarding the XLD spectrum calculated in accu-
mulation, the peak centered around the photon energy of ∼640 eV shows tails that noticeably
extend in the negative part of the graph if compared with the one obtained in depletion (see Fig.
6.7b), where substantially those features completely disappear. In an octahedral symmetry of
the crystal field interaction, the integrated XLD signal normalized to the total XAS absorption,
i.e. DL as defined by the Eqs. 2.1 and 2.2, offers relevant information about the anisotropy of
the orbital occupancy related to the 3dx2−y2 and 3dz2 levels. Interestingly, the aforementioned
integral (displayed in Fig. 6.7a,b as a solid orange line) exhibits a sign inversion when the
polarization direction is reversed. Additionally, a measure of the Mn 3d orbital polarization
πorb can be obtained as pointed out by the following relation :

DL =

∫
L3+L2

(Iab− Ic)dE∫
L3+L2

(2Iab + Ic)dE
' 1

2
nz2−nx2−y2

nz2 +nx2−y2
=−1

2
πorb, (6.1)

where nx2−y2 and nz2 are the electron occupations in the eg 3dx2−y2 and 3dz2 orbitals, respec-
tively, and πorb is the orbital polarization defined as in Ref. [134]. DL is negative in accumu-
lation (according to Eq. 6.1 an in-plane 3dx2−y2 electron occupancy is favored), and positive
in depletion (according to Eq. 6.1 an out-of-plane 3dz2 electron occupancy is now favored).
These data correspond to a change in the average orbital polarization of the eg Mn 3d states
from +1.2 % (accumulation) to -0.5 % (depletion), showing that the orbital hierarchy of the Mn
3d-states is controlled by the electric field induced by the PZT layer.
However, it is necessary to highlight here that in Figure 6.1, where the simulated XLD spectra
related to two opposite strain states of the octahedron surrounding the Mn ion are shown, an
opposite trend of the features related to both L3 and L2 peaks is observed when the orbital
occupancy is completely reversed. Hence, although DL reverses sign, the XLD spectra of Fig-
ure 6.7 do not exhibit a clear inversion of the L3 and L2 peaks. It is clear that this important
discrepancy forbids, at first sight, any reliable explanation based on the ligand field approach,
and hence, on the validity of the sum rule expressed through Eq. 2.2. On the other hand, even
if the obtained change of sign for DL could be explained in the framework of the aforemen-
tioned sum rule, the question of how a genuine charge-driven effect can be responsible of an
anisotropy in the orbital occupancy needs to be raised. Indeed, from a pure electrostatic ap-
proach and by assuming a simple rigid band picture, the Fermi level of the LSMO can only
move up and down across the eg conduction band as a function of the P direction [81]. In this
framework it is clear that a P-dependent anisotropy occupancy of the 3d orbitals cannot be ex-
plained through simple change of the carrier density. Subsequently, in this particular case, the
change of the XLD spectra observed upon the P-reversal might reflect subtle deviations from
the octahedral symmetry of the interfacial MnO6 octahedra. Moreover, since the XAS signals
are averaged over the entire thickness of the investigated LSMO layer, the presumed effect of
symmetry lowering should, then, propagate in more than interfacial unit cells in order to give
measurable effects.

6.2.1 Atomic multiplet calculations

In order to get more detailed information on the changes of the electronic properties of the
LSMO layer as a function of the P direction, the XLD spectra were simulated by atomic mul-
tiplet calculations. Although the sum rule of Eq. 2.2 does not take into account the splitting
of the 3d t2g orbitals (see, for example, the lower part of Figure 6.1), the code implemented
by the CTM4XAS software gives the possibility to account also for that. Indeed, in principle,
the XLD spectra contain also contributions stemming from the anisotropy of the 3d t2g states.
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The latter are partially related to the orbital splitting, and partially to the different hybridization
energy between the Mn 3d orbitals and the 2p orbitals of the neighbouring oxygen ions. For
this reason, all the simulated spectra were obtained considering also charge transfer effects,
as previously introduced, to properly simulate the XAS spectra related to La1−xSrxMnO3 thin
films characterized by different x values. Due to the low level of doping of the LSMO layer,
i.e. x = 0.175, the simulations of the XLD spectra were implemented using, as a first assump-
tion, a starting ionic picture with the manganese ions in the Mn3+ configuration. Indeed, the
contribution to the XLD spectra arising from the presence of the Mn4+ ions is minor at that
level of doping, and thus completely ignored for the simulations presented below. The values
of 1.7 eV and 80 % were used for the crystal field splitting of the t2g and eg levels (i.e. 10Dq)
and for the standard reduction of the Slater integralsiii, respectively. The charge transfer energy
∆CT indicates the energy gap between the 3d4 and 3d5L electron configuration for a Mn3+ ion,
L being a hole in the O2p band. Hence, ∆CT is strictly related to the hybridization level of the
system. Additional parameters used by the theory implemented in the code of the CTM4XAS
software were the Udd parameter which is the Hubbard U value, i.e. the Coulomb interaction
between the 3d electrons, and the Upd parameter which defines the core-electron potential in-
teraction. Usually for XAS charge transfer multiplet calculations, Udd and Upd separately have
no direct influence, and only the energy difference Upd-Udd is important [137]. Finally, the
XAS spectra were convoluted with a Lorentzian broadening of 0.35 and 0.7 eV for the L3 and
L2 peaks, respectively. The bigger value used for the broadening of the L2 peak is due to the
large bandwidth of the Mn 3d states [138].
The XLD spectrum obtained in the accumulation state (i.e. XLDacc) is reasonably reproduced

by the solid blue line of Figure 6.8a using as fitting parameters the energy splitting for the
t2g and eg states, i.e. ∆t2g = Exy-Exz,yz = -0.15 eV and ∆eg = Ex2−y2-Ez2 = -0.55 eV, and a charge
transfer ∆CT of 4 eV. The parameter set, i.e. XLD−, that fits at best the experimental spec-
trum in accumulation is the result of a simulation batch where the energy splitting parameters,
∆t2g and ∆eg together with the ∆CT and the Upd-Udd parameters were appropriately varied. In
the CTM4XAS software the Ds and Dt parameters were used to account for the ∆eg and ∆t2g
energy splittings as indicated by the following relations:

∆t2g = 4Ds +5Dt

∆eg = 3Ds−5Dt .

The negative sign of DL is recovered as well (see, for example the blued dotted line in Fig.
6.8a), as expected from Figure 6.7a. The XLD− parameters are displayed in the form of an en-
ergy diagram in the bottom panel of Fig. 6.8a. Interestingly, a similar XLD spectrum was also
obtained in areas of the upper LSMO layer where it was impossible to switch the PZT outside
the channel (no gate electrode). This result confirmed that the as-grown polarization state is
characterized by P pointing away from the upper LSMO layer (accumulation). This built-in
polarization state of the PZT determines a structural/orbital effect which mainly induced a pref-
erential occupancy of the in-plane 3dx2−y2 orbitals, which is schematically represented in the
inset of Figure 6.8a (upper panel). However, only the interfacial unit cells are affected by the P-
reversal due to a finite screening lenght of the LSMO. As a consequence, while the agreement
between experimental data and theoretical calculations is quite good in the accumulation state,
in depletion it is not possible to get a simulated XLD spectrum which gives at the same time a
negative orbital polarization, as required by the sign of DL (see, for example, the orange solid
line in Fig. 6.7b), and a comparable spectral shape. Indeed, in depletion the XLD spectrum
iiiA standard reduction to 80 % of the Hartree-Fock values is assumed to represent the atomic values, as confirmed by experiment [137] Fdd,

Fpd and Gpd are the symbols used in the CTM4XAS software for the Slater integrals.
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Figure 6.8: Comparison between the atomic multiplet calculations (blue lines) and the experimental XLD spectra
described in the text for the (a) accumulation and (b) depletion state, respectively. The blue dotted lines represent the
integrals of the simulated XLD spectra that adequately reproduce sign and shape of the integral obtained from the of the
measured XLD spectra. In the lower part the energetic diagrams represent the possible modulation of the hierarchy of the
Mn 3d levels in accumulation and depletion. The schematic ionic model has been re-adapted from [134].

(i.e. XLDdepl), while showing a much reduced negative tail at the L3 peak (which, basically,
determines the negative sign of DL in accumulation), is still characterized by a positive peak
at L3 and a reduced, but negative, feature at the L2 peak. A reasonable agreement between
the XLD spectra and the calculations, in depletion, is obtained by separating the contributions
to the XLD signal of the interfacial unit cells, influenced by the PZT polarization, and of the
top-most unit cells of the LSMO which are, on the other hand, not (or at least less) affected by
the P-switching. As a result, the LSMO thin film is modelled as constituted by two parts each
of them contributing differently to the overall XLD signal, as schematically illustrated in the
sketch of Figure 6.8b (upper panel). In this framework the top-most unit cells of the LSMO
are characterized by the XLD− parameters, hence, related to XLDacc. In order to account
for the negative value of the orbital polarization a set of parameters related to a preferential
out-of-plane occupancy of the Mn 3d orbitals were used as expected from the crystal field the-
ory (see, for example, Fig. 6.1). The best agreement between the experimental XLDdepl and
its integral (see, for example, the orange solid line in Fig. 6.7b) is obtained if the interfacial
unit cells contribute by 45 % to the total XLDdepl . As already anticipated, the interfacial unit
cells are characterized by positive splitting parameters (denoted as XLD+): ∆t2g = +0.5 eV and

92



6.2 XLD measurements on the LSMO/PZT/LSMO/STO FeFED

∆eg = +0.05 eV. For the related energy diagram sketch see, for example, the bottom panel of
Fig. 6.8b. A simple linear combination (a small energy shift was also considered for the sim-
ulated spectrum in accumulation in order to account for the electrostatic doping effect) of the
simulated spectra obtained using a set of parameters accounting for a preferential out-of-plane,
i.e. XLD+, and in-plane, i.e. XLD−, orbital occupancy rendered a quite satisfactory XLDdepl
spectrum along with its integral, as shown in Figure 6.8b (upper pannel). Precisely, the simple
linear combination XLDdepl = 0.45 ·XLD+ + 0.55 ·XLD−, was used in order to obtain the best
fitting possible. Interestingly, also the calculated integral of the simulated XLDdepl spectrum
returned the expected positive value, hence, confirming the reliable possibility to induce, upon
the P-reversal, a change in the level hierarchy of the Mn 3d orbitals.
Keeping this in mind and by considering the orbital polarization obtained in accumulation and
depletion πacc

orb and π
depl
orb , respectively, the following relations are valid:

πacc
orb =

(
πXLD−

orb

)
inter f acial

=
(

πXLD−
orb

)
top−most

π
depl
orb = 0.45·

(
πXLD+

orb

)
inter f acial

+0.55·
(

πXLD−
orb

)
top−most

.

(6.2)

By using the values obtained from the experimental XLD data, i.e. πacc
orb = +1.2 % and π

depl
orb = -

0.5 %, the calculated interfacial orbital polarization in depletion (i.e. (πXLD+

orb )inter f acial) is ∼-
2.6 %. Hence, as a result, upon the P-switching which is found to affect 45 % of the LSMO
thickness, the orbital polarization from the value of +1.2 % in accumulation (preferential in-
plane occupancy of the orbitals), changes to the value of ∼-2.6 % in depletion (preferential
out-of-plane occupancy of the interfacial orbitals). Since in accumulation for the entire thick-
ness value of the LSMO, as the main orbital occupancy the one related to a positive orbital
polarization was considered, in depletion the 45 % of the total LSMO thickness, i.e. 2.7 nm,
needs to be considered as the active interfacial layer where the orbital polarization modulation
takes place.
In order to justify the choice done for the depletion state to use a set of parameters i.e. XLD+,
which provide a preferential out-of-plane orbital occupancy, the examination of a possible P-
dependent structural distortion of the interfacial MnO6 octahedra is necessary. First-principles
calculations carried out by Pruneda et al. [85] have shown a significant electrostatic sensitivity
of manganite thin films to exhibit a surface structural distortion. Precisely, at the film surface,
a ferroelastic instability of the Mn-O bond was proposed together with a possible off-centering
of the Mn ions from the oxygen cage. As a result, it can be concluded that manganite thin films
grown in proximity to a ferroelectric material can exhibit a sensitivity to the ferroelectric dis-
tortions, which on the other hand can be ”transferred” to the first few unit cells of the adjacent
manganite thin film. Hence, a plausible explanation of the XLD simulations can be proposed
by enabling the possibility that the PZT ferroelectric distortions (related to the two possible po-
larization directions) at the interface with the LSMO thin film are substantially capable to alter
the Mn-O bond angle/distance as shown in the schematic view of the lower pannel of Figure
6.8a,b (see precisely the shaded area), along with the modification of the c/a ratio related to
the interfacial oxygen octahedron of the LSMO unit cells. This model has been derived from
the results of an ab-initio calculation, which has been already presented in the previous chap-
ter (work done by H. Chen and co-workers [134]). As a result, the Mn ions undergo a shift
induced by the polarization charges of the ferroelectric oxide and, consequentially, a tuning
of the orbital anisotropy of the 3d Mn states can be achieved. Regarding the depletion state
(i.e. interfacial positive polarization charges), the oxygen ions forming the octahedral cage
surrounding the Mn ions, having a net negative charge, undergo a displacement toward the
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ferroelectric/manganite interface. As a result, the LSMO c/a ratio increases and a preferential
occupancy of the Mn 3d z2 orbitals, with respect to the counterpart 3d x2− y2 orbitals, is fa-
vored. On the other side, the opposite situation is realized in the accumulation state. In this
case, the interfacial negative polarization charges act as ”pushing” away the oxygen ions of the
LSMO from the interface, resulting in a decrease of the c/a ratio. Hence, the oxygen octa-
hedra, surrounding the Mn ions, shrink in the c-direction and the occupancy of the 3d x2− y2

orbitals is now stabilized. The Mn ions move in the respective unit cells in a non-symmetric
way, hence, not as expected by a standard JT-effect. Accordingly, the model provides a clear
picture of the bending related to the MnO2 planes (the two sketches shown in the lower pannel
of Fig. 6.8a,b for both the accumulation and depletion states highlight, indeed, the bending of
the MnO2 planes). Hence, the model provides circumstances according to which the alteration
of the hybridization energy of the LSMO/PZT system can be envisaged as well. In this frame-
work also XAS spectra acquired at the O K-edge were necessary to get important information.

6.2.2 XAS at the O K-edge

In the previous section the simulated XLD spectra obtained to match at best the experimental
data provided a clear variation of the ∆CT parameter. The latter decreased from the value of
4 eV in accumulation to 3 eV in depletion. The variation of ∆CT clearly suggests that the P-

Figure 6.9: a) O K-edge XAS spectra acquired at the temperature of 4 K for light polarized in-plane and for both
accumulation and depletion states of the FeFED. Highlighted in azure is the pre-edge structure which stems from the
contribution of the Mn 3d character band. In b) the latter is suitably magnified in order to better visualize the shift in the
absorption edge.

reversal affects the hybridization level between the Mn 3d and O 2p orbitals. This finding, of
course, affects the shape of the XLD spectra as well. In order to be consistent and demonstrate
the (partially) covalent nature of the Mn-O bonds, XAS spectra at the O K-edge were measured
as well. Practically, in the latter case the transitions from the oxygen core 1s to the unoccupied
O 2p levels are recorded. XAS at the O K-edge are also used to obtain information regarding
the empty levels just above the Fermi level which are formed as a result of the hybridization
process [145]. Figure 6.9a shows the XAS spectra at the O K-edge for both accumulation and
depletion states acquired at the temperature of 4 K for light polarized in-plane (i.e. pab). The
spectra are normalized to the peak height at approximately 533.6 eV after the subtraction of
the background signal. The XAS spectra show three main features indicated in Figure 6.9a
by arrows. Those features have been described by Abbate and co-workers [144] as stemming
from the hybridization process with different empty Mn orbitals. Accordingly, the structure
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recorded around the energy values of ∼535 and ∼543 eV are attributed to bands of La-5d,
Sr-4d and La-6sp, Mn-4sp character, respectively. On the other hand, the feature centered at
∼530 eV and highlighted in Figure 6.9a, is attributed to the overlapping t2g and eg bands of
Mn 3d character, from which the important information related to the hybridized O 2p-Mn 3d
states can be accessed. The latter is commonly addresed as ”pre-edge structure”. The changes
observed upon the P-reversal regarding the two broad peaks recorded at the energy values of
∼535 and ∼543 eV are less important for the main topic addressed in this Thesis and for this
reason will not be discussed further. On the other hand, it is of primary importance here to
focus on the pre-edge structure of which the observed modulation can be strictly related to
the accumulation and depletion states of the FeFED. In this respect Figure 6.9b shows the
zoom of the pre-edge structure. The peak centered around the energy value of ∼530 eV corre-
sponds as already mentioned above, to the orbital overlapping between the Mn 3d and the O 2p
states. Interestingly, the overall magnitude in accumulation is higher than the value obtained
in depletion. This finding gave the possibility to have another measure of the Mn 3d orbital
occupancy. Indeed, the higher magnitude recorded in accumulation reveals a higher number
of empty states, hence, a lower occupancy of the Mn 3d orbitals. As a result, the value of

Figure 6.10: XLD spectrum calculated from XAS acquired at the O K-edge at the temperature of 4 K for both accumu-
lation and depletion states of the FeFED.

Mn valence increases as, on the other hand, expected in accumulation state. Additionally, by
a close inspection of Figure 6.9b, the pre-edge structure can be attributed to a more plausible
overlap of two different peaks. XAS spectra acquired at the O K-edge of manganites have
been already extensively investigated [146] but, up to date, a clear picture of a reliable doublet
nature of the pre-edge structure is still missing. However, according to the work of Aruta and
co-workers [145], the relevant Mn 3d orbitals involved in the pre-edge structure are attributed
to the hybridization with the majority spin eg (i.e. e↑g) and to the minority spin t2g (i.e. t↓2g)
as indicated in Figure 6.9b. Besides these considerations, what is important to note here is
related to the energy shift towards a low energy region of the absorption edge in the accumula-
tion state. This finding demonstrates that the Fermi level of the system moves toward a lower
energy region, and subsequently an increase of the number of holes in the conduction band
is obtained, confirming the already reported results related to a static variation of the doping
level [144] and the (magneto)transport measurements on different FeFEDs introduced and dis-
cussed in the previous chapter. To conclude, it is noteworthy to consider also the presence of
dichroism in the O K-edge XAS signals which is valuable in determining the local symmetry
of the Mn empty states just above EF . Indeed, it has been shown by Wu and co-workers [147]
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that the linear dichroism calculated at the O K-edge at the energy value of ∼530 eV can give
important information regarding the orbital polarization of the unoccupied eg states just above
EF . Along this direction Aruta and co-workers [145] have reported that a positive peak of
the calculated XLD spectra at the O K-edge of a LSMO(x = 0.3) thin film, grown on a LAO
substrate, is indicative of an out-of-plane preferential orbital occupancy (i.e. 3d z2). On the
other hand, a negative peak is found in the case of a LSMO(x = 0.3) thin film grown onto a
STO substrate where a preferential in-plane occupancy is achieved (i.e. 3d x2− y2). In this
respect, Figure 6.10 shows the XLD spectrum calculated from the XAS spectra acquired at
the O K-edge (i.e. Iab-Ic). The remarkable modulation related to the magnitude of the peak
centered at ∼530 eV marks a change in the hybridization level between the out-of-plane and
in-plane direction. Relevantly it can be noticed that the amplitude value obtained in deple-
tion is higher than the value obtained in accumulation. From a bare speculation point if the
aforementioned findings of Aruta and co-workers can be straightforwardly adopted in the case
of the XLD spectra shown in Figure 6.10, a higher preferential out-of-plane occupancy of the
Mn eg orbitals can be concluded for a more positive peak centered around the energy value
of ∼530 eV. Actually, this indirect observation fits completely with the general view of the
FeFED in depletion proposed and demonstrated in the previous section of this Thesis. Hence,
also from XAS acquired at the O K-edge it can be guessed that the investigated FeFED exhibits
upon the reversal of the polarization direction a subtle trend base on which a modulation of the
Mn 3d orbital occupancy is achieved parallel to a change of the hybridization energy.

6.3 XMCD measurements for the LSMO/PZT/LSMO/STO FeFED

XMCD spectra were also considered in order to get important information regarding the pos-
sibility to measure a modulation of the magnetization value upon the polarization switching
of the studied FeFED. All the presented spectra were acquired at the temperature of 4 K, and
the externally applied magnetic field, when present, was oriented along the in-plane direction.
Figure 6.11 shows XMCD spectra acquired for the accumulation and depletion states, respec-

Figure 6.11: XMCD spectra acquired at 4 K for both accumulation and depletion states. In the left (right) the XMCD
for µ0H = 0 (µ0H = 5 T) is shown.

tively. The two graphs are related to the remnant (µ0H = 0) and saturation (µ0H = 5 T) states,
respectively. Clearly, a change regarding the amplitude and shape of the spectra as a function
of P, can be easily envisaged. In order to obtain quantitative information from the presented
spectra, the application of the sum rules (2.3) is necessary. Accordingly, Figures 6.12 and 6.13
depict the results of the analysis carried out for the calculated XMCD spectra in the remanent
and saturation states, respectively. In the upper part of the two figures the XAS spectrum is
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depicted resulting from the sum of the two x-ray absorption processes performed with CR and
CL polarized light, respectively. Accordingly, the parameter r is also plotted and the value

Figure 6.12: Application of the sum rules (see, for example, Eq. 2.3) to the XMCD spectra acquired with µ0H = 0 for
both the accumulation and depletion states of the FeFED.

at the highest photon energy was used for the sum rule calculation. On the other side, in the
lower part of the figures the sum rule is applied directly to the XMCD from which the two
parameters, p and q were obtained. Precisely, p was calculated taking the value of the XMCD
integral around the separation energy between the two multiplet structures, i.e. around 647 eV,
and q going to the highest possible energies. As already highlighted in the section 2.3.2, in
order to obtain only the spin moment mspin, from the calculated effective spin moment, i.e.
me f f

spin, a correction factor is required to take into account the presence of the quadrupole mo-
ment (i.e. 〈Tz〉). Along this direction, a correction factor of 50 %, as tabulated in [148], was

Figure 6.13: Application of the sum rules (2.3) to the XMCD spectra acquired with H = 5 T for both the accumulation
and depletion states of the FeFED.

used to adjust the calculated effective spin moments. Accordingly, Table 6.1 lists the results
obtained from the application of the sum rules for the orbital, effective spin and total spin
moment, respectively. At µ0H =5 T, effective spin moments of 1.48 µB/Mn and of 1.8 µB/Mn
were obtained from the application of the sum rules to the accumulation and depletion state,
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6 Soft x-ray absorption spectroscopy characterization of ferroelectric field effect devices

Table 6.1: morb, meff
spin and mspin values as obtained from the application of the sum rules to the XMCD spectra acquired

at 4 K in grazing incidence conditions (H applied parallel to the device plane), for both accumulation and depletion states.

Depletion Depletion Accumulation Accumulation
µ0H = 0 µ0H = 5 T Hµ0 = 0 µ0H = 5 T

morb [µB/Mn] < 0.005 < 0.005 0.015 0.045

meff
spin [µB/Mn] 1.03 1.8 0.75 1.49

mspin [µB/Mn] 2.06 3.6 1.5 2.98

respectively. Regarding the orbital moments, very small values were obtained, i.e. 0.045 and
< 0.005 µB/Mn for the accumulation and depletion state, respectively. The latter result, actu-
ally, is the one expected due to the quenching of the orbital moment by the crystal field of the
perovskite structure. Finally, the effective spin moments, calculated for the remanent state (i.e.
with µ0H = 0), decrease to the values of 0.75 µB/Mn and 1.03 µB/Mn for the accumulation and
depletion state, respectively.
As a close inspection of the calculated spin moments shows, the values related to the accumu-
lation and depletion states, scale as expected from the in-situ magnetometer measurements pre-
sented in the previous chapter, see section 5.2. Indeed, according to the formula M≈ (4-x) µB,
where x is the hole doping of the system (see [80]), a decrease of the doping level (electro-
statically achieved in this Thesis), is accompanied always by an increase of the magnetization
value at very low temperatures.

6.4 Conclusion

The main result of this chapter is displayed in Figure 6.7, where, the XLD spectra acquired at
the Mn L2,3-edges as a function of the P direction are shown. The XAS spectra were obtained
in a grazing incidence geometry while keeping the FeFED at 300 K for both the accumulation
and depletion states. Along with the XLD spectra also the related integral curves are plotted
in Figure 6.7 as well. Besides the clear modulation of the shape of the spectra upon the P-
switching, the normalized integral values, i.e. DL, exhibit a complete reversal of their sign.
According to the sum rule of Eq. 2.2 the latter finding indicates that upon the P-switching
the electrostatically gated LSMO layer undergoes a variation of the Mn 3d orbital occupancy.
Additionally, atomic multiplet calculations carried out in order to get more insight clearly
confirmed that the aforementioned modulation of the Mn 3d orbital polarization as defined in
Eq. 6.1 is attributed to the 45 % of the overall LSMO unit cells. Interestingly, the P-reversal
seems to influence the orbital polarization of the LSMO in an overall thickness of ∼2.7 nm
well beyond the expected -and normally reported in the literature- value of a few Angstroms
(i.e. Thomas-Fermi derivation of the screening lenght). The parameters obtained from the
simulation procedure are summarized in Table 6.2, where also the percentage value used to
properly fit both XLD spectra of Figure 6.8 are reported.

Table 6.2: Results of the atomic multiplet calculations undertaken using the CTM4XAS scientific package.

∆t2g [eV] ∆eg [eV] ∆CT [eV] XLDacc XLDdepl

XLD− -0.15 -0.55 4 100% 55%
XLD+ +0.05 +0.5 3 0% 45%

As a result, a noticeable preferential occupancy of the out-of-plane orbitals of the Mn 3d
levels in depletion can be envisaged as suggested by the electrostatic model proposed by Chen
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and co-worker and here re-adopted to ensure a plausible explanation of the XAS data. The
modulation of the charge transfer energy parameter, related to a change of the hybridization
energy upon the P-switching, was also confirmed through XAS measurements at the O K-edge.
Interestingly, as displayed in Figure 6.9b the shift toward lower energy values of the absorption
edge confirmed an increase of the Mn valence state in accumulation. Moreover, regarding the
XMCD analysis, the expected trend from the magnetization values upon P-reversal is also
acceptably reproduced, i.e. in depletion a value of the magnetization higher than the one
obtained in accumulation at the temperature of 4 K was calculated (see, for example, the Table
6.1).
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Non sol é degno di onore quell’uno ch’ha meritato il palio:
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l’abbia vinto.
Opere di Giordano Bruno

Not only is worthy of honor who reached the target:
but also who has properly worked, can be considered worthy of honor, although he dind’t achieve it.

English translation by myself



7
Conclusions

The strongly correlated oxide La1−xSrxMnO3 exhibits, as a key characteristic, several com-
peting electronic ground states. Accordingly, the strongly correlated system appears to be
outstandingly sensitive to external stimuli. Eventually, that sensitivity is remarkably enhanced
when the level of doping x, is chosen at the borderline between two different electronic phases.
The latter argumentation motivated the choice to grow thin films of La1−xSrxMnO3 with
x = 0.175. Indeed, in this case the system is nominally lying at the border between the FM-I
and the FM-M electronic phases. Moreover, the relatively high carrier density (of the order of
1021 holes ·cm−3) corresponds, according to the Thomas-Fermi model, to an electronic screen-
ing length of a few angstroms. As a result, the field effect can only be effective at the interface,
and in order to obtain a measurable influence on the functional properties of LSMO, ultrathin
films need to be considered. This requirement was challenging, especially in the ferroelectric
field effect approach, where an adjacent switchable PbZr0.2Ti0.8O3 layer is necessary in order
to obtain, in a reversible and remnant way, the field effect. Along this direction, a suitable AlOx
hard mask, patterned in a Hall bar geometry, was used in order to allow the in-situ pulsed laser
deposition of the LSMO and PZT oxides, hence, excluding possible post-growth steps of wet
and/or dry etching. In this way an atomically smooth interface between the two oxides was
successfully ensured as EDX measurements clearly demonstrated. Indeed, in the spatial resolu-
tion limit of the TEM used for that characterization, no interdiffusion of any chemical elements
was identified at the LSMO/PZT interface. In this work, hence, by using the ferroelectric field
effect approach, the modulation of the (magneto)transport and magnetic properties of a 5 nm
thin PZT-gated LSMO film was successfully obtained. Different misfit strain states were also
studied, choosing STO, LAO and LSAT single crystals as templates for the growth of several
FeFEDs, which, indeed, exhibited different (magneto)transport properties. For the FeFED en-
gineered onto a STO substrate, the electric field generated by the polarization charges of the
PZT layer induced an interfacial accumulation or depletion of holes in the underneath LSMO
film producing a ρdepl to ρacc ratio of ∼1.6 at room temperature. Moreover, a shift of ∼11 K
in the TC value upon the P-reversal was obtained from the temperature dependence of M, ac-
quired by performing several in-situ SQUID magnetometer measurements. Additionally, at the
temperature of 230 K a modulation of the magnetization value of ∼1.5µemu (corresponding
to 0.34 µB/Mn) was obtained as well.
A key result in this Thesis was achieved thanks to the self-designed out-of-plane AMR mea-
surements. In this case H was allowed to rotate in a plane always perpendicular to J from
the out-of-plane towards the in-plane direction (contrarily to what is normally reported in the
literature where H rotates in the device plane). The latter was done with the aim to exploit a
possible dependence of the well known interfacial orbital anisotropy exhibited by the LSMO
layer on the reversal of the polarization direction. Interestingly, the normalized AMR ratio, i.e.
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(ρout
⊥ -ρ in

⊥ )/ρH=0, exhibited a clear modulation between depletion and accumulation, which in
turn was explained in terms of an electrostatic modulation of the surface magnetic anisotropy
of the ultrathin LSMO layer. As a result, an electrostatic modulation of the occupancy of the
interfacial Mn 3d orbitals was derived by using a model where feasible polar distortions of the
interfacial unit cells of the electrostatically gated and/or strained LSMO layer were suggested.
In order to get a better insight into the aforementioned orbital reconstructions at the LSMO/PZT
interface, XLD measurements at the Mn L2,3-edges and at the O K-edge were performed as a
function of the PZT polarization directions as well. In this case, due to the experimental limi-
tations linked to a relatively small probing depth of the XAS measurements (in the soft range
∼10 nm), the FeFEDs were engineered without hard mask but employing a wet etching pro-
cedure for the bottom and top LSMO layers. Most probably due to a deteriorated LSMO/PZT
interface quality not all the devices were characterized by a proper retention time. However,
in the limit of the polarization direction stability another key result of this Thesis is shown in
Figure 6.7. The shape of the XLD spectrum acquired at the Mn L2,3-edges remarkably changes
upon the P-reversal of the FeFED. Atomic multiplet simulations of the obtained XLD spectra
gave also a quantitative picture of the modulation regarding the interfacial orbital polarization
of the electrostatically gated LSMO layer. In accumulation state the best set of ∆t2g and ∆eg
parameter values was found to be -0.15 and -0.55 eV, respectively. In depletion the simulation
rendered the relevant value of 45% regarding the effective interfacial LSMO unit cells that
undergo a clear orbital polarization modulation, and in this case the best set of ∆t2g and ∆eg
parameter values was found to be +0.05 and +0.5 eV, respectively. Moreover, XAS measure-
ments at the O K-edge confirmed the expected modulation of the hybridization energy of the
system as well. In the ligand theory picture of the oxygen octahedra surrounding the Mn ions,
a remarkable variation in the level hierarchy related to the Mn 3d levels is proposed. As a re-
sult, the modulation of the splitting energy parameters were, hence, explained as resulting from
polar distortions induced by the P-reversal to the interfacial LSMO unit cells. The latter possi-
bility was introduced by Chen and co-workers [134] who performed ab-initio calculations that
provided a ionic model which then was successfully re-adapted here. This model was, indeed,
a valid playground to explain also the results obtained from the out-of-plane AMR measure-
ments, where in depletion a more ”stable” 3dz2 orbital occupancy was envisaged.
In this context both the (magneto)transport and spectroscopy studies undertaken for the FeFEDs
(at least for the one grown onto a STO substrate), revealed the great perspective of the ferroelec-
tric field effect to tailor the orbital occupancy of TMOs such as LSMO. As a further step in the
understanding of the aforementioned possibility, a suitable STM study of LSMO/PZT/LSMO
heterostructures would be capable to enrich the rather new topic that nowadays is addressed as
orbitronics [149].
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eines Doktorgrades eingereicht worden.

Halle an der Saale, November 2014 Daniele Preziosi

XII


	List of Abbreviations
	Introduction
	Materials and methods
	Strontium-doped lanthanum manganite La1-xSrxMnO3
	Exchange mechanisms in LSMO
	Properties of thin films of LSMO
	Crystal structure of the LSMO(x=0.175)

	Lead zirconate titanate PbZrxTi1-xO3
	Basics of x-ray absorption spectroscopy
	X-ray linear dichroism
	X-ray magnetic circular dichroism
	Sum rules

	Magnetic properties
	Shape anisotropy
	Magnetocrystalline anisotropy
	Stoner-Wohlfarth model

	Ferroelectric field effect: an example of charge-mediated magnetoelectric coupling

	Experimental setup
	Pulsed laser deposition
	X-ray diffraction
	Atomic force microscopy
	Ferroelectric switching and hysteresis loop measurements
	Magnetotransport measurements
	Experimental details of the Deimos beamline at Soleil

	Results on oxide growth and physical characterizations
	Substrate preparation
	Strontium titanate SrTiO3 (STO)
	Lanthanum aluminate LaAlO3 (LAO)
	Lanthanum strontium aluminum tantalate (La,Sr)(Al,Ta)O3 (LSAT)

	Growth and physical properties of LSMO(x=0.175) thin films
	Crystallographic and morphology properties on different substrates
	Functional properties: magnetotransport and magnetic characterizations of LSMO thin films

	Growth and characterization of PZT films
	Structural, morphological and ferroelectric switching properties
	Oxide electrodes for PZT films

	Magnetic properties of PZT/LSMO/STO heterostructures
	Conclusion

	Magnetotransport and magnetic characterization of ferroelectric field effect devices (FeFEDs)
	Engineering of the FeFEDs for magnetostransport and magnetic studies
	P-dependent in-situ SQUID measurements
	Magnetotransport studies of the FeFEDs
	FeFED on STO
	FeFED on LSAT
	FeFED on LAO

	Anisotropic magnetoresistance study of FeFEDs on STO
	Magnetotransport measurements of LSMO/PZT/LSMO/STO heterostructures
	Conclusion

	Soft x-ray absorption spectroscopy characterization of ferroelectric field effect devices
	Theoretical and pratical guide to get (semi)quantitative information from XLD and XMCD spectra
	XLD measurements on the LSMO/PZT/LSMO/STO FeFED
	Atomic multiplet calculations
	XAS at the O K-edge

	XMCD measurements for the LSMO/PZT/LSMO/STO FeFED
	Conclusion

	Conclusions
	References
	Curriculum vitæet studiorum
	Acknowledgement
	Eidesstattliche Erklärung

