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Introduction 

 

The up-to-date electronics is based on classical semiconductors, but the 

technological development has generated an increasing request of new 

materials. Moreover, in a few years the microchips based on classical 

semiconductors will reach up their physical limit. This limit could be overthrow 

by the advent of a digital logic based on quantum effects, in which the 

information is elaborated through the polarization of the spin of the electrons 

(spintronics), doubling the information transported by the carriers (charge + 

spin). In this respect, a fundamental result was the observation that the 

alignment of spins can be preserved during the passage across the interface 

between different materials. Besides, new materials and techniques are required 

to develop devices of new conception. In this respect, the progress in the 

techniques devoted to the growth of thin films has created the premises for the 

discovery and the application of new multifunctional oxides and for their 

integration in complex multilayer devices. Such materials have enormous 

applicative interest, so much to constitute the foundation of a new important 

field of the electronic industry called “oxide electronics”. 

 The basic idea of the oxide electronic is that it is possible to realize new 

devices by using thin films deposited in an ordered way onto crystalline 

substrates (epitaxial films), with the aim of obtaining special structures and 

physical properties. Integration of multifunctional oxides in devices requires a 

good compatibility between oxides and substrates, as well as between materials 

with different physical properties (ferroelectricity, magnetism, transport). The 

transition metal oxides (TMO) that crystallize in variants of the perovskite 

structure ABO3 are the most suitable materials for their complex behavior, 

which includes such phenomena as high TC superconductivity, multiferroicity 

and colossal magnetoresistance (CMR). The TMO properties can change 

drastically when they are deposited as epitaxial film; due to the effect of the 

adhesion forces to the substrate, in the deposition plane the films are subject to 

biaxial tensile strain or to biaxial compressive strain, determining physical 

properties that are not obtainable in massive samples. For sufficiently small 

thickness the epitaxial films show a long range deformation (pseudomorphous) 

and are lacking in relaxation defects as dislocations or twinnings. This is an 
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important factor for the application in the devices, in which the control of the 

quality of surfaces and interfaces pushed to the atomic level is essential. 

 Object of this research is the characterization of the chemical, structural 

and physical property of epitaxial thin films and multilayers of manganites, a 

class of transition metals oxides, also with regards to surfaces and interfaces, 

by means of advanced techniques of surveying. 

 In the activity carried out within the doctorate, thin and ultrathin epitaxial 

films of perovskite manganites have been studied. The characterized thin films 

and multilayers have been deposited with the system called MODA (Modular 

facility for Oxide Deposition and Analysis), at the CNR-INFM Coherentia 

laboratory, c.o. the Physics department of the University of Napoli “Federico II”. 

MODA is a multi-chamber system for the deposition by laser ablation of targets 

of different crystalline materials. The growth of the film is controlled in situ by a 

modified RHEED (Reflection High Energy Electron Diffraction) that can operate 

in regime of high pressure. The films are transferred to the analytic chambers of 

surface characterization by means of manipulators in UHV (High Ultra vacuum), 

so to not contaminate the surface. 

 The characterization of the samples has been performed by means of the 

in situ techniques: RHEED, X-ray Photoelectron Spectroscopy (XPS), and by ex 

situ techniques, as High Resolution X-ray Diffraction (HRXRD) and X-ray 

Reflectivity (XRR), High Resolution Electron Microscopy (HREM), that give both 

long range crystallographic properties and the real structure of films, and 

SQUID magnetometry. The HRXRD, XRR and magnetic characterization has 

been carried out under the supervision of Dr. A. Geddo Lehmann and Dr. F. 

Congiu of the Physics department of the University of Cagliari.  

 The investigated materials are La0.7Sr0.3MnO3 (LSMO) and Pr1-xCaxMnO3 

(PCMO) thin films, which are members of the manganites family. The 

manganites, deposited as thin film, present physical property of remarkable 

interest as the phenomenon of the CMR and are widely studied for possible 

technological outcomes in the field of the spintronics, as good substitutes for 

giant magnetoresistive (GMR) materials already successfully used in devices for 

microelectronics. The films deposited in the MODA laboratory have been 

characterized with the aim to determine the best conditions concerning 

chemical, structure, and physical property and in order to determine the 
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influence of the structural properties, as the strain (varying the substrate or its 

orientation on which the film is deposited), on the magnetic and transport 

properties. The films and multilayers characterization also concerns the surface 

and interfaces properties. Therefore, thin films with different stoichiometry 

(having varied the doping) and manganitic multilayers have been deposited and 

then structurally, magnetically characterized. 

 The thesis is divided in four chapters, in which the characterization of 

La0.7Sr0.3MnO3 and Pr1-xCaxMnO3 thin films and multilayers will be treated. 

o In the first chapter the main properties of transition metal oxides will be 

discussed, and in particular, the general characteristics of La0.7Sr0.3MnO3 

and Pr1-xCaxMnO3 compounds will be described. 

o In the second chapter a description of thin films properties is given. The 

deposition technique will be also described. 

o The effect of strain on the structural and magnetic properties of epitaxial 

La0.7Sr0.3MnO3 and Pr1-xCaxMnO3 with x = 0.3, 0.5 thin films grown on 

SrTiO3 substrate with the two different (001) and (110) orientations will 

be discussed in the 3rd chapter. 

o In the 4th chapter the effect of strain on epitaxial manganites multilayers 

will be presented and discussed. 
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CHAPTER 1 

Colossal magnetoresistive manganites. 

 

In 1950 Jonker and Van Santen [1] reported about the first crystallization and 

magnetic characterization of the mixed-valence “manganites”, belonging to the 

pseudo-binary systems LaMnO3-CaMnO3, LaMnO3-SrMnO3, LaMnO3-BaMnO3 and 

LaMnO3-CdMnO3. They used the name “manganite” to indicate all compositions 

containing both trivalent and tetravalent manganese, although, as they 

themselves stressed out, the term would be better reserved to phases of 

tetravalent Mn only. 

All manganites, treated in this thesis, crystallize in the perovskite 

structure whose atomic arrangements was first described in the 1830s by the 

geologist Gustav Rose, who named it after the famous Russian mineralogist, 

Count Lev Alekseevich Perovskii. 

The manganites present a rich variety of magnetic states strongly coupled 

with transport properties and structure. In particular for these materials the role 

of structure and in particular of the distortion of the MnO6 octahedra is of great 

importance for the magnetic and transport properties. Anyway, the coupling of 

structure and physical properties of manganites is not completely understood. 

Several works have been addressed to the exploration of this coupling [2, 3, 4], 

but more must be done to understand it. The control of the magnetic and 

transport properties is fundamental for the application of manganites in devices. 

Besides, the perovskite manganese oxides exhibiting a metal-insulator (MI) 

transition accompanied by magnetoresistive effects soon raised the interest of 

the scientific community because of their potential technological applications.  

In this chapter, I report on the structural, transport and magnetic 

properties of manganite compounds with particular regards to La0.7Sr0.3MnO3 

and Pr1-xCaxMnO3 compounds. 
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1.1. The perovskite structure. 

 

The term perovskite was first used for CaTiO3, in honour of its discoverer 

Perovskii. The ideal perovskite structure (formula ABO3), that crystallizes in 

cubic symmetry with space group Pm 3 m and lattice parameter a ≈ 4 Å (figure 

1.1), consists of a three-dimensional framework of corner-sharing BO6 

octahedra in which the A cations reside in the dodecahedral sites surrounded by 

twelve oxygen anions. The described structure is centrosymmetric. Only very 

few perovskites have this simple cubic structure at room temperature, but many 

of them acquire this ideal structure at higher temperatures. 

 

 

Figure 1.1. Simple cubic perovskite ABO3. 

 

To rationalize the tendency towards distortions, Goldschmidt introduced 

the so called tolerance factor t defined, as follows, in term of the ionic radii of 

the atomic species of the structure [5]: 

t = 
( )

  ,
RR2

RR

OB

OA

+

+
 

with RA, RO and RB being the ionic radii for the A ion, oxygen and B ion 

respectively. For the ideal cubic closest packing of atoms results t = 1. 

Goldschmidt himself underlined that the perovskite structure is stable only if the 

t parameter lies between 0.8 and 1. As t approaches unity, the cubic structure 

becomes more stable. A deviation of t value from 1 indicates the likely 

formation of a distorted perovskite structure. Every specific distortion is due to 
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a rotation (tilt) of the oxygen octahedra. Which structure is realized depends on 

both the magnitude and the relative rotation of the octahedra around the 

crystallographic axes.  

 By varying the A and B cations, and consequently their ionic radii, it is 

possible to obtain a lot of perovskite compounds with different structural and 

electronic properties. 

Starting from the simple ABO3 perovskite, new compounds are derived 

upon substitution in one or both of the two cation sites A or B, with a different 

specie. These complex perovskites have A1-xA′xBO3 or AB1-xB′xO3 formulas. The 

A’ and B’ are termed dopant species. The insert of a dopant specie modifies 

some properties depending on the doping fraction x. 

The perovskite manganites have the general formula AMnO3, but most 

interesting for the applicative research are the A1-xA′xMnO3 complex perovskites 

that in the following will be indicate with RE1−xAExMnO3 formula, where RE 

stands for a trivalent rare earth element such as La, Pr, Nd, Sm, Eu, Gd, Ho, Tb, 

Y etc, and AE for a divalent alkaline earth ion such as Sr, Ca and Ba. The large 

sized RE trivalent ions and AE divalent ions occupy the perovskite A-site with 

12-fold oxygen coordination. The smaller Mn ions in the mixed-valence state 

Mn3+–Mn4+ are located in the B-site at the centre of an oxygen octahedron, with 

6-fold coordination. For the stoichiometric oxide, the proportions of Mn ions in 

the valence states 3+ and 4+ are respectively, 1 − x and x. 

Generally in the manganites the tolerance factor is appreciably different 

from unit [6], leading to rhombohedral or orthorhombic structures of lower 

symmetry than the cubic one, as showed in table 1 for some of the most 

studied manganites. As rA or equivalently t decreases, the lattice structure 

transforms to the rhombohedral (0.93 < t < 1) and then to the orthorhombic 

structure (f < 0.93), in which the B–O–B bond angle (θ) is bent and deviates 

from 180o. 

It is noteworthy that at the microscopic level, one of the possible origins 

of the lattice distortion is the deformation of the MnO6 octahedron arising from 

the Jahn–Teller (JT) effect (see par. 1.3). Another lattice deformation comes 

from the connecting pattern of the MnO6 octahedra in the perovskite structure, 

forming a rhombohedral or orthorhombic lattice, as shown in figure 1.2. In 

these distorted perovskites, the MnO6 octahedra show alternating buckling. 
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Composition Structure t 

La0.7Ba0.3MnO3 R 0.953 

La0.7Sr0.3MnO3 R 0.936 

Gd0.7Ba0.3MnO3 O 0.926 

Pr0.7Sr0.3MnO3 O 0.926 

La0.7Ca0.3MnO3 O 0.922 

Pr0.7Ca0.3MnO3 O 0.912 

Gd0.7Sr0.3MnO3 O 0.908 

 

Table 1.1. Structural characteristic of RE0.7AE0.3MnO3 manganites (RE = La, Gd, Pr and 

AE = Ba, Ca, Sr). R = rhombohedral and O =orthorhombic. 

 

 

Figure 1.2. Structures of distorted perovskites of manganite: orthorhombic (left) and 

rhombohedral (right). After reference [7]. 

 

1.2. Electronic configuration. 

 

For an isolated Mn atom (Z = 25, electronic configuration 3d54s2), the five-fold 

degenerate 3d levels are occupied singly with electrons of parallel spin, 

according to the first Hund’s rule. 
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If the Mn atom is not isolated, but it is instead in the center of the MnO6 

octahedra, the effect of the octahedral crystal field, due to the p orbitals of the 

six neighbouring oxygens, is to partially lift the orbital degeneracy, generating a 

triplet of lower-energy states called t2g (dxy, dxz, dyz) and a doublet higher-

energy states called eg ( 22 yxd
−

, 2zd ), with a separation Δ ~ 1.5 eV [8], as 

showed in figure 1.3. 

 

 

Figure 1.3. Effect of the octahedral crystal field on d states of a transition metal atom. 

 

The nominal electronic configurations of Mn3+ ion is 3d4 and it contains 

four d electrons. On the basis of the Hund rule, it turns out that the 

configuration with three electrons in the t2g level aligned in the same direction is 

the most favourable. The electrons aligned in the t2g level form a "core spin" 

with total spin S = 3/2. The t2g states form a half filled band and therefore do 

not contribute to the conductivity. The last d electron (eg electron) is well 

separated in energy and aligned to the core spin via strong Hund coupling [9] 

(see fig. 1.4). It forms a loosely bound state. This eg electron plays a key role in 

conducting and other properties of manganites (see below) as well as in 

determining its magnetic order. 

As already pointed out, the main effect of the doping in manganites is the 

change in manganese-ion valence. The Mn ion loses its eg electron leading to 
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the change of valence: Mn3+ → Mn4+ (3d3 electronic configuration). The missing 

electron can also be described as the creation of a hole (see fig. 1.4). 

 

 

Figure 1.4. (a) d-shell of the Mn3+; eg degenerate level is splitted for clarity; (b) Mn4+ 

ion; o-hole. After reference [10]. 

 

1.3. The manganites and the Jahn-Teller effect. 

 

In the manganites the presence of the Mn+3 produces the Jahn-Teller (JT) effect 

[11], that affects the crystalline structure and the physical properties of the 

materials. 

 As already mentioned, the Mn3+ electronic configuration is t3
2g e1

g, that is 

characterized by the presence of a single electron in the two-fold degenerate eg 

level. As such, Mn3+ is a Jahn-Teller active chemical specie. According to the 

Jahn-Teller theorem, the Mn3+O6 groups in RE1−xAExMnO3 are energetically 

unstable towards distortions aiming to reduce the total energy of the system, as 

a consequence of a lifting of degeneracy of the eg levels. The degree of 

distortion is determined by the competition between the gain in energy due to 

the eg splitting and the increase of the elastic energy associated to the lattice 

distortion itself. 

Supposing that the octahedra distorts elongating, for example, along z-

axis. The crystalline field has no more a cubic symmetry around the Mn ion, and 

the energies of the 22 yxd
−

 and dxy orbital increase, because they result closer to 

the p oxygen orbitals. On the contrary, the energy of the 2zd , dxz, and dyz 

orbitals decreases, because they are further from the p oxygen orbitals as 

showed in figure 1.5. The distort system has a lower electronic energy, but a 
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higher elastic energy caused by the deformation. Therefore, the system tends to 

distort spontaneously if the gain in electronic energy is greater than the loss in 

elastic energy. This distortion is termed Jahn-Teller effect.  

 The Mn4+ ion is JT inactive, because of the absence of an unpaired 

electron in the eg orbitals. The JT effect is local since regards the environment of 

a single Mn ion. 

 

 
 

 

 

 

Figure 1.5. Jahn-Teller effect on d energy levels in the case of elongation (on the left) 

and of compression (on the right) along z direction of the Mn3+O6 octahedra. 

 

When the phenomenon of JT distortion involves the octahedra 

cooperatively throughout the crystal, a distortion of the whole lattice occurs, the 

so called cooperative JT effect (figure 1.6). 

 

 

Figure 1.6. Cooperative JT distortions and resulting lattice. 
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Cooperative JT effect occurs in manganites when the concentration of 

Mn3+ ions is sufficiently high, i.e. at low doping level. The cooperative JT effect 

gives rise to a structural phase transition at a certain critical temperature TJT 

[12], associated to an orbital ordering (OO), not present above TJT. The effect of 

cooperative Jahn-Teller effects in manganites is to localize the eg electrons on 

Mn3+ sites, and to stabilize insulating phases, either locally or at long range. 

When Mn3+ is diluted into Mn4+ species by doping, the possibility of 

cooperative effects among JT active octahedra is reduced, and no static 

distortion will be observed. 

In opposition to the cooperative JT effect, the effects that are observed 

for high dilutions are called dynamic JT effects. A dynamic effect involves rapid 

hopping of the distortion from site to site. This is important in manganites which 

contain a mixture of Mn3+ and Mn4+ ions with low Mn3+ content. 

 

1.4. Orbital and charge ordering. 

 

The orbital ordering consists in a spatially ordered arrangement of d orbitals in 

the crystal. Strongly associated with the carrier concentration, it develops when 

the d electron occupies an asymmetric orbital. The direct electrostatic repulsion 

of the charge clouds, coupled with cooperative JT distortions, stabilises the 

effect generating an ordered sublattice of orbitals. A scheme of OO can be found 

in figure 1.7. 

The ratio Mn3+/Mn4+ is responsible for the phenomenon of charge 

ordering (CO). This consists of a periodic distribution of electric charge (i.e. eg 

electrons of Mn3+ ions in the crystal lattice), driven by Coulomb interaction. The 

mobile eg electrons may become localised at certain Mn ion positions in the 

lattice, forming an ordered sublattice. In principle, however, these charges do 

not need to be necessarily localized on the Mn sites, and in fact they could sit on 

the bond centres as well, or, in the most general case, on some intermediate 

point between those two. Such an intermediate CO state can be more generally 

seen as a charge-density wave, lacking inversion symmetry and then potentially 

capable to develop ferroelectric ordering. 
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CO is mainly observed at special concentration of dopant, namely at 

rational fractions (as for example x = 1/8, 3/10, 1/2, 3/4). In this case the 

extra electron of Mn3+ are localised on alternate manganese ions, creating an 

ordered path of charge in the lattice (as shown in figure 1.7). The CO can be 

either long-ranged or short-ranged. It is clear that CO is competitive with the 

electron conductivity, because it tends to inhibit the movement of the charges 

through the crystal. Compounds with long-range CO are generally insulating, 

but localised CO (polarons) is responsible for an enhancement of resistivity, 

introducing scattering centers for the mobile electrons. 

 

 

Figure 1.7. On the left, high-resolution lattice image showing pairing of CO Mn3+O6 

stripes in La0.33Ca0.67MnO3. After reference [13]. On the right, two-dimensional scheme 

of OO and CO. The dots represent the Mn4+ ions, while the Mn3+ are represented by the 

orbital dz2. The sublattice of orbitals is highlighted by the solid line. The possibility of 

spin order is also shown. 

 

1.5. Exchange interaction in magnetism: direct exchange. 

 

Exchange interactions lie at the heart of the phenomenon of long range 

magnetic order. Although the consequences of the exchange interaction are 

magnetic in nature, the cause is not; exchange interactions being due primarily 

to electrostatic interactions, arising because charges of the same sign cost 

energy when they are close together and save energy when they are apart. 

Indeed, in general, the direct magnetic interaction between a pair of electrons is 

negligibly small compared to this electric interaction. 
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 If the electrons on nearest neighbour magnetic atoms interact via 

exchange interaction, this is know as direct exchange. The direct exchange is 

modelled by the Heisenberg exchange Hamiltonian: 

Hex = ji
iJ

iJ SSJ ⋅− ∑  

where Jij is the exchange constant between the ith and jth spins, distributed on a 

regular lattice. Only nearest neighbours are usually included in the summation. 

The magnetic properties of the crystal depend on the sign and the strength of 

the interaction between spins: if Jij = J > 0 the parallel orientation of the spins 

is favoured, giving a ferromagnetic state. If Jij = J < 0, the magnetic order is 

antiferromagnetic, with the spins of nearest neighbours antiparallel. 

However for the manganites, as for many other magnetic materials, it is 

necessary to consider some kind of indirect exchange interaction, because the 

Mn ions are alternated with O in the lattice. 

 

1.6. Indirect exchange: superexchange. 

 

Superexchange is an indirect exchange interaction between non-neighbouring 

magnetic ions, which is mediated by a non-magnetic ion, that is placed in 

between them. This interaction was first proposed by Kramers [14] in 1934 to 

the aim of finding an explanation for the magnetic properties observed in 

insulating transition metal oxides, in which the magnetic ions are so distant that 

a direct exchange interaction could not explain the presence of magnetically 

ordered states, so the longer-range interaction that is operating in this case 

should be “super”. The problem was thereafter treated theoretically by 

Anderson [15], who in 1950 gave the first quantitative formulation showing that 

the superexchange favours antiferromagnetic order. 

 

1.7. Double exchange model. 

 

In some oxides, it is possible to have a ferromagnetic exchange interaction 

which occurs because the magnetic ion shows mixed valency. Examples of this 

include the doped manganites RE1−xAExMnO3, in which the Mn ion can be 

present in 3+ and 4+ oxidation states. The ferromagnetic coupling between 
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Mn3+ and Mn4+ ions, participating in electron transfer, is due to the double 

exchange mechanism, first introduced by Zener in 1951 [16], that can be 

understood with reference to figure 1.8. The eg electron on a Mn3+ ion can hop 

to a neighbouring site only if there is a vacancy there of the same spin (since 

hopping proceeds without spin-flip of the hopping electron). If the neighbour is 

a Mn4+ ion that has not electrons in its eg shell, this should present no problem. 

However there is a strong exchange interaction (first Hund rule) between the eg 

electron and the three electrons in the t2g level that want to keep them all 

aligned. This is not favourable for an eg electron to hop to a neighbouring ion in 

which the t2g spins will be antiparallel to the eg electron. Ferromagnetic 

alignment of neighbouring ions is therefore required to maintain the high spin 

arrangement on both the donating and receiving ion.  

Because the ability to hop gives a kinetic energy saving, allowing the 

hopping process reduces the overall energy. Thus, the ions align 

ferromagnetically to save energy. Moreover, the ferromagnetic alignment allows 

the eg electrons to hop through the crystal and the material became metallic. 

 

 

Figure 1.8. The double exchange interaction favours hopping if (a) neighbouring ions 

are ferromagnetically aligned, and not if (b) neighbouring ions are antiferromagnetically 

aligned. 
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It has been shown [17], that the electron transfer integral t between Mn 

ions in the double exchange process depends on the angle θ between their two 

core spins: t = to cos (θ/2). 

 

1.8. Electron-phonon coupling. 

 

As pointed out by Millis [18], the magnetic degree of freedom is not the only 

one to be taken into account for the complete explanation of the transport 

properties in manganites. The picture of strong interactions between electronic 

configuration and structural symmetry (e.g. JT distortions) fits well the idea of 

Millis, which is that a perturbation of the crystal symmetry (buckling of O-Mn-O 

bond or rigid rotation of MnO6 octahedra) might favour an overlap of orbitals. 

This can be responsible of a change in the hopping amplitude and consequently 

in the conductivity. The idea of Millis is that the one-electron approach used in 

the double exchange theory does not account for most of the properties of 

manganites, and for a more complete description of the physics of the 

manganites, the structural degree of freedom must be taken into account in the 

form of electron-lattice interaction. 

The strong electron-phonon coupling, relative to the distortion of MnO6 

octahedra in the JT effect, may localise carriers, because the presence of an 

electron in a given Mn orbital causes local distortion, which produces a potential 

minimum: this minimum tends to trap the electron in that orbital. If the 

coupling is strong enough, these tendencies lead to the formation of a “self-

trapped” state called polaron [19]. This short range charge order, which 

disappears in the FM phase, is believed to be responsible for the insulating 

properties of the paramagnetic phase. 

 

1.10. Colossal magnetoresistance. 

 

The colossal magnetoresistance (CMR) effect consists in a drastic reduction of 

the resistivity of a material and in a shift of the resistivity curves versus higher 

temperature in presence of an external magnetic field. The effect, observed in 

the manganese perovskites, was called "colossal" magnetoresistance to 
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distinguish it from the giant magnetoresistance observed in magnetic 

multilayers. 

In doped manganites RE1−xAExMnO3 the origin of the CMR is connected 

with the presence of a metal-insulator transition. The CMR effect is observed in 

manganites of a narrow range of composition between x = 0.3 and 0.4, where 

the coexistence of two micrometric magnetic phases in the absence of the 

magnetic field exists: a ferromagnetic insulating phase and an 

antiferromagnetic insulating one are observed. In the presence of a magnetic 

field, these phases transform into a ferromagnetic metallic phase at a Curie 

temperature TC. The maximum effect of the CMR appears near the TC. The 

magnetoresistance is usually defined as: 

R(0)
R(0)-R(H)R

=
Δ
R

 

where R(H) and R(0) represent the resistance in presence and in absence of the 

external magnetic field, respectively. 

Resistivity measurements versus temperature and applied magnetic field 

for the CMR La0.67Ca0.33MnO3 single crystals are shown in figure 1.9.  

 

 

Figure 1.9. CMR behavior for the La0.67Ca0.33MnO3 single crystal. After reference [7]. 
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In manganites, the origin of the CMR is partly connected with the double-

exchange phenomena. In a Mn3+ ion, the t2g electrons are tightly bound to the 

ion but the eg electron is itinerant. Because of the double exchange interaction, 

the hopping of eg electrons between Mn sites is only permitted if the two Mn 

core spins are aligned. The magnetic field aligns the core spins and therefore 

increases the conductivity, especially near TC. 

The situation is actually more complicated because the carriers interact 

with phonons because of the Jahn-Teller effect. The strong electron-phonon 

coupling in these systems implies that the carriers are actually polarons above 

TC. The transition to the magnetic state can be regarded as an unbinding of the 

trapped polarons [20]. 

Within the framework of the models proposed to explain the origin of CMR 

in manganites, I should mention the recently proposed percolation mechanism 

[21, 22, 23, 24]. This model is based on the idea that the colossal 

magnetoresistance is due to percolation between nanoscale ferromagnetic 

metallic (FMM) clusters in an antiferromagnetic insulating (AFI) matrix [24]. The 

detailed explanation of such theory is beyond the scope of this work, referring 

to the literature for more details. 

 

1.10. La1-xSrxMnO3 compounds. 

 

The undoped LaMnO3 has an orthorhombic Pbnm crystal structure at room 

temperature, characterized by the presence of orbital ordering due to a 

cooperative JT effect. The compound undergoes a structural phase transition at 

780 K, above which the OO disappears [25]. An AFI state is stable below TNéel = 

140 K. 

 Chemical doping through substitution of Sr2+ into La3+ sites, introduces 

holes in the compound that are accommodated in the eg levels. In other terms, 

the doping changes the oxidation state of some of the Mn ions from Mn3+ to 

Mn4+. Therefore, as described in paragraph 1.8, the carriers can hop through 

the bridging oxygen ions of the Mn3+-O-Mn4+ bonds and the material eventually 

becomes ferromagnetic metallic. 

In figure 1.10 the phase diagram of La1-xSrxMnO3, indicating the different 

magnetic phases, is shown. 
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At high temperatures, for all Sr doping levels, the La1-xSrxMnO3 system is 

in a paramagnetic state, denoted by P in the phase diagram. Doped phases 

undergo different transitions as a function of temperature. For low doping (0 < 

x < 0.08) the system retains insulating properties with AF ordering. The AF 

state is spin canted, phase that is hardly distinguished experimentally from a 

mixture of AF and FM phases. 

 

 
 

Figure 1.10. The phase diagram of La1-xSrxMnO3. After reference [7]. 

 

For 0.08 < x < 0.16 the system is still insulator but ferromagnetic. Spin 

canting is still present. Jahn-Teller distortion is also present, confirmed by the 

structural transition from orthorhombic (typical for Jahn-Teller distortion) to 

rhombohedral symmetry. 

In the 0.16 < x < 0.3 range, a phase transition from ferromagnetic 

insulator to ferromagnetic metal as well as a structural transition occurs. There 

is no more Jahn-Teller effect as the number of Mn3+ Jahn-Teller active ions is 

too small to produce a cooperative effect. As a consequence a rhombohedral 

structure with six equals Mn-O distances is stabilized. 

It is worth to note that for x = 0.175, a structural transition has been 

observed (the most important for this system) from the orthorhombic to the 
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rhombohedral structure as well as a transition from a PI to a FMM phase leading 

for this concentration to the colossal magnetoresistance at the highest level. 

For x > 0.3 the system is ferromagnetic at room temperature, and 

following an ideal line from low temperature to higher temperature the system 

experiences a transition from low temperature ferromagnetic metallic phase to 

high temperature paramagnetic less metallic phase. 

In fact, even if the system is still metallic for T > TC, the transition from 

PM to FM phase is accompanied by a large jump in the resistivity, while 

maintaining an overall metallic temperature dependence (figure 1.11) [26]. 

 

 

Figure 1.11. Temperature dependence of resistivity for La1-xSrxMnO3 crystals. Arrows 

indicate the TC, while open triangles indicate anomalies due to structural transition. 

After reference [26]. 

 

The highest Curie temperature for La1-xSrxMnO3 is for x = 0.3 (TC ≈ 380 

K) and this is the reason why this composition is the most relevant for 

applications. 

The crystal structure at room temperature changes from orthorhombic 

(Pbnm, x < 0.175) to rhombohedral (R 3 c, x ≥ 0.175) [26]. The change of the 

lattice parameters is shown versus x in figure 1.12. At room temperature 

La0.7Sr0.3MnO3 has a rhombohedral structure with ar = 5.477 Å and αr = 60.38°, 

even if the pseudocubic approximation with ac = bc = cc = 3.873 Å is often 

adopted. 
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Figure 1.12. Lattice parameters for La1-xSrxMnO3 crystals at room temperature. After 

reference [26]. 

 

1.11. Pr1-xCaxMnO3 compounds. 

 

The undoped PrMnO3 exhibits an orthorhombic distorted structure (space group 

Pbnm) at room temperature, and a transition at TN = 91 K to an 

antiferromagnetic order [27]. 

 Pr1-xCaxMnO3 is obtained by chemical doping through substitution of Ca2+ 

into Pr3+ sites. Figure 1.13 shows the phase diagram of Pr1-xCaxMnO3 in function 

of the Ca content (x). Pr1-xCaxMnO3 is a unique example among manganites, 

exhibiting insulating behaviour over the entire chemical composition x and over 

the entire temperature range. This is a consequence of the small ionic radius of 

Ca, which results in a pronounced orthorhombic distortion (figure 1.14) that 

favours charge localization. 

Antiferromagnetic insulating (AFI) phases are stable below 100 K for 0 ≤ 

x ≤ 0.1 doping level, followed (for 0.15 ≤ x ≤ 0.3) by a region of insulating 

ferromagnetic (FI) phases with TC ≤ 140 K. For 0.3 ≤ x ≤ 0.75, at low 

temperature (≤ 240 K), Pr1−xCaxMnO3 (PCMO) shows a Jahn–Teller distortion 

that causes a charge ordered (CO) state at TCO as described in paragraph 1.5. 

At lower temperature (≤ 175 K), d electrons of Mn ions show antiferromagnetic 

(AF) spin ordering, resulting in an AF insulator [28]. The magnetic state for TN < 

T < TCO is paramagnetic. It has been reported that the CO state of AF insulating 
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PCMO collapses to a charge disordered state, which is observed as an insulator–

metal transition, when an external stimulus such as a magnetic field [29, 30], 

light [31], x-rays [32], high pressure [33], and an electric field is applied. 

 

 
 

Figure 1.13. Phase diagram of Pr1-xCaxMnO3. After reference [35]. 

 

The canted AF insulating (CAFI) state also shows up below the AFI state 

in the COI phase 0.3 < x < 0.4. A paramagnetic insulator (PI) phase is present 

at high temperatures. 

Now I analyze in detail the compound Pr0.7Ca0.3MnO3, that is a subject of 

this thesis. By x-ray and neutron diffraction Jirák et al. [28] have determined 

the structure of Pr0.7Ca0.3MnO3 at room temperature, as orthorhombic (figure 

1.14) with space group Pbnm (as for 0.1 ≤ x ≤ 0.5), with lattice parameters ao 

= 5.426 (2) Å, bo = 5.478 (3) Å, co = 7.679 (4) Å. 

As figure 1.13 shows, Pr0.7Ca0.3MnO3 is between two different regions: 

one where the CO/AF phase is stabilized and the other where a transition from a 

PI state to a FMI one is observed at around 130 K. Several studies [28, 36, 37, 

38] have evidenced the coexistence of both the two different magnetic phases 

(AFI and FI) in the narrow range of composition 0.3 ≤ x ≤ 0.4 of bulk            

Pr1-xCaxMnO3, as, for example, showed in figure 1.15 for polycrystalline samples 

of Pr0.67Ca0.33MnO3. When a magnetic field is applied a continuous 

transformation is induced of this phase separated compound. This 
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transformation occurs by the formation of mesoscopic ferromagnetic metallic 

(FMM) domains in the AFI phase and, eventually, in the FI phase, and 

subsequent growing and percolation of this conducting FM phase [39]. 

 

 

Figure 1.14. Orthorhombic unit cell of Pr0.7Ca0.3MnO3. After reference [40]. 

 

 

Figure 1.15. Magnetization (ZFC–FC) of polycrystalline samples of Pr0.67Ca0.33MnO3. 

After reference [36]. 

 



 26 

The phase separation and the percolation process here described are 

considered to be essential to observe the CMR effect. In figure 1.16 the 

temperature dependence of resistivity for Pr0.7Ca0.3MnO3 crystals under several 

magnetic fields is shown [30] (CMR effect). 

 

 
 

Figure 1.16. The temperature dependence of resistivity for Pr0.7Ca0.3MnO3 crystals 

under several magnetic fields. Inset shows the phase diagram determined by resistivity 

measurements. The hatched area indicates the hysteretic region. After reference [30]. 

 

A second compound that I studied in this thesis is Pr0.5Ca0.5MnO3, that is 

orthorhombic, but very close to cubic, with Pbnm space group and lattice 

parameters ao = 5.3949(1) Å, bo = 5.4042(2) Å, co = 7.6064(2) Å at room 

temperature [28, 41]. Thereby, the lattice constants are related to the simple 

cubic lattice parameter ac as a ∼ b ∼ c/ 2  ∼ 2 ac ∼ 5.4 Å. 

In Pr0.5Ca0.5MnO3, the charge and orbital order develops in the 

paramagnetic phase below Tco = 250 K [41]. 

The ordering process is accomplished at TN = 170 K [41] where the 

charge-exchange (CE) type antiferromagnetism sets in (figure 1.17) [42]. The 

ideal CE-type charge and orbital order implies a FM zigzag arrangement of the 

ordered eg(3x2−r2) and eg(3y2−r2) orbitals of Mn3+ ions in ab plane. The 

neighbouring zigzags are AF coupled; the ordering in the c direction is also AF. 
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By applying a magnetic field, the combined AF/CO state can go through a 

first-order phase transition (called the melting of the charge order) and 

transform to a FMM state. The melting fields are quite high, around 27 T at low 

temperatures [43]. 

 

 

Figure 1.17. The CE-type magnetic structure in the site-centered CO/OO model. The 

ferromagnetic zigzags are indicated by the solid lines, and the dotted rectangle indicates 

the low temperature unit cell; only the ab plane is considered. The arrows show the Mn 

spins orientations. After reference [42]. 
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CHAPTER 2 

Manganite thin films. 

 

The expertise reached in the growth of high TC superconductor thin films with 

perovskite structure in the last fifteen years, using the technologies 

implemented for semiconductors (such as sputtering, Pulsed Laser Deposition - 

PLD, and Molecular Beam Epitaxy - MBE), has been successfully applied to the 

growth of high quality crystalline thin films of manganites [44, 45, 46]. 

The advantage of thin films consists in the possibility of studying crystals 

with high perfection and a controlled amount of grain boundaries or defects. 

However, the presence of a substrate introduces a new degree of freedom in 

the already rich landscape of variables, i.e. the external pressure in the form of 

biaxial stress. 

This is why one of the major features of thin films is the strain, that 

induces changes of the physical properties (structure, transport and magnetic 

order) with respect to the bulk. These changes are the main interest of this PhD 

work. 

Before discussing the effects of strain on manganite films, it is necessary 

to give a brief introduction to the basic idea of thin film growth and epitaxy. The 

growth technique, that was employed to fabricate the characterized films and 

multilayers, will be also described. A brief description of the principal effects of 

the strain on the structure and physical properties of La0.7Sr0.3MnO3 and Pr1-

xCaxMnO3 manganese perovskites, already studied, will be given. 

 

2.1. Substrate choice and epitaxy of manganite films. 

 

When a crystalline material is prepared as film form on a chosen 

monocrystalline substrate, the atoms can dispose in a way that produce a 

polycrystalline film or in a way that are in the same lattice positions of the 

substrate ones and also the orientation is identical to those of the substrate to 

produce an epitaxial film. 

For a manganite, prepared as an epitaxial film, the crystallographic 

structure can differ from that of the parent distorted bulk, often assuming a 
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pseudo-cubic or a tetragonal structure. This is due to the biaxial stress 

determined by the substrate that results in a strained film structure. The stress 

affects many physical properties of the manganites, so that the choice of the 

substrate is of primary importance. 

The basic requirements for the substrate can be summarized as follows: 

(a) it must be monocrystalline; (b) crystallographic lattice match with the Mn-

compound; (c) similar thermal expansion coefficient; (d) absence of chemical 

interactions with the material to be deposited; (e) surface quality; (f) 

mechanical and chemical stability at the temperature and pressure conditions 

during the growth [47]. 

 For compounds with cubic or pseudo-cubic but also orthorhombic crystal 

structures, oxide substrates with a square-planar surface orientation, such as 

the (001) face of a cubic oxide crystal (see figure 2.1), is ideal for oriented 

films. Table 2.1 lists most of the available oxide substrates that possess square-

planar or near square-planar symmetry on one of its faces. Other cuts may be 

also considered, for instance (110) is another face often used to deposition (see 

figure 2.1). Typically, the in-plane lattice spacing of the oxide film should closely 

match that of the substrate or exhibit a reasonably close near-coincidence site 

lattice match, such as by rotating 45o with respect to the principal axes. 

 The most common substrates for manganites films, which I also used in 

my work, are SrTiO3, LaAlO3, and NdGaO3, which have perovskite structures 

with lattice parameters similar to the Mn-compounds, and that respond quite 

well to all the requirements listed above. 

 

 

Figure 2.1. (001) and (110) planes of deposition in a cubic substrate. 
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Table 2.1. Oxide substrates with square-planar surface symmetry. 

 

 Attractive substrate materials, for epitaxial films and multilayers, possess 

smooth surfaces with a unit cell high steps, as revealed by scanning force 

microscopy [48, 49]. Oxide materials for which surface termination and atomic 

steps have been reproducibly demonstrated are the perovskite-related materials 

[50], just SrTiO3, LaAlO3, and NdGaO3. 

Recent developments in understanding the surfaces of perovskites have 

enabled the reproducible termination of several perovskite crystalline surfaces 

with specific cation species [50, 51, 52, 53]. For example, a simple aqueous 

treatment, chemical etch, and annealing procedure yields (001) SrTiO3 surfaces 

that are singularly TiO2 terminated (see figure 2.2). 

Figure 2.3 shows an atomic force microscopy (AFM) image of an 

atomically flat (001) SrTiO3 surface that possesses a singular TiO2 termination 

and the corresponding AFM line scan. This capability greatly enhances the ability 

to control phase nucleation and multilayer structure formation in oxide epitaxy. 
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Figure 2.2. Schematic view of the SrTiO3 unit cell with ABO3 perovskite structure (a). 

The terminating plane can be either TiO2, i.e. BO2 (b) or SrO, i.e. AO (c). After reference 

[54]. 

 

 
Figure 2.3. Atomic force microscopy image (on the left) and line scan analysis (on the 

right) of TiO2-terminated SrTiO3 (001) surface. 
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2.2. Strain effect in epitaxial films. 

 

A film, that grows on a substrate with compatible crystal structure and slightly 

different lattice spacing, is under stress. The way in which a perovskite 

structure accommodates stress is mainly by using the internal degrees of 

freedom of the lattice, i.e. by rotation of MnO6 octahedra, or small modifications 

of the Mn-O bond lengths, leading to JT distortions. Moreover, large variations 

of the unit cell lattice parameters are rather unusual, being energetically 

unfavourable. When a critical thickness is reached, the elastic energy stored in 

the structure is enough to create structural defects, or cracks. The critical 

thickness dc is related to the mismatch: 

δ = 
sub

filmsub

a
a - a

, 

where asub and afilm are the in plane lattice parameters of substrate and film, 

respectively. The higher is the mismatch, the smallest is the critical thickness. 

 In general the strain is elastic, and a deformation of the in plane lattice 

parameters produces an out of plane deformation of the cell, too. If asub > afilm, 

δ > 0 implies in-plain tensile strain of the film, and the out of plane axis will be 

compressed. For δ < 0 (asub < afilm), the strain is compressive and in plane 

lattice is compressed, while the out of plane axis will be expanded. Finally, if 

asub ≈ afilm no strain is applied (see figure 2.4). 

 

 

Figure 2.4. Schematic view of absent (δ = 0), compressive (δ < 0), and tensile (δ > 0) 

strain. 

 

 In order to study the film deformations we can consider the stress-strain 

relations: 

No strain Compressive strain Tensile strain 
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σij = Dijkl⋅εkl, 

where σij and εkl are the stress and strain tensor components, respectively, and 

Dijkl are the stiffness components. The manganites are characterized by very 

small amplitude of lattice distortions out of cubic symmetry; in what follows, 

they are treated as cubic. In cubic symmetry the in plane and the out of plane 

strain components of the strain tensor are defined as follows: 

bulk

bulk

a
aa −

= ||
||ε ,  

bulk

bulk

c
cc −

= ⊥
⊥ε , 

where ||a  and ⊥c  are the in plane and out of plane lattice parameters of film, 

respectively. Since the substrate induces a biaxial strain symmetry in the 

growth plane, the three-dimensional strain states by symmetry can be 

decomposed into a bulk strain (hydrostatic term) εb and a biaxial strain (Jahn–

Teller term) εJT [55]: 

]2[
3
1

|| ⊥+= εεεb ,  ][
2
1

||εεε −= ⊥JT . 

In doped manganites the strain effect was demonstrated to be effective in 

modifying the electrical and the magnetic behavior of thin films [55, 56, 57, 

58]. For example, Millis et al. [55] have developed a model to predict the 

dependence of strain on Curie temperature TC for films with cubic symmetry: 

] -  - [1  T ),(T 2
JTb

0
CJTbC βεεαεε = ,  with 

b

C
0
C d

dT
T
1

ε
α = , and 

JT

C
0
C d

dT
2T
1

ε
β = , 

where 0
CT  is the Curie temperature of the unstrained film. The bulk and the 

biaxial strain have opposite effects upon TC. A hydrostatic compression will tend 

to increase the hopping and thereby reduce the electron-lattice coupling, 

inducing an increase in both the conduction band width and TC. On the other 

hand, a biaxial strain increases the energy differences between the eg levels 

imposed by the JT effect which reinforce the electrons tendency to become 

more localized decreasing TC. Generally, a compressive strain induces an 

increase in TC while a tensile strain a decrease in TC. Therefore, the actual 

variation is dependent on the particular used substrate. 

 It is important to emphasize that a general determination of the 

structural properties of these compounds with respect to parameters such as 

strain and thickness is quite difficult. This is because of the extreme sensitivity 
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of the film properties to the details of growth process itself. A sensible 

comparative study among films versus a chosen parameter should be done only 

for films made in the same growth conditions of pressure, temperature, 

deposition rate, etc. The growth conditions need to be extremely well controlled 

for the production of high quality crystalline films. 

 

2.3. La0.7Sr0.3MnO3 films. 

 

La1−xSrxMnO3 films are commonly grown by MBE and PLD techniques on 

numerous substrates (in particular, LaAlO3 and SrTiO3). Several interesting 

strain effects occur, which crucially depend on the lattice mismatch with the 

substrate. 

The in plane compressive strain, enforced by the La0.7Sr0.3MnO3 epitaxial 

growth on (001) oriented LaAlO3, causes an out of plane tensile strain, a 

decrease of Curie temperature TC, and a tendency to switch toward an orbital 

ordered antiferromagnetic phase [56, 59, 60, 61, 62, 63]. While, when the in 

plane applied strain is tensile, as, e.g., when the manganite is grown on (001) 

oriented SrTiO3 or BaTiO3, a compressive out of plane strain is induced, with a 

larger TC than in case of in plane compression [56, 61, 62, 63, 64]. 

In general, La1−xSrxMnO3 films are reported to be very strain sensitive, 

with effects ranging from the formation of magnetic stripe domains [65] to 

inhomogeneities [66, 67], coexistence of different magnetic phases [60], 

anomalies in magnetostriction and thermal expansion [68, 69] and electric 

resistivity with a relevant dependence also from the film thickness [56, 60, 64, 

65, 70]. 

It thus appears that an understanding of the coupling of magnetism and 

strain is an important requirement to design new devices. 

 

2.4. Pr1-xCaxMnO3 films. 

 

The structure of thick Pr0.7Ca0.3MnO3 films deposited on SrTiO3 (STO) (001) 

(thickness = 200 nm), where it is under tensile strain, was investigated by 

Fujimoto et al. [71]. The possibility of six growth modes of Pr0.7Ca0.3MnO3 
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pseudo-cubic (p) perovskite on SrTiO3 (001) substrate was discussed (see figure 

2.5). 

 

 

Figure 2.5. Schematic diagram showing six possible growth modes based on the 

pseudo-cubic unit cell of Pr0.7Ca0.3MnO3 on the SrTiO3 (001) substrate. The shadowed 

planes represent the (001)p of Pr0.7Ca0.3MnO3 [71]. 

 

The structures of thick Pr0.7Ca0.3MnO3 films deposited on LaAlO3 (001) 

(thickness = 200 nm), where it is under compressive strain, and on NdGaO3 

(001) (thickness = 300 nm), where it is under slight tensile strain were 

investigated using transmission electron microscopy by MacLaren et al. [72]. 

The structures of Pr0.5Ca0.5MnO3 films deposited on LaAlO3 (001) (under 

compressive strain) and on STO (001) (under tensile strain) were investigated 

by Prellier et al. [73, 74]. 

The resistivity measurements of Pr1-xCaxMnO3 films with x = 0.2, 0.3, 0.4, 

and 0.5 show the insulating behavior in all temperature regions, and the 

resistivity itself monotonously decreases as x increases (see figure 2.6). 

However, no indication of the resistivity anomaly has been found associated 

with the onset of charge ordering irrespective of x. Therefore, the compressive 

strain suppresses the CO state in the Pr0.7Ca0.3MnO3 films grown on LaAlO3 

(001) [75]. 
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Figure 2.6. Temperature dependence of resistivity for Pr1-xCaxMnO3 (x = 0.2, 0.3, 0.4, 

0.5) thin films 40 nm thick on LaAlO3. After reference [75]. 

 

Pr1-xCaxMnO3 epitaxial c-axis-oriented thin films, in the 0.32 ≤ x < 0.5 

doping range, grown on SrTiO3 (001) substrate show the same type of phase 

separation and ordering than bulk materials [38]. 

In the Pr0.5Ca0.5MnO3 films, the in plane compressive strain destabilizes 

the CO state [75, 76, 77], while the in plane tensile strain stabilizes the CO 

state [73, 74, 76, 77, 78, 79]. 

In particular, when Pr0.5Ca0.5MnO3 thin films are grown on a substrate 

with smaller lattice parameters as LaAlO3, the CO state is suppressed, owing to 

the lack of structural flexibility [75]. As a consequence, the CE–AF (see par. 

1.11, figure 1.17) cannot be obtained. Instead of that, an insulating-

ferromagnetic phase was found with a critical temperature of 240 K [80]. 

When Pr0.5Ca0.5MnO3 thin films are grown on a substrate with a larger 

lattice constant such as SrTiO3, the strain stabilizes the CO state and can 

significantly increase TCO; for thin films (thickness less than 25 nm), values of 

TCO above 320 K were reported [79], much higher than that of the bulk. Melting 

fields (cf. par. 1.11), however, are always lower (≥ 4 T [78, 81, 82]) than the 

bulk values, which was ascribed either to the effect of substrate clamping [81] 

or to the effects of disorder induced by strain relaxation [78]. The latter 

mechanism would explain both the thickness dependence of the melting 

behavior (with thicker films showing lower melting fields) and the effect of post 
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annealing, which relaxes strain, increases disorder, and lowers the melting 

fields. 

It is noteworthy that, since 1990s, Pr0.7Ca0.3MnO3 has become research 

subject because of a report of resistive switching in by Asamitsu et al. [34]. In 

the resistive switching phenomenon, a large change in resistance (> 1000 %) 

occurs on applying pulsed voltages, and the resistance can be set to a desired 

values by applying the appropriate voltage pulse. The materials, which show a 

resistive switching phenomenon as Pr0.7Ca0.3MnO3, are the base for resistance 

random access memories (ReRAM). Recently, prototype ReRAM devices 

composed of Pr0.7Ca0.3MnO3 and NiO have been demonstrated by Sharp 

Corporation and the University of Houston [83] and Samsung [84], respectively. 

Moreover, the first symmetric, electrical pulse induced resistance change 

(EPIR), device has been fabricated, with Pr0.7Ca0.3MnO3 active layer, which 

exhibits significant resistance switching under the application of electric pulses 

[85]. The symmetric EPIR device can be used in RRAM non-volatile memory 

applications. 

 

2.5. Growth technique. 

 

The ability to prepare films and understand their properties is of primary 

importance in the case of manganite, since most technological applications 

require high quality crystalline films and multilayers. The scientific community 

have profited of different deposition techniques developed during the last years 

for the synthesis of the first high-temperature perovskite-type superconducting 

oxide thin films. This resulted in the standardization of various methods, 

including sputtering, molecular beam epitaxy (MBE), metal–organic chemical 

vapour deposition (MOCVD), and pulsed laser deposition (PLD). Although this 

latter method has been used to make films since the 1960s, successful 

fabrication of YBa2Cu3O7 (YBCO) epitaxial films, giving a good critical current, 

during late 1987 and early 1988, led to rapid development of this method [86, 

87]. Since then, PLD has been extensively used to fabricate epitaxial films of 

superconducting, metallic, ferroelectric, ferromagnetic oxides and their 

multilayers. 
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The La0.7Sr0.3MnO3, Pr1-xCaxMnO3 films and multilayers, characterized in 

this thesis, were fabricated using a pulsed laser deposition technique. In fact, all 

samples were deposited using RHEED-assisted laser ablation in the MODA 

(Modular facility for the Oxides Deposition and Analysis) complex system (figure 

2.7 and 2.8) at the CNR-INFM Coherentia laboratory, that was designed for the 

study of surfaces and interfaces of oxide films. 

 

 

Figure 2.7. Photography of the MODA facility. The instruments are highlighted by 

labels. 

 

The MODA deposition chamber (see figure 2.9) is equipped with an 

excimer laser (Coherent Compex 200, repetition rate 1 – 50 Hz, laser energy 

per pulse 100 – 600 mJ; pulse duration 10 ns, spectral width 1 pm), a 

multistage rotating carousel on which it is possible to mount up to six different 

targets, a heater capable to reach a temperature up to 1100 °C and a special 

High Pressure Reflection High Energy Electron Diffraction (HP-RHEED) set-up, 

allowing the in-situ growth monitoring also at high oxygen pressure. 
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Figure 2.8. Schematic top view of the CNR-INFM Coherentia MODA system. 

 

 

Figure 2.9. Top view of the deposition chamber and of the HP-RHEED of the MODA 

system. 

 

The basic concept of the laser ablation is the following. A pulsed highly 

energetic laser beam, with a duration of tens of nanoseconds, hits a target of 
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the desired material. If the laser energy density is sufficient for ablation of the 

source target, the material (highly ionized and energetic particles) evaporates, 

perpendicular to the target surface, forming a gas plasma with a characteristic 

shape that is called plume (see figure 2.10). The plume condenses on a heated 

substrate placed in front of the target, forming a film on this substrate. 

 

 

Figure 2.10. Plume expansion from the target to the substrate. 

 

The physical quantities that are controlled are the fluence of the laser, the 

background oxygen pressure, the distance between target and substrate and 

the temperature of the substrate. Both the temperature of the substrate and 

the oxygen partial pressure influence the size and the shape of the plume, and 

consequently the deposition rate, while the choice of the energy and the 

frequency of the laser determine the energy of the atoms and ions that impact 

the substrate [88]. With such deposition technique it is possible the monitoring 

of the film growth during the deposition, achieving a high control of the film 

growth. 

The HP-RHEED in-situ monitoring technique uses electron diffraction by 

surface atoms to provide information about the periodic rearrangement of the 

surface atoms. With a RHEED experimental set-up, two types of measurement 

can be performed: the analysis of the RHEED pattern spots intensity variation 

during the film growth, and the study of the RHEED pattern of a well defined 

surface, before and after a deposition. As example, in figure 2.11 on the left, 

the behaviour of the intensity of the specular spot (i.e., the (0,0) peak) 

recorded as a function of deposition time is showed. A single oscillation is 
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completed when a complete atomic layer is deposited. The intensity of the 

specular spot decreases by increasing the number of layers, an indication of a 

progressive roughening of the surface that it is common in the epitaxial growth. 

In figure 2.11 on the right, the typical RHEED pattern is shown; in the case of a 

single-domain crystalline surface, clean and atomically flat, the diffraction 

pattern results in sharp spots lying on concentric circles, called Laue circles. In 

presence of a three dimensional surface the RHEED diffraction pattern is a 

rectangular pattern of spots. 

 

 

Figure 2.11. RHEED specular spot intensity measurements of Pr0.7Ca0.3MnO3 film 

deposition on SrTiO3 (001) (left)  RHEED pattern of the deposited film (right). 

 

Since the technological development of the oxide based devices results 

tightly dependent on the control of the film surfaces and the film-substrate 

interfaces, monitoring in-situ the film growth is fundamental to get optimal 

properties. In such structures, the control of the interfaces at the micro and 

nano-scale results of great relevance, in order to achieve the best 

performances. Of course, the higher degree of control has a cost in terms of 

easiness, because the RHEED-assisted laser ablation is far more complex than 

standard PLD. 
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CHAPTER 3 

Chemical, structural and transport characterization of 

epitaxial films of La0.7Sr0.3MnO3 and Pr1-xCaxMnO3. 

 

In this chapter I will report and discuss on chemical, structural and magnetic 

characterization performed, by means of in-situ x-ray photoelectron 

spectroscopy (in MODA facility), and ex-situ high resolution x-ray diffraction, 

high resolution transmission electron microscopy and SQUID magnetometry, on 

La0.7Sr0.3MnO3 films and Pr1-xCaxMnO3 (x = 0.3, 0.5) thin films deposited onto 

SrTiO3 single crystal substrates. The discussion will focus on the effects of the 

strain on the manganites magnetic behaviour. 

The films have been deposited in the MODA system using the RHEED-

assisted laser ablation technique (as described in paragraph 2.3), at the CNR-

INFM Coherentia laboratory in Naples. 

The x-ray photoelectron spectroscopy (XPS) measurements have been 

performed on an Omicron photoelectron spectrometer equipped with a 

hemispheric analyzer Omicron EA 2000 - 125 (on the MODA system), using a 

Mg-Kα (hν = 1253.6 eV) x-ray source running at 18 mA and 15 kV. The residual 

pressure in the spectrometer during data acquisition was always lower than   

10-10 mbar. 

 High resolution x-ray diffraction and x-ray reflectivity measurements have 

been performed by means a 4-circles Bruker D8-Discover diffractometer (Cu 

anode), at the laboratories of the physics department of the University of 

Cagliari. The diffractometer is equipped with a Göbel mirror for parallel beam 

geometry and pure Kα selection and with a 2-bounces (V-Groove) 

monochromator (Ge 022) for Kα2 elimination, therefore using CuKα1 (λ = 

1.5406 Å) radiation with high resolution configuration. A working voltage of 40 

kV and a filament current of 40 mA were employed. 

 The high resolution transmission electron microscopy (HREM) analysis 

has been performed by a Jeol 2100F electron microscope, operating at 200 kV 

and equipped with a field emission electron source, by Dr. A. Falqui of the 

Italian Institute of Technology in Genova. 
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Magnetic measurement have been performed using a Quantum Design 

MPMS5 XL5 SQUID magnetometer, equipped with a superconducting magnet 

producing fields up to 50 kOe, and calibrated using a Pd standard; the 

sensitivity for the magnetic moment being 10−8 emu. 

 

3.1. Characterization of La0.7Sr0.3MnO3 films grown on SrTiO3 (001). 

3.1.1. Chemical characterization. 

 

The chemical characterization of the La0.7Sr0.3MnO3 films grown on SrTiO3 (001) 

has been carried out using the x-ray photoelectron spectroscopy (XPS). 

 The XPS measurements were performed using a pass energy for the 

electron analyzer of 50 eV for the survey spectrum acquisition and 40 eV for 

detailed spectra. To compensate for sample charging during analysis, all the 

binding energies were referred to the carbon 1s signal at 285.0 eV. Spectral 

analysis included a Shirley background subtraction and peak fitting using mixed 

Gaussian-Lorentzian functions in a least-squares curve-fitting program [89] to 

calculate the integrated intensities (peak areas), as input data for stoichiometry 

calculation. From positions of the component peaks, detected in each 

photoelectron line, it has been possible to determine the chemical state of each 

species. 

 Quantitative analysis, that I have carried out, was done under the 

assumption of homogeneous sample, and has permitted to calculate the correct 

stoichiometry of the samples. The measurements were performed at three 

photoelectron take-off angles (30o, 60o, 90o respect to the sample surface) with 

the aim to characterize the surface termination of the sample. 

Elemental identification of the sample surface was performed, using the 

information from the survey spectrum. An example is given in figure 3.1, which 

shows the survey spectra, collected with a photoelectron take-off angle of 90°, 

from a La0.7Sr0.3MnO3 film, with thickness t ≈ 10 nm, deposited on SrTiO3 (001) 

substrate. The following elements with intense peaks were detected: La, Sr, Mn, 

O, only traces of impurities were present. 
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Figure 3.1. XPS survey spectra (Mg-Kα, 50 eV pass energy, 90° photoelectron take-off 

angle) from La0.7Sr0.3MnO3 film grown on SrTiO3 (001). 

 

The La4d, Sr3d, Mn2p, and O1s high-resolution spectra, after the satellite 

subtraction and fitting, are displayed in figure 3.2. 

The La4d XPS spectrum consists of a 4d5/2-4d3/2 doublet with a spin–orbit 

splitting of 2.9 eV and. The binding energy at 102.0 ± 0.2 of the La4d5/2 

demonstrates that the oxidation state of La in La0.7Sr0.3MnO3 film is 3+. 

Lanthanum has no f electrons; accordingly, the La4d core level is not distorted 

by multiplet splitting [90]. The intensity ratio between the components is of 1:1, 

in agreement with Klyushnikov et al. [90] for La0.7Ca0.3MnO3 samples. On the 

high-binding-energy side of the La4d5/2-4d3/2 doublet, there is a satellite 

structure, which is due to the monopole excitation effect. In the case of La2O3, 

this effect is interpreted as the transition of an O2p valence electron to the 

unfilled shell La4f [90]. In our sample the satellite is separated by 4.5 eV from 

the La4d5/2 peak and broadens it. 
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The Sr spectrum, as shown in figure 3.2, contains two features. The first 

is a doublet at 132.6 ± 0.2 eV binding energy, with a separation of 1.8 eV 

between the Sr3d3/2 and Sr3d5/2 peaks. The second is a doublet at 133.9 ± 0.2 

eV, with the same separation of 1.8 eV between the Sr3d3/2 and Sr3d5/2 

components. The low-energy component can be attributed to Sr in the 

manganite structure, while the high-binding energy component corresponds to 

the position of Sr in SrO [91]. So I can expect SrO termination layer for this 

sample. 

Binding energies for the Mn2p1/2 and Mn2p3/2 levels are equal to 652.7 ± 

0.3 eV and 641.2 ± 0.3 eV for the Mn3+ components, and 655.2 ± 0.3 eV and 

643.7 ± 0.3 eV for the Mn4+ ones, respectively. The exchange splitting between 

the Mn2p1/2 and Mn2p3/2 components results of 1.5 eV, in close agreement with 

the Mn2p levels reported by Decorse et al. [91] for La0.5Sr0.5MnO3 thin films. 

The O1s spectra exhibited very complex envelopes of several 

contributions due to the presence of different oxidised species with different 

chemical states. After curve fitting (figure 3.2) three components were found at 

529.3 ± 0.3 eV, 530.8 ± 0.3 eV, 532.6 ± 0.3 eV, which I can attribute to 

oxygen associated with Mn, La, and Sr, as done by other authors [91, 92]. In so 

doing, I have effectively assumed that the contributions to the O1s due to 

impurities on the surface as carbonates or carbide are really small. 

The quantitative evaluation of the relative concentration of each species 

by the XPS data can be calculate by: 

%ni = 100 (ni / ∑ ni) 

where ni is proportional to the atomic concentration of the element i: 

ni = Ii/si 

where Ii is the integrated intensity of the element i and si the sensitivity factor: 

si = σi · Lij(γ) · λi(KE) · T(KE) · cosθ 

which consists of the following terms: σi is the photoionization cross section 

(function of the photoelectron transition) [93], Lij(γ) is the angular asymmetry 

factor [94], λi is the inelastic mean free path [95], T(KE) is the transmission 

correction and θ is the take-off angle of the photoelectrons measured with 

respect to the surface, KE is the kinetic energy. For the used instrument I do 

not apply angular correction because it has a “magic angle” arrangement 
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(54,73o excitation source-analyser angle). The transmission correction was 

experimentally determined [96]. 

 

Figure 3.2. Detailed XPS spectra (Mg-Kα, 40 eV pass energy) of La4d, Sr3d, Mn2p 

(Mn3+ and Mn4+ components are indicated), and O1s (chemical shifts due to: a. Mn 

atom, b. La atom, c. Sr atom) from La0.7Sr0.3MnO3 film grown on SrTiO3 (001). 

 

The results of the stoichiometry estimation are reported in table 3.1, not 

taking into account photoelectron diffraction effects, and eventual elastic 

scattering at low take-off angle. Within the error of such evaluation, that is 

typically 10%, the stoichiometry is essentially the expected one for 90° take-

off. Only minor modifications of the optimum mixed-valence Mn state occur in 

the escape depth analyzed. However, the data of table 3.1 when decreasing the 
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probe depth (from 90° to 30°) point toward Mn depletion at surface, fully 

compatible with an outermost (La/Sr)O layer. Izumi et al. [97], for example, 

evidenced the influence of the manganite termination on the physical 

properties, when the manganite is a layer of a complex multilayer. Therefore, 

the chemical characterization results crucial in view of applications in complex 

multilayers, where the transport properties are determined by the interfacial 

properties. 

 

θ La3+ 
mole fraction 

Sr2+ 
mole fraction 

Mn3+ 
mole fraction 

Mn4+ 
mole fraction 

O2- 

mole fraction 

90o 0.73 0.31 0.73 0.20 3.00 

60o 0.70 0.31 0.59 0.18 3.00 

30o 0.77 0.32 0.56 0.18 3.00 

 

Table 3.1. Relative stoichiometry of La0.7Sr0.3MnO3 film on SrTiO3 (001). 

 

3.1.2. Structural characterization. 

3.1.2.1. High resolution x-ray diffraction. 

 

Room temperature high resolution x-ray diffraction (HRXRD) analyses were 

performed to characterize the structural properties of La0.7Sr0.3MnO3 thin films, 

of thicknesses 13 nm and 45 nm, deposited on SrTiO3 (001) substrate. 

Rocking curve (also called ω scan) on the (002) symmetric reflection of 

the 13 nm thick film has been performed (see figure 3.3). In this measurements 

the crystal is rotated by an angle ω about an axis perpendicular to the 

scattering plane. Since broadening of a rocking curve is caused by film crystal 

structural defects, the full-width at half-maximum (FWHM) value is taken as a 

significant figure of merit for crystal quality. The (002) La0.7Sr0.3MnO3 film 

rocking curve has FWHM = 0.022o, which indicates an excellent degree of 

crystalline order and so the absence of structural defects. 

HRXRD ω/2θ patterns (also called offset scans) of the (002) symmetric 

reflection of La0.7Sr0.3MnO3 film on SrTiO3 (001) have been performed (see 

figure 3.4) to characterize the crystal properties of the two deposited manganite 

films and to obtain the epitaxial relationship between the film and the substrate. 
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Well defined Pendellösung interference fringes are clearly visible in the ω/2θ 

scan of the (002) reflection (figure 3.4), which is another measure of the high 

quality structure of the films. In fact, Pendellösung fringes indicate coherent, 

high quality layers. From the simulation with a commercial software [98] of the 

ω/2θ patterns of the (002) reflection of both the films I have calculated the 

lattice mismatch Δc/c = - 0.013, the out of plain lattice parameter cfilm = 3.854 

± 0.001 Å, which results compressive strained respect to the bulk ac = 3.873 Å, 

and a films thickness estimation t = 10 ± 1 nm and 44 ± 1 nm, respectively. 

 

 

Figure 3.3. Rocking curve of the (002)c symmetric reflection of La0.7Sr0.3MnO3 film 

grown on SrTiO3 (001). 

 

 

Figure 3.4. ω/2θ scan of the (002)c symmetric reflection of La0.7Sr0.3MnO3 films grown 

on SrTiO3 (001) with t = 10 nm (on the left) and t = 44 nm (on the right), respectively. 
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With the aim of evaluating the relaxation degree of the films, reciprocal 

space maps (RSM) have been recorder around asymmetric reflections. The 

collection of a RSM consists of iterated ω scans at fixed 2θ values, for a certain 

range of ω/2θ, around a given reciprocal node of substrate, or, alternatively, of 

iterated qx scans (transverse scan) for a certain range of the qz coordinate 

(longitudinal scan) around the corresponding point (qx, qz). The resulting two-

dimensional map will contain the scattered intensity associated with the 

reciprocal nodes of the analyzed structure. In a pseudo-cubic approximation, if 

we have a relaxed material grown on the substrate, we expect to have 

reciprocal space nodes of both substrate and layer aligned in ω/2θ direction, 

that for a asymmetrical reflection is represented by the line connecting the 

origin of reciprocal space (000) to the node corresponding to the asymmetric 

reflection of the substrate. If we have a fully strained film grown on the 

substrate, we have reciprocal space nodes of both substrate and layer aligned 

along qz direction. In the following, the reciprocal space maps have Miller 

indexes H, L as (x, y) coordinates. The relation between H and L and the 

scattering vector qx and qz are: 

qx = H
a
π2 ,   qz = L

a
π2 , 

where a is the lattice parameter in pseudo-cubic approximation. 

Being the analyzed samples constituted by La0.7Sr0.3MnO3 (001) grown on 

SrTiO3 (001), the (103)c, (-103)c and (113)c planes are not parallel to the 

deposition surface. Therefore, they can be chosen to produce an asymmetric 

reflections. Such reflections enables one to extrapolate information related to in 

plane and out of plane lattice parameters. The RSMs of (103)c, (-103)c and 

(113)c asymmetric reflections of the La0.7Sr0.3MnO3 films deposited on SrTiO3 

(001), were collected following the procedure above described. Even 44 nm 

thick La0.7Sr0.3MnO3 film results fully strained showing in-plane matching with 

the substrate lattice parameters being reciprocal space nodes of both substrate 

and layer aligned along qz direction (see figure 3.5). Therefore, it is possible to 

conclude that La0.7Sr0.3MnO3 film is fully strained, assuming in plane lattice 

parameters a = b = 3.905 ± 0.001 Å, to be compared with the pseudo-cubic 

bulk parameter ac = 3.873 Å. 
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Figure 3.5. RSMs of (103)c (on the top), (-103)c (on the left) and (113)c (on the right) 

asymmetric reflections of La0.7Sr0.3MnO3 film. 

 

The La0.7Sr0.3MnO3 film results fully strained for both thickness t = 10 nm 

and t = 44, possessing a tetragonal cell with lattice parameters a = b = 3.905 ± 

0.001 Å and c = 3.853 ± 0.001 Å. 

 

3.1.2.2. High resolution transmission electron microscopy. 

 

The high resolution transmission electron microscopy (HREM) measurements 

and analysis have been performed with the aim to get information about the 

nanostructure of La0.7Sr0.3MnO3 film grown on SrTiO3 (001) and to see if and 

how the structural properties of the substrate influence the structure of the 

overgrown film. 
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 High resolution transmission electron microscopy cross-section images on 

thin film of La0.7Sr0.3MnO3 deposited onto SrTiO3 (001) oriented have been 

collected and analyzed (figure 3.6). For cross section observation, thin electron 

transparent lamellae (tens of nanometers) have been prepared by means of 

conventional mechanical milling, followed by ion milling to achieve the 

necessary transparency to obtain high resolution transmission electron image. 

 

 

Figure 3.6. HREM analysis of La0.7Sr0.3MnO3 film grown onto SrTiO3 (001). The white 

square indicates the analyzed film region, the inset shows the diffraction pattern, while 

the two images on the top are the filtered images of the (100) and (001) planes, 

respectively. 
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The used image analysis procedure consists, firstly, in the TEM image 

collection. At a second step, two-dimensional fast Fourier transform (2D-FFT) 

was carried out on a region, selected in the film area, indicated by the white 

square in the collected image in figure 3.6, yielding a diffraction spectrum 

(shown in the inset of figure 3.6). By the mask filtering technique, chosen 

couples of spots, symmetric respect to the bright central one, have been 

selected in the diffractogram to calculate the interplanar distances and angles 

between different planes. For La0.7Sr0.3MnO3 films we identified a cubic 

symmetry, with interplanar distances between the (100) and (001) planes equal 

to 3.90 Å. Finally, the inverse 2D-FFT were applied to form two filtered images 

(figure 3.6), which show the (100) and (001) planes, respectively. 

Besides in figure 3.6 it is possible to see that the La0.7Sr0.3MnO3 appears 

darker than SrTiO3. There are two distinct reasons. First, during the sample 

preparation it was observed that La0.7Sr0.3MnO3 is harder than SrTiO3, so that a 

slight different in thickness is possible. Second, the electronic density of 

La0.7Sr0.3MnO3 is higher, resulting in a higher absorption coefficient of the 

electron beam. Such measurements do not show any sign of relaxation of the 

La0.7Sr0.3MnO3 structure, indicating that the film is completely strained on the 

substrate, in agreement with the XRD measurements. Moreover, neither 

dislocations nor stacking faults were found. 

 

3.1.3. Magnetic characterization. 

 

All the magnetic measurements are performed by applying the magnetic field 

along an in-plane direction, parallel to a side of the sample. Zero-field-cooled 

(ZFC) magnetic moments (MZFC) were measured by cooling the sample in a zero 

magnetic field and then increasing the temperature in a static field, while field-

cooled (FC) magnetic moments (MFC) were obtained by cooling the sample in 

the same static field. 

The temperature dependence of the MFC and MZFC of La0.7Sr0.3MnO3 film 

(10 nm thick) grown on SrTiO3 (001) were measured at 5 Oe in the range 4.2 ≤ 

T ≤ 390 K (see figures 3.7). La0.7Sr0.3MnO3 film grown on SrTiO3 (001) exhibits 

a PM/FM transition at TC = 325 ± 1 K, which is a smaller temperature with 

respect to the bulk one (TC ≈ 380 K), but comparable to the other films one (TC 
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= 320 K for t = 25 nm [56], TC = 315 for t = 70 nm [61]). At 105 K the cubic to 

tetragonal ferroelastic transition of SrTiO3 substrate, produces the visible effect 

in the MFC and MZFC curves of La0.7Sr0.3MnO3 film (figures 3.7). 

 

 

Figure 3.7. MZFC and MFC curves of La0.7Sr0.3MnO3 film obtained with a static magnetic 

field of 5 Oe. 

 

3.2. Characterization of Pr0.7Ca0.3MnO3 films grown on SrTiO3 (001). 
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3.2.1. Chemical characterization. 
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3.1.1, using a pass energy for the electron analyzer of 50 eV for the survey 

spectrum acquisition and 30 eV for detailed spectra. To compensate for sample 

charging during analysis, the binding energies were referred to the carbon 1s 

signal at 285.0 eV. 

Elemental identification of the sample surface was carried out using the 

information from the survey spectrum. The survey spectra, collected with a 

photoelectron take-off angle of 90°, from Pr0.7Ca0.3MnO3 film deposited on 

SrTiO3 (001) substrate, is showed in figure 3.8. The following elements with 

intense peaks were detected: Pr, Ca, Mn, O, only trace of impurities are 

present. 

 

Figure 3.8. XPS survey spectra (Mg-Kα, 50 eV pass energy, 90° photoelectron take-off 

angle) from Pr0.7Ca0.3MnO3 film grown on SrTiO3 (001). 

 

Quantitative analysis, that I have carried out, was done under the 

assumption of homogeneous sample, and has permitted to calculate the correct 

stoichiometry of the sample. The high resolution measurements for quantitative 

analysis were performed at 20o and 90o photoelectron take-off angles (respect 

to the sample surface) with the aim to characterize the surface termination of 

the sample. 
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High-resolution spectra after the satellite subtraction and fitting of the 

Pr3d, Ca2p, Mn2p, and O1s core levels are displayed in figure 3.9. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Detailed XPS spectra (Mg-Kα, 40 eV pass energy) of Pr3d, Ca2p, Mn2p 

(Mn3+ and Mn4+ components are indicated), and O1s (chemical shifts due to: a) Mn 

atom, b) Pr atom, c) Ca atom) from Pr0.7Ca0.3MnO3 film grown on SrTiO3 (001). 
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intensity of the two peaks should be 2:1, which is close to the observed value. 

The energy separation of the doublet formed by exchange splitting is the energy 

difference between these two peaks, which is 4.2 eV. These two peaks were 

also observed in PrCoO3 and Pr1-xCaxFeO3 compounds [99, 100]. 

The Ca2p spectrum, as shown in figure 3.9, contains two features at an 

energy separation of 1.2 eV. Both are doublet with an exchange split of 3.6 eV 

between the Ca2p1/2 and Ca2p3/2 components, as observed in CaO [100]. The 

low-energy component can be attributed to Ca in the manganite structure, while 

the high-binding energy component can correspond to the Ca in a CaO layer 

present in surface. 

Binding energies for the Mn2p1/2 and Mn2p3/2 levels are separated by 1.4 

eV for both the Mn3+ and Mn4+, in close agreement with the Mn2p levels 

reported for La0.7Sr0.3MnO3 thin films in par. 3.1.1. 

The O1s spectra exhibited very complex envelopes of several 

contributions due to the presence of different oxidised species with different 

chemical states. After curve fitting (figure 3.9) three components were found, 

which I can attribute to oxygen associated with Mn, Pr, and Ca, as done for 

other manganites [91, 92]. In so doing, I have effectively assumed that the 

contributions to the O1s due to impurities on the surface as carbonates or 

carbide are really small. 

The quantitative evaluation of the relative concentration of each specie by 

the XPS data was done as described in par. 3.1.1. The results of the 

stoichiometry estimation are reported in table 3.2, not taking into account 

photoelectron diffraction effects, and eventual elastic scattering at low take-off 

angle. 

 

θ Pr3+ 
mole fraction 

Ca2+ 
mole fraction 

Mn3+ 
mole fraction 

Mn4+ 
mole fraction 

O2- 

mole fraction 

90o 0.67 0.33 0.72 0.21 3.74 

20o 0.60 0.40 0.35 0.74 4.26 

 

Table 3.2. Relative stoichiometry of Pr0.7Ca0.3MnO3 film grown on SrTiO3 (001). 
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Within the error bar of such a evaluation, that is typically 10%, the 

stoichiometry is essentially the expected one for 90° take-off. Only an 

enrichment of oxygen content in the escape depth analyzed, due to the growth 

in oxygen atmosphere. However, the data of table 3.2 when decreasing the 

probe depth (from 90° to 20°) point toward Ca and O enrichment at surface, 

fully compatible with an outermost CaO layer. 

 

3.2.2. Structural characterization. 

3.2.2.1. High resolution x-ray diffraction and x-ray reflectivity. 

 

In the following I present the ω/2θ, ω-scan (rocking curve), high resolution 

reciprocal space maps (RSM) and x-ray reflectivity (XRR) data of Pr0.7Ca0.3MnO3 

thin film deposited on SrTiO3 (001). 

In particular XRR measurements were carried out in order to estimate the 

thickness and the surface roughness of the films. In figure 3.10 I show the 

experimental XRR curve in blue and the calculated curve in red, obtained by 

fitting with Leptos software [98]. From the fitting we obtain the thickness t and 

the roughness R of Pr0.7Ca0.3MnO3 that result: t = 9.9 ± 0.2 nm and R = 0.5 ± 

0.2 nm. 

 

 

Figure 3.10. Experimental XRR curve in blue and fitting curve in red. 

 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

101

102

103

104

105

106

2θ (deg)

I (
co

un
ts

)

thickness = 9.9 nm

roughness = 0.5 nm

 experimental
 simulated

Pr0.7Ca0.3MnO3 on STO (001)



 58 

From the ω/2θ scan of the (002) cubic reflection (figure 3.11) I have 

calculated the lattice mismatch Δc/c = - 0.024, and the cfilm = 3.811 ± 0.001 Å, 

to be compared with the bulk parameter cbulk/2 = 3.840 Å. 

The full-width at half-maximum (FWHM) of the rocking curve of the film 

(002) reflection (figure 3.11) is 0.024o, indicating the excellent crystal quality. 

 

Figure 3.11. ω/2θ scan of the (002)c reflection of film and substrate (on the left) and 

film rocking curve (on the right). 

 

The figure 3.12 shows the RSMs around the (002)c symmetric and (-103)c 

asymmetric reflections. In particular, the (-103)c map shows that the film 

maximum is aligned in H with the SrTiO3 one indicating that the film is fully 

strained. 
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Figure 3.12. RSMs around (002)c (on the left) and (-103)c (on the right) reflections. 
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So I have realized that Pr0.7Ca0.3MnO3 (abulk = 5.426 Å, bbulk = 5.478 Å, cbulk = 

7.679 Å in the Pnma space group) has grown on SrTiO3 (001), undergoing in-

plane tensile strain and therefore with the in-plane lattice parameters matched 

with the substrate one, and with the out-of-plane parameter shorter than the 

bulk. Therefore, the measurements demonstrate an epitaxial growth with c-axis 

orientation. I can conclude that Pr0.7Ca0.3MnO3 film is fully strained with a 

tetragonal cell and lattice parameters a = b = 5.522 ± 0.001 Å (as the SrTiO3 

face diagonal ac√2), c = 7.622 ± 0.001 Å. 

 

3.2.2.2. High resolution transmission electron microscopy. 

 

High resolution transmission electron microscopy (HREM) measurements and 

analysis have been performed with the aim was to get information about the 

nanostructure of Pr0.7Ca0.3MnO3 deposited onto SrTiO3 (001) oriented and to 

investigate if and how the structural properties of the substrate influence the 

structure of the overgrown film. 

High resolution transmission electron microscopy cross-section images on 

Pr0.7Ca0.3MnO3 thin film deposited onto SrTiO3 (001) oriented have been 

collected and analyzed. For cross section observation, thin electron transparent 

lamellae (tens of nanometers) have been prepared by means of conventional 

mechanical milling, followed by ion milling to achieve the necessary 

transparency to obtain high resolution transmission electron image. 

The used image analysis procedure consists, firstly, in the TEM image 

collection. At a second step, two-dimensional fast Fourier transform (2D-FFT) 

was carried out on a region, selected in the film area, indicated by the white 

square in the collected image of figure 3.13, yielding a diffraction spectrum 

(shown in the inset of figure 3.13). By the mask filtering technique chosen 

couples of spot symmetric respect to the bright central one have been selected 

in the diffractogram to calculate the interplanar distances and angles between 

different planes. For Pr0.7Ca0.3MnO3 film we identified a pseudocubic symmetry, 

with interplanar distances between (200) planes of 1.95 Å and between (002) 

planes of 1.94 Å, which means a pseudocubic lattice parameter of 3.90 ± 0.01 

Å. Finally, the inverse 2D-FFT were applied to the diffraction pattern, after to 

have eliminated the noise with the mask technique, to form a filtered image 
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(shown in figure 3.13), which demonstrates the ordered growth of 

Pr0.7Ca0.3MnO3 film. Such measurements do not show any sign of relaxation of 

the Pr0.7Ca0.3MnO3 structure, indicating that the film is completely strained on 

the substrate, in agreement with the XRD measurements. Moreover, neither 

dislocations nor stacking faults were found. 

 

Figure 3.13. HREM analysis of Pr0.7Ca0.3MnO3 film grown onto SrTiO3 (001). The white 

square indicates the analyzed film region, on the left top the diffraction pattern, on the 

right top the filtered images, with the indication of (200), (002), (101) and (10-1) 

planes, are shown. 
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3.2.3. Magnetic characterization. 

 

All the magnetic measurements have been performed by applying the magnetic 

field along an in-plane direction, parallel to a side of the sample. 

The temperature dependence of the spontaneous magnetic moment 

(figure 3.14) and the MFC and MZFC curve of Pr0.7Ca0.3MnO3 grown on SrTiO3 

(001) were measured at different field strengths (25 Oe, 100 Oe, 250 Oe, 500 

Oe, 750 Oe, 1000 Oe, 1500 Oe, 2000 Oe, 2500 Oe, 4000 Oe, 5200 Oe) in the 

range 4.2 ≤ T ≤ 380 K. 

There is experimental evidence of a paramagnetic/ferromagnetic 

transition with a Curie temperature TC = 121 ± 1 K, determined at zero 

magnetic field (figure 3.14). 

 

 

Figure 3.14. Spontaneous magnetic moment versus temperature. 
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Tirr, which is the temperature value at which the irreversible magnetic moment, 

defined as ΔM = MFC - MZFC, becomes different from zero, indicating the onset of 

a freezing process. 

 

 

Figure 3.15. MZFC and MFC curves obtained with static magnetic fields for Pr0.7Ca0.3MnO3 

film grown on SrTiO3 (001). 

 

Specifically, it appears that the temperature Tirr, that indicates the onset 

of the freezing process, decreases as H increases according to Tirr ∝ H2/3 (see 

fig. 3.16, where I report the Tirr determined by MZFC and MFC curves measured at 

field of 25 Oe, 100 Oe, 250 Oe, 500 Oe, 750 Oe, 1 kOe, 1.5 kOe, 2 kOe). This 

field dependence corresponds to the so-called de Almeida-Thouless (AT) line 

given by HAT(T)/ΔJ ∝ (1-T/Tirr)3/2 [101]. It marks the starting point of the many-

valley structure of phase space leading to diverging relaxation times and to 

nonergodic behaviour. In addition, the presence of a maximum in MZFC at the 

temperature Tmax is observed at low field (25 Oe), that broadens at higher 

fields, while Tmax shifts to lower values together with the corresponding Tirr. In 

figure 3.16 also Tmax, determined by MZFC curves, is reported versus H2/3, at 25 

Oe, 100 Oe, 250 Oe, 500 Oe, 750 Oe, 1 kOe, 1.5 kOe, and 2 kOe magnetic 

fields. So also Tmax follows the AT line. 

The linear extrapolation of the AT lines of Tmax to H = 0 (shown in the 

figure 3.16) provides a way of determining the spin-freezing transition 
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temperature Tf, that in this case results equal to 115 ± 2 K. The use of the AT 

lines is frequently reported in literature for the determination of the transition 

temperature of various and different frustrated magnetic systems, which show 

spin-glass behaviour (see, for instance, references 102, 103 and 104). 

 

 

Figure 3.16. Field dependence of the transition temperatures Tirr as determined by MZFC 

and MFC curves (blue points), and of Tmax as determined by MZFC (black points), showing 

the De Almeida-Thouless lines for Pr0.7Ca0.3MnO3 film grown on SrTiO3 (001). 

 

Another important piece of evidence of the spin-glass behaviour is the 

time dependence of the remanent magnetization below Tf when the external 

magnetic field is turned off after crossing Tf. At this point the remanent 

magnetization typically relaxes following a stretched exponential function of the 

time t, 

M(t) = M(0) exp [a t(1-b)] 

where M(0) is the magnetization value at the beginning of the relaxing process. 

The time dependence of remanent magnetization of the sample cooled in 

a field of 500 Oe was recorded immediately after the field was turned off at 90 

K. I present the experimental curve and the fitting in figure 3.17. 
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Figure 3.17. M(t) isothermal relaxation curve measured after MFC down to 90 K, in an 

external field of 5 kOe, in blue, the fitting has been reported in red. 

 

MZFC and MFC curves were also measured applying the magnetic fields of 

25 Oe and 100 Oe in a direction rotated of 90° around the out-of-plane direction 

of the sample (not presented here) in order to exclude the presence of 

anisotropy, that in fact was absent. 

The irreversible magnetic behaviour of Pr0.7Ca0.3MnO3 can be ascribed to a 

reentrant spin glass (RSG), because it is also possible to identify a Curie 

temperature TC above both Tmax and Tirr. As described by Ito [105], a RSG has 

to be considered a mixed phase of a long range ferromagnetic phase and a SG 

phase. The mechanism of the RSG transition is that, when the long range order 

is established at TC, some amount of disordered (not aligned) spins exists in the 

long range ferromagnetic network. With decreasing temperature, even some of 

the spins participating to the long range order escape from the ordered 

network, resulting in an increasing amount of the frustrated spins. On further 

lowering temperature, the frustrated spins freeze at the freezing temperature 

Tf. I propose to relate the observed magnetic behaviour to the phase separation 

scenario described in par 1.11 for Pr0.7Ca0.3MnO3 in the bulk form. Therefore, the 

observed RSG phase has origin from the competition between the 

antiferromagnetic phase and the ferromagnetic one. In conclusion, I can 
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suppose that there is the presence of a coreshell-type structure, in which the 

core is ferromagnetic and metallic while the shell is spin disordered and 

insulating. This picture has already been used for La0.7Sr0.3MnO3 films with 

twinned structural domain, in which a RSG phase also has been observed [59], 

for La0.7Sr0.3MnO3 nanoparticles with surface spin-glass layers formation [106] 

and for polycrystalline films of La0.7Sr0.3MnO3 which, beside the ferromagnetic 

core, display spin glass phases related to grain boundaries and grain surfaces 

[107]. 

 

3.3. Characterization of Pr0.7Ca0.3MnO3 films grown on SrTiO3 (110). 

3.3.1. Structural characterization. 

 

The structural characterization of Pr0.7Ca0.3MnO3 deposited on SrTiO3 (110) was 

performed by XRR and HRXRD measurements as above described (in par. 

2.1.2). First of all, I have estimate by XRR measurements and fitting the 

thickness and roughness of Pr0.7Ca0.3MnO3 deposited on SrTiO3 (110), which 

result: t = 8.4 ± 0.2 nm and R = 0.4 ± 0.2 nm. In figure 3.18 I show the curve 

in blue with the fitting curve in red. 

 

 

Figure 3.18. Experimental XRR curve in blue and fitting curve in red. 
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First, I want to describe how Pr0.7Ca0.3MnO3 film (abulk = 5.478 Å, bbulk = 

7.679 Å, cbulk = 5.426 Å in the Pnma space group) grows on SrTiO3 substrate 

(110) oriented. SrTiO3 (110) has the (001) face in-plane, and so in-plane lattice 

parameters are 3.905 Å and ac√2 = 5.522 Å. The film results [001]orth oriented, 

i.e. with the [001]orth axis perpendicular to the substrate plane (110)c. From the 

ω/2θ scan of the (110)c symmetric reflection (figure 3.19) I have calculated the 

lattice mismatch Δc/c = -0.02, and the cfilm = 5.410 ± 0.001 Å, to be compared 

with the bulk parameter cbulk = 5.426 Å. 

The full-width at half-maximum (FWHM) of the film rocking curve (figure 

3.19) is 0.021o, so the crystallinity of the films is excellent. 

 

Figure 3.19. ω/2θ scan of the (110)c reflection (on the left) and film rocking curve (on 

the right). 
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that the film is fully tensile strained. 
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5.522 ± 0.001 Å, b = 7.810 ± 0.001 Å, and c = 5.410 ± 0.001 Å in the 

orthorhombic Pnma space group. 

 

 

 

 

 

 

 

 

 

 

Figure 3.20. RSMs around (110)c reflection, (310)c reflection and (22-2)c reflection. 

 

3.3.2. Magnetic characterization. 

 

In the following I present the magnetization measurements on Pr0.7Ca0.3MnO3 

grown on SrTiO3 (110). All the magnetic measurements have been performed 

applying the magnetic field parallel to a side of the sample, along the borth axis 

in-plane direction. 

The temperature dependence of the spontaneous magnetic moment and 

the MFC and MZFC versus temperature of Pr0.7Ca0.3MnO3 were measured for 5 Oe 

and 10 kOe magnetic field and the MFC at 1 kOe, in the range 4.2 ≤ T ≤ 380 K 

(see figures 3.21). 
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Figure 3.21. Spontaneous magnetic moment, MZFC and MFC curves versus temperature. 

obtained with a static magnetic field of 5 Oe, 10000 Oe for Pr0.7Ca0.3MnO3 film grown on 

SrTiO3 (110). 

 

There is experimental evidence of a PM/FM transition at 127 ± 1 K (see 

figure 3.21), the TC is determinate at zero magnetic field. 

This result is relevant for the future applications in device. In fact, with 

this kind of biaxial tensile strain, produced by SrTiO3 (110), no signs of phase 

separation, present in bulk Pr0.7Ca0.3MnO3 [36], are visible, while only a pure 

long-range FM order below TC is observable. 

 

3.4. Characterization of Pr0.5Ca0.5MnO3 films grown on SrTiO3 (001). 

3.4.1. Structural characterization. 

 

The structural characterization of Pr0.5Ca0.5MnO3 deposited on SrTiO3 (001) was 

performed by XRR and HRXRD measurements as above described (in par. 

2.1.1). First of all, I have estimate by XRR measurements and fitting the 

thickness t and the roughness R of Pr0.5Ca0.5MnO3 deposited on SrTiO3 (110), 

which result: t = 9.5 ± 0.2 nm and R = 0.5 ± 0.2 nm. In figure 3.22 I show the 

experimental XRR curve in blue with the fitting curve in red. 
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Figure 3.22. Experimental XRR curve in blue and fitting curve in red. 

 

I remind that Pr0.5Ca0.5MnO3 has bulk lattice parameters a = 5.395 Å, b = 

5.403 Å, c = 7.612 Å in the Pbnm space group. The cubic lattice parameter of 

SrTiO3 is 3.905 Å (ac√2 = 5.522 Å). 

From the ω/2θ scan of the (002) cubic reflection (figure 3.23) I have 

calculated the lattice mismatch Δc/c = - 0.04, and the cfilm = 3.747 ± 0.001 Å, 

to be compared with the bulk parameter c/2 = 3.806 Å. 

The full-width at half-maximum (FWHM) of the film rocking curve (figure 

3.23) is 0.026o, so the crystallinity is excellent. 

 

Figure 3.23. ω/2θ scan of the (002)c reflection of film and substrate and (002)c film 

rocking curve. 
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The figure 3.24 shows the RSMs around the (002)c symmetric and (-103)c 

asymmetric reflections of substrate and Pr0.5Ca0.5MnO3. In particular the (-103)c 

map shows that the film maximum is aligned in H with the SrTiO3 one indicating 

that the film is fully strained. 

 

 

Figure 3.24. RSMs around (002)c symmetric reflection and (-103)c asymmetric 

reflection. 
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3.4.2. Magnetic characterization. 

 

In the following I present the magnetization measurements on Pr0.5Ca0.5MnO3 
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The temperature dependence of the MFC and MZFC of Pr0.5Ca0.5MnO3 was 

measured for different field strengths (1 kOe, 7.5 kOe and 20 kOe) in the range 

4.2 ≤ T ≤ 380 K (see figure 3.25). 

As it is possible to see from the figures 3.26, the Pr0.5Ca0.5MnO3 film 

deposited on SrTiO3 (001) presents a paramagnetic behaviour. The increase of 

magnetization above ∼ 350 K may be related to a possible melting of the CO 

state, even though a more complete investigation should be devoted to this 

controversial subject. Besides, a bump seems to be present at around 150 K in 

the curves at 20 kOe (figure 3.26), that could be associated to the AFM 

transition present in the Pr0.5Ca0.5MnO3 bulk at around 180 K. 

 

 

Figure 3.25. MZFC and MFC curves obtained with the static magnetic fields of 7.5 kOe 

(on the left) and 20 kOe (on the right). 

 

Therefore, the effect of the tensile strain on Pr0.5Ca0.5MnO3 is a strong 

weakening in the charge ordering/antiferromagnetic order in favour of a 

paramagnetic behaviour. 

 

3.5. Characterization of Pr0.5Ca0.5MnO3 films grown on SrTiO3 (110). 

3.5.1. Structural characterization. 

 

The structural characterization of Pr0.5Ca0.5MnO3 deposited on SrTiO3 (110) was 

performed by XRR and HRXRD measurements as above described (in par. 
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2.1.1). First of all, I have estimated by XRR measurements and fitting the 

thickness and roughness of Pr0.5Ca0.5MnO3 deposited on SrTiO3 (110): t = 7.4 ± 

0.2 nm and R = 0.5 ± 0.2 nm. In figure 3.26 I show the experimental XRR 

curve in blue with the fitting curve in red. 

 

 

Figure 3.26. Experimental XRR curve in blue and fitting curve in red. 

 

From the ω/2θ scan of the (002) cubic reflection (figure 3.27) I have 

calculated the lattice mismatch Δc/c = -0.03, and the cfilm = 5.380 ± 0.001 Å, to 

be compare with the bulk parameter c = 5.403 Å. 

The FWHM of the film rocking curve (figure 3.27) is 0.020o, so the 

crystallinity is excellent. 

 

 

Figure 3.27. ω/2θ scan and film rocking curve of the (110) reflection. 

16.5 16.6 16.7 16.8 16.9 17.0

10

20

30

40

50

60

70

80

90

100

110

120

130

FWHM = 0.020 deg

Pr0.5Ca0.5MnO3 on STO (110)

I (
co

un
ts

)

ω (deg)
15.6 15.9 16.2 16.5 16.8 17.1 17.4 17.7 18.0

101

102

103

104

105

106

107

I (
co

un
ts

)

ω (deg)

Δc/c = - 0.03
cfilm= 5.38 A
cbulk= 5.403 A

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

101

102

103

104

105

106

thickness = 7.4 nm

roughness = 0.5 nm

 experimental
 simulated

I (
co

un
ts

)

2θ (deg)

(1
10

) c 
Sr

Ti
O

3 

(1
10

) c 
Pr

0.
5C

a 0
.5
M

nO
3 



 73 

 

The figure 3.28 shows the RSMs around the (110) symmetric and (22-2) 

asymmetric reflections, respectively. In particular the (22-2) map shows that 

the film maximum is aligned in H with the SrTiO3 one, indicating that the film is 

fully strained. 

 

 

Figure 3.28. RSMs around (110)c symmetric reflection (on the left) and (22-2)c 

asymmetric reflection (on the right). 
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epitaxial growth on SrTiO3 (110), undergoing in-plane tensile strain and 

therefore with the in-plane lattice parameters matched with the substrate ones, 

and with the out-of-plane parameter c shorter than the bulk one. I can conclude 

that Pr0.7Ca0.3MnO3 film is fully strained with a = 5.522 ± 0.001 Å, b = 7.810 ± 

0.001 Å, and c = 5.380 ± 0.001 Å lattice parameters in the orthorhombic Pnma 

space group, to be compared with the bulk ones a = 5.403 Å, b = 7.612 Å, c = 

5.395 Å. 

 

3.5.2. Magnetic characterization. 
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applying the magnetic field parallel to a side of the sample, along the borth axis 

in-plane direction. 

The temperature dependence of the spontaneous magnetic moment at H 

= 0 and the MFC and MZFC of Pr0.5Ca0.5MnO3 were measured for different field 

strengths (25 Oe, 50 Oe, 100 Oe, 250 Oe, 500 Oe, 1 kOe, 2.5 kOe and 5 kOe) 

in the range 4.2 ≤ T ≤ 380 K. 

There is not experimental evidence of any long range order at zero 

magnetic field (figure 3.29). 

 

 

Figure 3.29. Spontaneous magnetic moment versus temperature. 
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Oe, 100 Oe, 250 Oe, 500 Oe, 1 kOe, 2.5 kOe), correspond also for this film to 

de Almeida-Thouless (AT) line given by HAT(T)/ΔJ ∝ (1-T/Tirr)3/2 [101]. 

 

 

Figure 3.30. MZFC and MFC curves obtained with static magnetic fields for Pr0.5Ca0.5MnO3 

film grown on SrTiO3 (110). 

 

 

Figure 3.31. Field dependence of the transition temperatures Tirr as determined by MZFC 

and MFC curves (blue points), and of Tmax as determined by MZFC (black points), showing 

the De Almeida-Thouless lines for Pr0.5Ca0.5MnO3 film grown on SrTiO3 (110). 
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The linear extrapolation of the AT lines of Tmax at H = 0 (shown in the 

figure 3.2) provides a way of determining the spin-freezing transition 

temperature Tf (as already discuss in par. 3.2.3), that in this case results equal 

to 62 ± 2 K. 

Another important piece of evidence of the spin-glass like behaviour is 

the time dependence of the remanent magnetization below Tf when the external 

magnetic field is turned off after crossing Tf. Also the remanent magnetization 

below Tf relaxes following the typically stretched exponential function of the 

time t, 

M(t) = M(0) exp [a t(1-b)] 

where M(0) is the magnetization value at the beginning of the relaxing process. 

The time dependence of remanent magnetization of the sample cooled in 

a field of 500 Oe was recorded immediately after the field was turned off at 50 

K. I present the experimental curve and the fitting in figure 3.32. 

 

 

Figure 3.32. M(t) isothermal relaxation curve measured after MFC down to 50 K, in an 

external field of 500 Oe, in blue, the fitting has been reported in red. 
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Thus, these results confirm the appearance of a spin glass (SG) state at 

low temperature in Pr0.5Ca0.5MnO3 grown on SrTiO3 (110).  

In polycrystalline Pr0.5Ca0.5MnO3 Cao et al. [108] found a ground state 

formed by FM clusters, in a background of FM and CE-type FM matrix competing 

interactions. The competing interaction freeze some spin and form a cluster 

RSG, which shows the AFM cluster nature of RSG. 

On the contrary, in our case we do not find any trace of long range 

magnetic order. Therefore, the effect of the tensile strain, induced by the 

epitaxial growth of Pr0.5Ca0.5MnO3 on SrTiO3 (110), is to destabilize the CO/AFM 

phase with a probable formation of ferromagnetic domains. One can easily 

consider that the existence of different kinds of magnetic domains (that do not 

give a long range order) are at the origin of the magnetic frustration, that turns 

out in the spin-glass like state. 

Several studies performed on manganites have revealed that for these 

materials the antiferro-ferromagnetic competition favours a spin-glass like state 

at low temperature. This has been showed for Pr1−xCaxMnO3 with 0.25 ≤ x < 

0.50, in the bulk form, but not for 0.5 composition, that Maignan et al. [109] 

found to be perfectly charge ordered antiferromagnet. Also (Tb/La)2/3Ca1/3MnO3 

[110] and Eu0.58Sr0.42MnO3 exhibit both a spin-freezing temperature TSG ∼ 45 K 

[111], and the Pr0.7(Ca,Sr)0.3MnO3 series, where a rather similar magnetic 

behavior was obtained with TSG ∼ 95K [112], too. 

 

3.6. Summary. 

 

In this chapter I have discuss the results of the characterization of chosen 

La0.7Sr0.3MnO3 and Pr1-xCaxMnO3 films. To sum up the following general 

properties have been found, all films resulting epitaxial, with the correct 

stoichiometry and with an excellent crystal quality. 

 The La0.7Sr0.3MnO3 films deposited on SrTiO3 (001) have a 

paramagnetic/ferromagnetic transition at about 320 K. 

I have demonstrated that the magnetism of Pr1-xCaxMnO3 films are 

strongly influenced by the strain, finding that there is a big difference between 

the two chosen growth orientations (001) and (110).  
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 In particular, the Pr0.7Ca0.3MnO3 films deposited on SrTiO3 (001) have a 

reentrant spin glass behaviour with a paramagnetic/ferromagnetic transition at 

about 120 K and a transition to a glass state at lower temperature (notable 

result for the fundamental physics), while deposited on SrTiO3 (110) is a 

ferromagnet with a pure paramagnetic/ferromagnetic transition at about 130 K 

(significant result in view of future device applications). 

Furthermore, the Pr0.5Ca0.5MnO3 films deposited on SrTiO3 (001) are 

paramagnetic with only weak signs of the charge ordered/antiferromagnetic 

phase present in the bulk compound, while deposited on SrTiO3 (110) are spin 

glasses with freezing temperature of about 60 K. 
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CHAPTER 4 

Structural and transport characterization of epitaxial 

multilayers of manganites. 

 

La0.7Sr0.3MnO3/SrTiO3 and Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayers have been 

deposited onto SrTiO3 single crystal substrate (001) oriented, using a RHEED-

assisted laser ablation technique in the MODA system (as described in 

paragraph 2.3), at the CNR-INFM Coherentia laboratory in Naples. Thanks to 

the RHEED control, it is possible a precise control of the layer sequence, which 

is extremely important for the realization of devices. 

In this chapter I will report and discuss on structural and magnetic 

characterization performed on two decalayers constituted by alternate layers of 

five unit cells (in pseudocubic approximation) of La0.7Sr0.3MnO3 intercalated with 

SrTiO3 or with Pr0.7Ca0.3MnO3, respectively. The characterization of 

La0.7Sr0.3MnO3/SrTiO3 and Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayers has been 

performed by means of ex-situ high resolution x-ray diffraction, high resolution 

transmission electron microscopy and SQUID magnetometry. The discussion will 

be focalized on the induced strain at the interfaces and on the effect of the 

spacer (the diamagnetic SrTiO3 or the RSG Pr0.7Ca0.3MnO3) on the magnetic 

properties of La0.7Sr0.3MnO3 multilayers. 

 

4.1. Characterization of La0.7Sr0.3MnO3/SrTiO3 multilayer grown on 

SrTiO3 (001) oriented. 

4.1.1. Structural characterization. 

4.1.1.1. High resolution x-ray diffraction. 

 

In the following I present the ω/2θ, ω-scan (rocking curve), high resolution 

reciprocal space maps (RSM) of the decalayer constituted by alternate layers of 

five unit cells (in pseudocubic approximation) of La0.7Sr0.3MnO3 and SrTiO3 

grown on SrTiO3 (001). 

From the ω/2θ scan of the (002) cubic reflection (figure 4.1) I have 

calculated the out-of-plain medium lattice parameter cmulti = 3.887 ± 0.001 Å, 
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that is an intermediate value between cLSMO = 3.854 Å and cSTO = 3.905 Å. By 

the fitting with Leptos software [98] I have calculated the thickness of each 

single layer (that, within the error bar of such a evaluation, corresponds to five 

cells of thickness) and so the total multilayer thickness that results equal to 38 

nm. In figure 4.1 the experimental ω/2θ curve in green and the calculated curve 

in red are showed. 

 

Figure 4.1. ω/2θ scan of the (002)c reflection of the La0.7Sr0.3MnO3/SrTiO3 multilayer. 

 

The full-width at half-maximum (FWHM) of the La0.7Sr0.3MnO3/SrTiO3 

multilayer rocking curve (figure 4.2) is 0.020o, indicating the excellent crystal 

quality of the sample. 

Figure 4.2. Rocking curve of the (002)c reflection of the La0.7Sr0.3MnO3/SrTiO3 

multilayer. 
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The figure 4.3 shows the RSMs around the (002)c symmetric and (0-13)c 

asymmetric reflections, respectively. In particular the (0-13)c map shows only a 

maximum for La0.7Sr0.3MnO3 that is aligned in H with the SrTiO3 one, indicating 

that the multilayer is fully strained in the growing plane. 
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Figure 4.3. RSMs around (002)c symmetric reflection and (0-13)c asymmetric reflection 

of the La0.7Sr0.3MnO3/SrTiO3 multilayer. 

 

4.1.1.2. High resolution scanning transmission electron microscopy. 

 

High resolution scanning transmission electron microscopy measurements were 

performed on La0.7Sr0.3MnO3/SrTiO3 multilayer grown onto SrTiO3 (001), by 

Claudia Cantoni at Oak Ridge National Laboratory in Eastern Tennessee (U.S), 

using an aberration corrected 100 kV scanning transmission electron microscope 

(STEM) with a cold field emission electron gun to acquire atomic resolution 

images. 

Figure 4.4 shows a high angular annular dark field (HAADF) Z-contrast 

STEM image from an ion milled longitudinal cross-section of a 

La0.7Sr0.3MnO3/SrTiO3 multilayer grown onto SrTiO3 (001) oriented. Z-contrast 

imaging uses electrons scattered from a thin (∼ 20 nm) sample to form an 

image of the atoms. Because the scattered intensity depends on the atomic 

number (Z) of the chemical element being probed, the image intensity provides 

a means to distinguish the atoms with different atomic number. Z-contrast 

imaging is particularly suited to the viewing of interfaces, grain boundaries, and 

defects in materials that cannot be analyzed using indirect measurements. Such 
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measurement on the La0.7Sr0.3MnO3/SrTiO3 multilayer grown onto SrTiO3 (001) 

(figure 4.4) shows a regular periodicity with alternate brighter La0.7Sr0.3MnO3 

(with higher Z) and darker SrTiO3 (with lower Z) layers. The interfaces between 

each different layer are clearly visible. Figure 4.4 shows also a growth with no 

sign of relaxation of the multilayer structure, in agreement with the HRXRD 

measurements. Moreover, neither dislocations nor stacking faults were found. 

 

 

Figure 4.4. HAADF Z-contrast STEM image from a longitudinal cross-section of 

La0.7Sr0.3MnO3/SrTiO3 multilayer grown onto SrTiO3 (001), the bright layers being 

La0.7Sr0.3MnO3 and the darker SrTiO3. 

 

4.1.2. Magnetic characterization. 

 

In the following I present the magnetization measurements of 

La0.7Sr0.3MnO3/SrTiO3 multilayer grown on SrTiO3 (001). All the magnetic 

Multilayer 

La0.7Sr0.3MnO3/SrTiO3 
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measurements have been performed by applying the magnetic field parallel to a 

side of the sample, along the [100] in-plane direction. 

The temperature dependence of the spontaneous magnetic moment and 

the MFC and MZFC versus temperature were measured for 5 Oe, 25 Oe, 75 Oe, 

150 Oe, 250 Oe, 500 Oe and 1000 Oe magnetic fields, in the range 4.2 ≤ T ≤ 

380 K. 

Examples of the observed behavior are given in figure 4.5, which reports 

some selected MFC and MZFC curves corresponding to the fields of 5 Oe, and 500 

Oe in the measured range of temperature. 

There is experimental evidence of a PM/FM transition at 180 ± 1 K (see 

figure 4.5); the TC is determined at zero magnetic field. 

A second transition is visible at low field at around 105 K. I want to point 

out that at 105 K the SrTiO3 undergoes a ferroelastic transition from the cubic 

to the tetragonal structure. So I can attribute the second transition to the effect 

of the diamagnetic SrTiO3 ferroelastic transition on the La0.7Sr0.3MnO3 

ferromagnetic layers. 

 

 

Figure 4.5. Spontaneous magnetic moment, MZFC and MFC curves versus temperature, 

obtained with a static magnetic field of 5 Oe (on the left) and 500 Oe (on the right) for 

La0.7Sr0.3MnO3/SrTiO3 multilayer grown on SrTiO3 (001). 

 

Besides, in the low temperature range (below the PM/FM transition 

temperature), magnetization results dependent on the sample thermal history: 
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a bifurcation between MZFC and MFC is apparent at an irreversibility temperature 

Tirr, which is the temperature value at which the irreversible magnetic moment, 

defined as ΔM = MFC - MZFC, becomes different from zero, indicating the onset of 

a freezing process. In addition, the presence of a maximum in MZFC at the 

temperature Tmax is observed at low field (5 Oe), that broadens at higher fields, 

while Tmax shifts to lower values (500 Oe). The Tirr field dependence is showed in 

figure 4.6 (at fields of 5 Oe, 25 Oe, 75 Oe, 150 Oe, 250 Oe, 500 Oe, 1 kOe), 

that corresponds to de Almeida-Thouless (AT) line given by HAT(T)/ΔJ ∝ (1-

T/Tirr)3/2 [101]. 

The linear extrapolation of the AT lines of Tirr at H = 0 (shown in the 

figure 4.6) provides a way of determining the temperature, at which the spins 

start to freeze, that in this case results equal to 147 ± 2 K. 

 

 

Figure 4.6. Field dependence of the transition temperatures Tirr as determined by MZFC 

and MFC curves, showing the De Almeida-Thouless line for La0.7Sr0.3MnO3/SrTiO3 

multilayer grown on SrTiO3 (001). 

 

The behaviour observed is typical of a spin glass material. The irreversible 

magnetic behaviour of La0.7Sr0.3MnO3/SrTiO3 multilayer grown on SrTiO3 (001) 

can be ascribed to a re-entrant spin glass (RSG), because it is also possible to 

identify a Curie temperature TC above both Tmax and Tirr. As described in par. 

3.2.3, a RSG has to be considered a mixed phase of a long range ferromagnetic 
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phase and a SG phase. I propose to relate the observed magnetic behaviour to 

the weakening of the double exchange of La0.7Sr0.3MnO3 due to the diamagnetic 

SrTiO3 spacer. 

In figure 4.7 the hysteresis cycle measured at 5 K is reported. The 

coercitive field is of 330 ± 5 Oe, so I can classify the La0.7Sr0.3MnO3/SrTiO3 

multilayer grown on SrTiO3 (001) as a hard ferromagnetic material. 

 

 

Figure 4.7. Hysteresis cycle versus magnetic field measured at 5 K, for 

La0.7Sr0.3MnO3/SrTiO3 multilayer grown on SrTiO3 (001). 

 

One of the possible origins of such described magnetic behaviour can be 

ascribed to the formation of a dead layer near the La0.7Sr0.3MnO3/SrTiO3 

interfaces, in which the ferromagnetism of La0.7Sr0.3MnO3 is locally deteriorated. 

As a physical model for the formation of the dead layer, it has been proposed 

that the charge transfer at the interface induces a hole-overdoped 

La0.7Sr0.3MnO3 layer which is dominated by the antiferromagnetic spin canting 

[113, 114]. The competition between this originated antiferromagnetism at the 

interfaces and the ferromagnetism of La0.7Sr0.3MnO3 layers can originate and 

explain the observed reentrant spin glass behaviour. 
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4.2. Characterization of Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer grown 

on SrTiO3 (001) oriented. 

4.2.1. Structural characterization. 

4.2.1.1. High resolution x-ray diffraction. 

 

The structural characterization of the decalayer Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 

constituted by alternate layers of five unit cells (in pseudocubic approximation) 

of Pr0.7Ca0.3MnO3 and La0.7Sr0.3MnO3 grown on SrTiO3 (001) was performed by 

HRXRD measurements as above described (in par. 2.1.1). In the following I 

present the reflectivity curve, ω/2θ, ω-scan (rocking curve), and high resolution 

reciprocal space maps (RSM). 

From the ω/2θ scan of the (002) cubic reflection (figure 4.8) I have 

calculated the out-of-plain medium lattice parameter cmulti = 3.833 ± 0.001 Å, 

that is an intermediate value between cLSMO = 3.854 Å and cPCMO = 3.811 Å, 

calculated above for the films grown on SrTiO3 (001). By the fitting with Leptos 

software [98] I have calculated the thickness of each single layer (the mean 

value being 1.9 nm) and so the total one that is equal to 37 nm. In figure 4.8 

the experimental ω/2θ curve in blue and the calculated curve in red are 

showed. 

 

 

Figure 4.8. ω/2θ scan of the (002)c reflection of Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 

multilayer. 
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The full-width at half-maximum (FWHM) of the sample rocking curve 

(figure 4.9) is 0.029o, indicating a good crystal quality of the multilayer. 

 

 

Figure 4.9. Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer rocking curve of the (002)c 

reflection. 

 

The figures 4.10 and 4.11 show the RSMs around the (002)c symmetric,  

(-130)c and (-1-13)c asymmetric reflections. In particular the (-130)c and        

(-1-13)c maps show only a maximum for the system 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 that is aligned in H with the SrTiO3 one, indicating 

that the multilayer is fully strained. 
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Figure 4.10. RSM around (002)c symmetric reflection of Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 

multilayer. 
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Figure 4.11. RSMs around (-130)c and (-1-13)c asymmetric reflections of 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer. 

 

4.2.1.2. High resolution scanning transmission electron microscopy and partially 

resolved EEL spectroscopy. 

 

High resolution transmission electron microscopy measurements were 

performed on Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer grown on SrTiO3 (001), 

by Claudia Cantoni, at Oak Ridge National Laboratory in Eastern Tennessee 

(U.S). The measurements were performed using an aberration corrected 100 kV 

scanning transmission electron microscope (STEM) equipped with a Nion 

aberration corrector and an Enfina electron energy-loss (EEL) spectrometer to 

simultaneously acquire atomic resolution images, and spatially-resolved EEL 

spectra with sub-nanometre spatial resolution. 

Figure 4.12 shows a high angular annular dark field HAADF Z-contrast 

STEM image from an ion milled longitudinal cross-section of a 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer grown onto SrTiO3 (001) oriented. The 

technique has been described in par. 4.1.1.2. Bright atoms in figure 4.12 are A-

site atoms, of the ABO3 perovskite structures, the dashed line indicates the 

interface section between the substrate and the multilayer. The image proves 

the overall excellent crystal quality. 
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Figure 4.12. Z-contrast HAADF STEM image from a cross-section of 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer grown onto SrTiO3 (001). 

 

The EELS technique is sensitive to the local structure, chemical 

composition, oxidation of the elements and bonding. The EELS spectra were 

acquired along the green line shown in the Z-contrast image showed in figure 

4.13. Each spectrum is then processed to extract the integrated intensity of 

each element, which is finally plotted as function of position (see figure 4.13). 

Each data point for Ca, Ti, Mn, La, and Pr in the graph is extracted from a single 

EELS spectrum. 

The Pr intensity is compared to the annular dark field (ADF) image 

intensity, obtained in the same scan in figure 4.13. The EELS signal from Pr 

shows that each layer is made by 5 unit cell with a thickness of 1.95 nm, the 

same periodicity appearing in the ADF signal. 
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Figure 4.13. HREM analysis of Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer grown onto 

SrTiO3 (001). 

 

Atomic scale elemental maps can also be obtained from an EEL spectrum 

image. In this case a EEL spectrum is acquired at each point of a fine grid in the 

rectangle indicated in the image in figure 4.14. The spectra are then processed 

to extract the integrated intensities of the elements. The results of the analysis 

are reported in figure 4.14, where each pixel of the elemental images comes 

from an EEL spectrum. The atomic columns of La, Pr, Ca, Ti and Mn have been 

visualized as two-dimensional images. 
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Figure 4.14. EELS maps of Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer grown onto SrTiO3 

(001). 

 

Therefore the EELS profiles and maps (figures 4.13 and 4.14) allow to 

chemically resolve the single elements. Such measurements and analysis 

confirm a regular epitaxial growth, with no sign of relaxation of the multilayer 

structure, in agreement with the HRXRD measurements. Moreover, neither 

dislocations nor stacking faults were found. 
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4.2.2. Magnetic characterization. 

 

In the following I present the magnetization measurements of 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer grown on SrTiO3 (001). All the magnetic 

measurements have been performed by applying the magnetic field parallel to a 

side of the sample, along the [100] in-plane direction. 

The temperature dependence of the spontaneous magnetic moment and 

the MFC and MZFC versus temperature were measured for 50 Oe and 500 Oe 

magnetic fields, in the range 4.2 ≤ T ≤ 380 K (see figures 4.15). 

 

 

Figure 4.15. Spontaneous magnetic moment, MZFC and MFC curves versus temperature, 

obtained with a static magnetic field of 50 Oe (on the left) and 500 Oe (on the right), 

applied along the [100] in-plain direction, for Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer 

grown on SrTiO3 (001). 

 

There is experimental evidence of a PM/FM transition at 250 ± 1 K (see 

figure 4.15), the TC being determinate at zero magnetic field. A second 

transition is visible at low magnetic field (50 Oe) at around 130 K in the MZFC, 

but nothing is observable in the MFC. I want to point out that at around 120 K 

(determined at H=0 Oe) Pr0.7Ca0.3MnO3 undergoes a 

paramagnetic/ferromagnetic transition. So I can attribute the first transition at 

higher temperature to the La0.7Sr0.3MnO3 ferromagnetic layers, while the second 
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transition at lower temperature could be due to the effect of the Pr0.7Ca0.3MnO3 

layers ferromagnetic transition. 

MZFC and MFC curves were also measured applying the magnetic fields of 

100 Oe along the [001] out-of-plain direction of the sample (see figure 4.16) in 

order to exclude the presence of anisotropy. In this case both the two transition 

are present in the MFC curve. Therefore the [001] direction results the magnetic 

hard axis for the La0.7Sr0.3MnO3 that has its paramagnetic/ferromagnetic 

transition at 250 K, and the easy axis for the Pr0.7Ca0.3MnO3, that has its 

transition at around 130 K. Otherwise the [100] in-plane direction results the 

magnetic easy axis for La0.7Sr0.3MnO3 and the hard one for Pr0.7Ca0.3MnO3. 

 

 

Figure 4.16. Spontaneous magnetic moment, MZFC and MFC curves versus temperature, 

obtained with a static magnetic field of 100 Oe, applied along the [001] out-of-plain 

direction, for Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer grown on SrTiO3 (001). 

 

In figure 4.17 the hysteresis cycle measured at 5 K, with the field applied 

in the [100] in plane direction, is reported. The coercitive field is of 639 ± 5 Oe, 

so I can classify the Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer grown on SrTiO3 

(001) as a hard ferromagnetic material. 
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Figure 4.17. Hysteresis cycle versus magnetic field measured at 5 K, for 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer grown on SrTiO3 (001). 

 

There are only a few reports on Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayers 

in the literature dealing with magnetic properties [115, 116, 117], but in those 

cases they consider Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 as a FM-metal/AFM-insulator 

superlattice system, while in my case I have a FM-metal/FM-insulator 

multilayer. So it is not easy a comparison between my and their results. I can 

only compare the Curie temperature that Mukhopadhyay and Das [117] found 

at 200 K with our TC at 250 K, that is evidently a better result, being a higher 

temperature. 

 

4.3. Comparison between the La0.7Sr0.3MnO3/SrTiO3 and 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayers grown on SrTiO3 (001) 

oriented. 

 

The multilayers La0.7Sr0.3MnO3/SrTiO3 and Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 grown 

onto SrTiO3 (001) are deposited in the same conditions and with the same 

number of layers. The structural measurements have demonstrated that the 

growth is epitaxial and the crystalline structure is of excellent quality. 
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 The magnetic properties of the La0.7Sr0.3MnO3/SrTiO3 and 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayers grown on SrTiO3 (001) oriented are 

similar; both the two kind of multilayers have a paramagnetic/ferromagnetic 

transition (at around 180 K for La0.7Sr0.3MnO3/SrTiO3 and at around 250 K for 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3), and they can be classified as hard ferromagnet. 

At low temperature (below the PM/FM transition) 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer is a stable ferromagnets while the 

La0.7Sr0.3MnO3/SrTiO3 multilayer has a spin glass behaviour that makes it a 

reentrant spin glass. 

Being the two multilayers identical in thickness of layers, the differences 

can be only attributed to the different spacers that in a case is SrTiO3, and in 

the other Pr0.7Ca0.3MnO3. A possible reason for the differences, to investigate 

further, is the fact that SrTiO3 is a centrosymmetric crystal, while the 

Pr0.7Ca0.3MnO3 is a polar crystal, with a non-centrosymmetric charge distribution 

and a net electric polarization [118]. Therefore I propose that while in 

La0.7Sr0.3MnO3/SrTiO3 multilayer there is the formation of a dead layer, due to 

the charge transfer at the interfaces (as described in par. 4.1.2), that inhibits a 

good ferromagnetic behaviour, in the case of Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 

multilayer, not being a charge transfer at the interfaces between the two 

manganites, there is a reduction of the dead layer, that gives as global result a 

stable ferromagnetic behaviour. 

I want to point out that the reduction of the dead layer in 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayers is a relevant result, resulting functional 

in the design of new improved spin valves and magnetic tunnel junctions. To 

sum up I have demonstrate the potentiality of La0.7Sr0.3MnO3 and Pr1-xCaxMnO3 

in the field of the spintronics multilayer devices, in which they can find 

application, as a natural development of this work. 
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Conclusions 

 

The aim of this thesis was to demonstrate that the perovskite manganites 

La0.7Sr0.3MnO3 and Pr1-xCaxMnO3 are interesting candidates for the design and 

development of devices, with particular reference to spintronics devices based 

on multilayers, as spin valves and magnetic tunnel junctions. 

To develop this idea, it was first necessary to achieve the full control of 

the growth of epitaxial La0.7Sr0.3MnO3 and Pr1-xCaxMnO3 films. The analyzed films 

have been deposited using a RHEED-assisted laser ablation technique in the 

MODA system, at the CNR-INFM Coherentia laboratory, located at the Physics 

Department of the University of Naples “Federico II”. 

I characterized a very large set of samples, demonstrating that the used 

deposition technique can be successfully employed to get epitaxial growth, 

excellent quality samples, being the final results related to the level of control 

and of complexity of the used process. Moreover I demonstrated that, with an 

appropriate choice of the substrate, it is possible, by the application of strain, to 

influence the physical properties of the manganite thin films. 

I have confirmed that the physical properties of the La0.7Sr0.3MnO3 and 

Pr1-xCaxMnO3 films are strongly dependent on the structure and microstructure. 

In particular, the results presented in this thesis concern the characterization of 

the chemistry of the samples, by x-ray photoemission spectroscopy, the 

structure, by high resolution x-ray diffraction, with particular attention devoted 

to the investigation of epitaxy and strain, and also by high resolution 

transmission electron microscopy. The manganites films have showed very 

interesting magnetic properties, characterized by M(T) and M(H) measurements 

performed by SQUID magnetometry. 

Finally, the structural and magnetic characterization of different complex 

epitaxial multilayers has been performed, demonstrating the potentiality of 

La0.7Sr0.3MnO3 and Pr1-xCaxMnO3 in the fascinating field of the multilayer 

spintronics devices, related to the capability to take advantage of its peculiar 

physical properties. 

 In summary, the main findings of this work are the following. 

(1) La0.7Sr0.3MnO3 and Pr1-xCaxMnO3 thin films. 
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 La0.7Sr0.3MnO3 films deposited on SrTiO3 (001) have a 

paramagnetic/ferromagnetic transition at about 320 K; Pr0.7Ca0.3MnO3 films 

deposited on SrTiO3 (001) have a reentrant spin glass behaviour with a 

paramagnetic/ferromagnetic transition at about 120 K and a transition to a 

glass state at lower temperature; Pr0.7Ca0.3MnO3 films deposited on SrTiO3 (110) 

are ferromagnetic with a paramagnetic/ferromagnetic transition at about 130 K. 

Furthermore, Pr0.5Ca0.5MnO3 films deposited on SrTiO3 (001) are essentially 

paramagnetic, while the Pr0.5Ca0.5MnO3 films deposited on SrTiO3 (110) are spin 

glasses with freezing temperature of about 60 K. 

(2) La0.7Sr0.3MnO3/SrTiO3 and Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayers. 

 The magnetic properties of the La0.7Sr0.3MnO3/SrTiO3 and 

Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayers grown on SrTiO3 (001) are very 

similar; both have a paramagnetic/ferromagnetic transition (at about 180 K for 

La0.7Sr0.3MnO3/SrTiO3 and at about 250 K for Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3), and 

they can be classified as hard ferromagnets. The difference between the two 

types of multilayer is that La0.7Sr0.3MnO3/SrTiO3 has a spin glass behaviour at 

low temperature (below the PM/FM transition), that makes it a reentrant spin 

glass; while Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 is a stable ferromagnet with a 

paramagnetic/ferromagnetic transition at 250 K. 

I propose that while in La0.7Sr0.3MnO3/SrTiO3 multilayers the formation of 

dead layers at the interfaces, due to the charge transfer, inhibits a good 

ferromagnetic behaviour, in the case of Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayer, 

there is a reduction of the dead layer, not being a charge transfer at the 

interfaces between the two manganites, that gives as global result a stable 

ferromagnetic behaviour. I want to point out that the reduction of the dead 

layer in Pr0.7Ca0.3MnO3/La0.7Sr0.3MnO3 multilayers is a relevant result, resulting 

functional in the design of new improved spin valves and magnetic tunnel 

junctions. 

In consideration of the results obtained and presented in this PhD Thesis, 

I can conclude that the techniques are mature for the design and development 

of new spintronics devices, as a natural development of this work. 
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