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INTRODUCTION

For the past few centuries human beings have studied the effects of pressure (hydrostatic strain) on the properties of materials. Only a few decades ago, it was shown that the biaxial strain, where a film is clamped to the substrate but free in out-of-plane direction, can alter the superconducting transition temperature [1]. Since then, the exploitation of this novel technique of strain engineering in epitaxial thin films has increased exponentially through these years in several areas of condensed matter physics. The epitaxial strain imparted by the substrate not only tunes the functional properties of a thin film, but also unveils many novel hidden correlated phenomena. The strain engineering of perovskite thin films is typically realized through the choice of a substrate which imposes its lattice parameter unto the film through coherent epitaxy. Depending upon the lattice misfit, the strain experienced by the film can also be accommodated by rotating or tilting the oxygen octahedra, which is the most important part of the crystal lattice in perovskites. Thus, any modification in the octahedral cage would change the electron hopping from one d-orbital to the other, leading to change in the physics and chemistry of the material.

Exploring the strain predictions, nowadays, is greatly simplified by the development of the new substrates with perovskite crystal structure. The downside is that, any desired strain requires its own substrate, and thus large cost. An alternative is to grow epitaxial thin films of varying thickness on just one substrate material. Nevertheless, the latter technique is prone to create local dislocations in the film, whose density typically varies with film thickness. To achieve the highly-strained films free of such dislocations, one needs to keep them thin, below a critical thickness limit determined by Mathews and Blakeslee [2]. The use of this pioneering technique Chapter 0 -CONTENTS of strain enginerring has been reported by many semiconductor manufacturers, such as IBM and Intel. The strain engineering is used in the Complementary Metal-Oxide-Semiconductor (CMOS) technologies, as the P-type MOS (PMOS) performance is best served when applying compressive strain to the channel, and N-type MOS (NMOS) receives benefit from the tensile strain.

This thesis work falls in the vicinity of physics of condensed matter, and includes a small contribution of chemistry. I have devoted most of my studies on the synthesis of PrVO 3 thin films, on various commerciably available single crystal substrates, their structural and magnetic characterization. Thus, the framework of this thesis is arranged in the four principal parts.

The first part is dedicated to the presentation of the scientific context of this thesis, namely, study of the perovskite-type compounds, their lattice distortion, generalities of the PrVO 3 compound in bulk, effects of doping in the bulk PrVO 3 compound, PrVO 3 as a thin film, and finally, the chemical strain engineering in PrVO 3 films by monitoring the contents of oxygen vacancies.

The second part deals with the experimental techniques involved in the thesis work, and presents in detail the working principles of the techniques.

The third part of the manuscript aims to present the strain engineering in PrVO 3 thin films by growing films on various single crystal substrates, and presents the strain-dependent structural and magnetic properties of PrVO 3 films. Strong correlations between structural and magnetic properties of the PVO films are also established. Finally, the DFT calculations performed to validate the experimental results are also discussed.

The fourth part of the thesis is divided into two principal sections: The first one aims to present the film thickness-dependent structural and magnetic properties of PrVO 3 thin films. A strong paramagnetic-like response of thinner films, and a double-hysteresis (with two magnetic phases) ferromagnetic-like behavior of thick films, is extracted and explained by using a "dead-layer" present at the surface of the film. These results are further confirmed by the XPS of a 50 nm thin film, which clearly shows a gradient in the valence state of V. The second one details the growth of PrVO 3 films on SrTiO 3 substrates with different surface orientations. The study reveals a whopping enhancement of magnetization in PrVO 3 films when the substrate orientation is changed from SrTiO 3 (001) to SrTiO 3 (111). A strong perpendicular magnetic anisotropy and Chapter 0 -CONTENTS uniaxial anisotropy presented by the films are also discussed.
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The objective of this chapter is to present the scientific context on which this thesis is build upon. This chapter begins with an overview of the perovskites including their crystallographic structure, physical properties, followed by the presentation of PrVO 3 (PVO), a compound predominantly studied in this thesis. Finally, it ends with the exploration of the effects of interface in vanadate thin films, and the preliminary case of PVO thin films grown on SrTiO 3 (STO) substrate is discussed in detail.
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Presentation of the perovskite family: RVO 3 as a special case

The perovskites acquire their name from the calcium titanium oxide (CaTiO 3 ) structure, which was first discovered in the Ural mountains of Russia by Gustav Rose in 1839 and named after a Russian nobleman, mineralogist Count Lev Aleksevich Von Perovski [3,4].

The perovskites acquire the general formula ABX 3 , where A and B are cations of different sizes, and X is an anion, which is often oxygen but can also be replaced by large ions such as halides, sulphides and nitrides [START_REF] Muller | The Major Ternary Structural Families[END_REF]. The perovskites broadly exist in various forms viz. ABO 3 perovskite (ex: SrTiO 3 , CaTiO 3 ), A 2 BO 4 layered perovskite (ex: Sr 2 RuO 4 ), A 2 BB'O 6 double perovskite (ex: Ba 2 TiRuO 6 ), and A 2 A'B 2 B'O 9 triple perovskite (ex: La 2 SrCo 2 FeO 9 ), etc [START_REF] Haeni | [END_REF][START_REF] Mackenzie | [END_REF]8,9]. Nevertheless, since my thesis work on PrVO 3 compound is mostly related to the ABO 3 -type perovskite class, I would primarily emphasize on ABO 3 perovskite structure, their physical properties, deformation and so on.

ABO 3 : Physical properties, distortion

Due to their simple crystal structure and great potential for a variety of device applications, the ABO 3 perovskites have been investigated experimentally and theoretically in the last few years [10,11,12,13]. From the structural point of view, the ideal ABO 3 perovskite refers to the cubic crystal structure P m3m, so called aristotype, and is composed of a three-dimensional network of corner sharing BO 6 octahedra. The atomic arrangements in ABO 3 type perovskite oxide structure are shown in Fig. 1.1, where A and B are cations, and O is the anion. The A site cation is typically larger than B cation.

In general, the A cation is surrounded by twelve oxygen anions, and located in the center of the cube at position (1/2,1/2,1/2). The B cations are located at the corners of the cube, and at the center of BO 6 octahedra. Whereas, the O anions are placed at the centers of the twelve cube edges, giving corner-shared strings of BO 6 octahedra (Fig. 1.1). The ideal ABO 3 perovskite structure can also undergo deformations leading to derived structures, routinely called as the hettotypes [START_REF] Mitchell | Perovskites, Modern and Ancient[END_REF].

Distortion of octahedra

While the perovskites were in their infancy, the founder of the science of crystal chemistry, V.M. Goldschmidt, studied a large number of synthetic perovskites with different compositions, and established the principles of material synthesis. Later, he established a factor, which determines how far from ideal packing can the ionic sizes move, and still be "tolerated" by the perovskite structure, widely known as the tolerance factor (tf), and follows as [START_REF] Bhalla | [END_REF] tf = (r

A + r O ) √ 2(r B + r O ) (1.1)
Chapter 1 -HISTORY OF CORRELATED PEROVSKITES: ABO 3 IN A NUTSHELL Where, r A , r B , and r O are the ionic radii of cations A, B and anion O, respectively. Geometrically speaking, when tf is equal to one, an ideal cubic perovskite structure is formed (ex: SrTiO 3 ). On the other hand, if value of tf is far from one, crystal structure of lower symmetry is formed (ex:

PrVO 3 , orthorhombic with tf ∼ 0.94). It has been suggested that, this lowering in symmetry often results from the distortion of octahedron, which occurs because the ionic radius of A-site is too small to fully occupy the available volume. As shown by Glazer in the early 70s, that depending on the nature of cations A and B, all perovskite-type compounds adopt the derived and deformed structures, with respect to the cubic perovskite P m3m.

The deformation of octahedron generally has several causes: (1) Off-centering of the cations,

(2) Rotation of BO 6 octahedron, (3) Jahn-Teller deformations in the BO 6 octahedron (Fig. 1.2).

The off-centering mainly occurs due to larger A and smaller B ion, which leads to a contraction of BO 6 octahedron. On the other hand, octahedral rotation typically occurs in the case where A cation is too small for cubic BO 6 corner-sharing network. The Jahn-Teller distortion often occurs in every perovskites that contain orbitally degenerate electronic state in transition metal cation B.

Nevertheless, the major deformation in the perovskites is the rotation of octahedron, which has direct impact on the electronic properties of the material. This is due to the fact that octahedral The octahedral rotation can efficiently be described by the Glazer notations [17]. This notation includes two factors: the first one determines the amplitude of rotation, and second, the angle of rotation of the octahedra. First, the amplitude of rotation is described in terms of pseudocubic a, b, c, reference structure as in a n b n c n nomenclature. A similar letter in a n b n c n notation signify an equal degree of octahedral rotation. For instance, aaa means that the angles α, β and γ have the same values, aba means α and γ have same values, but β is different. Second, the phase of rotation is classified in terms of n = + or -, where, "+" means an in-phase rotation of octahedron with respect to others along the same axis, and "-" means antiphase rotation (Fig. 1.3). For example, a + a + c -means that the octahedral rotation around a and b pseudo-cubic axis is similar, and is in-phase, relative to each other, whereas rotation around c axis is different and is out-ofphase with the other two axes. In some cases, the value of n can be 0 (zero) and represents no So far, we have discussed the perovskites in general, their basic properties, the "rules" that govern a kind of octahedral distortion, based on the tolerance factor, that eventually determines the crystal structure. In the next section, I will narrow the discussion to the rare earth vanadates, RVO 3 , which is a salient part of my thesis, and described as special case of ABO 3 perovskites.

1.1.2 RVO 3 : Structure and magnetic properties RVO 3 compounds referred to rare earth vanadates, where, cation A is replaced by a large rare earth element, R, and cation B by vanadium (V). Both the cations in RVO 3 perovskite exist in 3+ valence states, which makes them 3d 2 orbital system, because two electrons are present in the outermost shell of V 3+ ion. The RVO 3 -type perovskites are often Mott insulator due to V 3+ ionic state, whereas, on the contrary, V 4+ perovskites generally have metallic character, for example SrVO 3 . In the periodic table, the rare earth elements (also called rare earth metals) are located on the bottom, ranging from Lanthanum (La) to Lutetium (Lu), electronic configuration

[Xe] 4f 0 6s 2 (La) to [Xe] 4f 14 6s 2 (Lu), where [Xe] is Xenon.

Structure of RVO 3 based compounds

In practice, perovskite-type vanadium oxides RVO 3 have a P bnm orthorhombic crystal structure with lattice constants of a ∼ b ∼ c/ √ 2 at room temperature [67,19,20]. The core of physics in RVO 3 perovskite system that provoke intriguing phenomena is the so called collective Jahn-Teller distortion [START_REF] Bersucker | The Jahn-Teller Effect: Fundamentals and Implications for Physics and Chemistry[END_REF][START_REF] Varignon | [END_REF]. According to Jahn-Teller theorem, a non-linear molecule with degenerate electronic states cannot be stable, unless it undergoes structural distortion to remove the degeneracy. The V 3+ cation has two electrons in d atomic orbital, making them 3d 2 orbital, or t 2 2g orbital by means of crystal field. Accordingly, V 3+ is Jahn-Teller active and must undergo distortion in order to remove the degeneracy and lower the system energy. This will consequently favor a lower symmetry structure. Therefore, an RVO 3 -a Jahn-Teller active system, undergoes a structural deformation from orthorhombic P bnm to lower symmetric monoclinic P 2 1 /b at temperature, T = 141 K-200 K. This structural deformation is mainly due to the tilting of VO 6 octahedra. The outcome of this distortion is that, one electron of the t 2g orbital occupies the d xy atomic orbital and the other, either d yz , or, d zx orbital, simply a rearrangement of orbitals to lower energy.

Magnetic properties

All RVO 3 compounds undergo distinct spin ordering (SO) and orbital ordering (OO) depending upon the ionic radii of R cation (r R ) [67,19,23,24,25,26]. In particular, as temperature is decreased from 300 K, all RVO 3 compounds experience a structural phase transition from These aforementioned SO and OO in RVO 3 robustly depend upon the radii r R . Typically, as r R increases from Lu to La, the GdFeO 3 -type orthorhombic distortion decreases, along with a suppression of VO 6 octahedra tilting, and Jahn-Teller distortion [67]. The decreasing V-O-V bond angle distortion leads to enhancement of the transfer or exchange intergral, J, in exchange energy term, U = -2JS i .S j , increasing the magnetic and orbital exchange interaction between the nearest neighbour V -site [27]. This is illustrated in Fig. 1.4 (c), where the magnetic C-SO temperature increases, as r R is changed from Lu to La.

The RVO 3 perovskites with smaller r R , such as R = Dy to Lu, and Y, exhibit additional G-type spin ordering at lower temperature in their ground state. By Analogy, G-type SO is accompanied by the C-type OO, and the structure changes back from the intermediate-temperature P 2 1 /b monoclinic to a lower temperature P bnm orthorhombic symmetry.

Basic physics to understand the thesis

In this section of the chapter, we familiarize with few fundamental physics concepts that have been used throughout the thesis.

Magnetic moment dynamic

In this part, we discuss the classical expression of spin-orbit coupling, the dynamic of magnetic moment for a single spin and extend it to a whole system to explain the magnetization.

Spin-Orbit coupling

Imagine an electron in orbit around the proton (nucleus), from the electron point of view, the proton is revolving around it. The positively charged proton creates a magnetic field B in the electron frame, which exerts a torque on the spinning electron, tending to align magnetic moment (µ) of electron in the direction of field. The energy associated with this torque is given by Hamiltonian H [28]:

H = µ.B (1.2)

Magnetic dipole moment of electron

Consider a charge q smeared out around a ring of radius r, which rotates around the axis with time period T (Fig. 1.5). Then, the magnetic moment of electron,

µ = I.A
where, I = q/T is current, and A = πr 2 is area. Therefore,

µ = - qπr 2 T (1.3)
Also, the magnetic dipole moment of a spinning charge is related to its spin angular momentum 

µ = - q 2m .S
But, the actual electron's magnetic moment is twice the classical answer,

µ = - q m .S (1.5) 

Magnetic field produced by orbiting proton: intrinsic field

If we picture the proton (from electron's perspective) as a continuous current loop (Fig. 1.5), then magnetic field produced by proton can be derived using the Biot-Savart law [START_REF]Introduction to Elctrodynamics[END_REF]:

B = µ 0 I 2r 
Therefore, by simplifying and using the orbital angular momentum of electron, L = 2πmr 2 /T (similar to spin momentum), and relation c = 1/ √ µ 0 .ǫ 0 ,where, µ 0 , ǫ 0 are the magnetic permeability, electrical permittivity of space.
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Hence, the spin-orbit interaction term (from equation 1.1):

H = e 2 4πǫ 0 1 m 2 c 2 r 3 L.S (1.7)
This is the typical classical expression of Hamiltonian associated with spin-orbit coupling, derived assuming the electron at rest and proton presses around it. However, from a quantum mechanical point of view, that is not true, because the Hamiltonian H does not commute with L and S, and therefore spin and angular momentum are not seperately conserved.

From the single spin to magnetic moment

As described in the previous section, the magnetic moment of an electron associated with its spin is µ s = -q m .S (equation (1.5)), and can be written as:

µ = γS (1.8)
where, γ is called the gyromagnetic ratio of the electron.

Therefore, the magnetization vector of a spin assembly in a volume V can be derived from the magnetic moment of single spins within this assembly:

M = µ V (1.9)
When a magnetic moment is placed in magnetic field, it behaves like magnetic dipole and experiences a torque (τ ), given by:

τ = µ × B = dS dt (1.10)
Also, since magnetic moment (µ) is proportional to the spin angular momentum (S) of electron. ) are known as the Bloch equations, and describe the motion of magnetic moment under an external magnetic field.

So far, we have discussed about the spin-orbit interaction and motion of magnetic moment under an external magnetic field. We saw that the basic unit of magnetism is so-called magnetic moment, and expressed in terms of the Bohr magneton, described by µ B = ehcross/2m = 9.27 × 10 -24 Joule/Tesla, just as e is the natural unit of electric charge. In next section, we will see, how the orientation of magnetic moments of all electrons in an atom fabricates different magnetic materials.

Ferromagnetism and Antiferromagnetism in short

Atoms contain many electrons, each spinning about its own axis, and moving in its own orbit.

The magnetic moment associated with each kind of motion is a vector quantity, parallel to the axis of spin and normal to the plane of the orbit, respectively. The magnetic moment of the atom is the vector sum of all its electronic moments, and two possibilities arise:

(1) The magnetic moments of all the electrons are so oriented that they cancel out each other, and atom as a whole has zero net magnetic moment. Such atoms are typically known as diamagnetic atoms.

(2) The cancellation of the electronic moments is only partial, and atom has a net magnetic moment. Such atoms are called magnetic atoms, for example, paramagnetic, ferromagnetic, ferrimagnetic, antiferromagnetic etc.

Here, we describe only two categories of magnetism which are relavent to my thesis i.e ferromagnetism and antiferromagnetism. 

Ferromagnetism

In simple terms, the atomic moments in these materials are aligned parallel to each other, and the material as a whole has a spontaneous magnetic moment, i.e., a magnetic moment even in zero applied magnetic field. To explain this, Pierre Weiss in 1906 made two brilliant postulates that helped to understand why ferromagnetic materials behave the way they do. First, there is an exchange field / molecular field (H m ) present in a ferromagnetic material, that is proportional to the magnetization of the sample by the relation H m = λM , where λ is molecular field constant.

Weiss showed that λ can also be described in terms of the Curie temperature of the material as

T c = Cλ,
where C is the Curie constant. Therefore, the strength of molecular field can be estimated, if T c and C are known. There is, also, a strong quantum mechanical force between these moments, often called exchange interaction and governed by the Heisenberg model. According to this model, the energy of interaction between atoms i, j, bearing electron spins S i , S j is given by:

U = -2JS i .S j
where, J is the exchange integral and is related to the overlap of the charge distribution of the atoms i, j (Fig. 1.6). The Second postulate was that, a ferromagnet in the demagnetized state is divided into a number of small regions called domains. Each domain is spontaneously magnetized to the saturation value M s , but the directions of magnetization of the various domains are such that the specimen as a whole has no net magnetization. When the applied magnetic field is high enough to rotate all the magnetic domains parallel to the applied field, the material is saturated.. [START_REF]Introduction to Solid State Physics[END_REF][START_REF]Introduction to Magnetic Materials[END_REF] Chapter 1 -HISTORY OF CORRELATED PEROVSKITES: ABO 3 IN A NUTSHELL

Antiferromagnetism

In an antiferromagnet, the magnetic moments are ordered in an antiparallel arrangement, with zero net magnetic moment below the ordering temperature (Fig. 1.6). Although, a spin canting often causes a net magnetization to develop, and such materials are commonly known as cantedantiferromagnets.

Magnetic anisotropy

The magnetic anisotropy in simple terms means that the magnetic properties depend on the direction in which they are measured. There are typically four kinds of anisotropy in a material, and any one may become predominant in special circumstances.

Crystal anisotropy:

An anisotropy caused by the crystalline structure of the material is called crystal anisotropy, or formally the magnetocrystalline anisotropy. It is an intrinsic property of material and can be seen by measuring magnetization curves along different crystal directions. This anisotropy is mainly due to the so-called spin-orbit coupling. When an external field tries to reorient the spin of an electron, the orbit of that electron also tends to be reoriented.

But, the orbit is strongly coupled to the lattice, and therefore resists the attempt to rotate the spin axis. The energy required to rotate the spin system of a domain, far from the easy direction (called the anisotropy energy), is just the energy required to overcome the spin-orbit coupling.

Fig. 1.7 illustrates a typical situation, where for zero applied field, the magnetization M would point along an axis, called easy axis. When field is applied, the magnetization is pulled up by field and down by anisotropy. In such case, the energy of magnetization is

given by [START_REF]Introduction to Magnetic Materials[END_REF]: Where, α and β are the angle made by magnetization and applied field with the easy axis, respectively. The first term is the anisotropy energy, where, K is the anisotropy constant.

E = K sin 2 α -µ 0 M H cos(β -α) (1.
The second term is Zeeman energy, and is due to applied magnetic field.

Shape anisotropy:

An isotropy caused by the asymmetric shape of the sample is called shape anisotropy (for example, in thin films). The energy associated with this anisotropy prefers the magnetization to lie along the long side of the sample. Therefore, to change the magnetic anisotropy from in-plane to out-of-plane, the shape anisotropy has to be compensated.

This anisotropy is proportional to the magnetic moment of the material,

K shape = - µ 0 M 2 s 2

Magnetoelastic anisotropy:

The magnetoelastic effect is related to the spin-orbit interaction. As seen before, the spin moments are coupled to the lattice via the orbit electrons, by applying stress on the magnetic materials, the distance between atoms can be disturbed and therefore the interaction Chapter 1 -HISTORY OF CORRELATED PEROVSKITES: ABO 3 IN A NUTSHELL energies. This type of anisotropy is well known in thin films where the strain is produced via lattice mismatch between film and substrate. The film elongates along one side, and the interatomic length becomes anisotropic. When out-of-plane stress is large enough, it can overcome the shape anisotropy of a thin film, and forces the magnetization of the sample to rotate along out-of-plane direction. The inherent stress/strain is the cause of this anisotropy.

Epitaxial strain: Compressive and tensile strain

In general, a single crystal material can be grown on top of a substrate of similar material (homoepitaxy), or, different material (heteroepitaxy). In heteroepitaxy growth, the difference in the lattice constant between the heterojunction constituent materials is referred to lattice mismatch, and is usually accommodated by building stress and dislocation defects etc, inside the grown material (film). The stress (σ) in thin film is further related to the residual strain (ǫ) via Young's modulus γ, by expression σ = γǫ, and the nominal lattice mismatch between two material is given by:

δ = a s -a f a s (1.13)
where, a s and a f are the lattice constants of substrate and film, respectively. Note that the "lattice mismatch" is essentially the difference in lattice constants between two materials, and should not be confused with residual strain, which is actually a consequence of lattice mismatch, just as misfit dislocations are a result of lattice mismatch. The "lattice strain" (ǫ) is simply the "actual deformation" in the thin film, caused by the lattice mismatch (δ), and ǫ < δ should always hold for a defect-free film.

From equation (1.13), if a s is less than a f , it produces δ < 0, meaning that the film undergoes in-plane compressive strain (Fig. 1.8a). On the other hand, if a s is bigger than a f , producing δ > 0 and means that film undergoes an in-plane tensile strain (Fig. 1.8b).
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PrVO 3

One of the main objective of my thesis is the synthesis of the PrVO 3 in the form of thin film. In this section, we present the physical properties of PrVO 3 in the bulk form, and study its behavior when doped with other cations of similar size. Finally, we conclude the chapter with a discussion on PrVO 3 films grown under epitaxial strain.

Bulk PrVO 3

Structure

The first study on this compound was essentially carried out in 90's for a polycrystalline specimen [START_REF] Onoda | [END_REF], synthesized using the solid state reaction method, followed by its first characterization by X-ray powder diffraction. At room temperature, this compound crystallizes in an orthorhombic symmetry (space group P bnm, # 62), (similar to GdFeO 3 perovskite), with a = 5.4843 Å, b = 5.5744 Å, and c = 7.7598 Å. It was reported that, PrVO 3 also undergoes a structural modification at temperature T s ∼ 180 K, from an orthorhombic P bnm to monoclinic P 2 1 /b structure [67,19,20,[START_REF] Onoda | [END_REF]. The principal cause of the deviation from the ideal perovskite structure is tilting of the VO 6 octahedra, as previously explained. The monoclinic angle α = 90.1116 • at T = 15 K, was also recorded by Reehuis et. al [20]. This means that the rotation of VO 6 octahedra is more strongly emphasized around the "b" and "c" axes than around "a" axis. This structural transformation is associated with the onset of V 3d orbital ordering and a collective Jahn-Teller distortion of VO 6 octahedra.

Magnetism

The magnetism in PrVO 3 is effectively due to the Jahn-Teller active V 3+ (3d 2 ) ions on the octahedral sites, with an effective magnetic moment of µ ef f (V 3+ ) = 2.83 µ B (spin only, S = 1, g

Chapter 1 -HISTORY OF CORRELATED PEROVSKITES: ABO 3 IN A NUTSHELL (Lande's g factor) = 2). Below the structural transition T s , the superexchange interaction between V -V moments stabilizes a C-type antiferromagnetic structure of vanadium sublattice at the Néel temperature, T N ∼ 130 K, where, V 3+ moments are arranged antiferromagnetically in the ab-plane, and ferromagnetically along c-axis. This fashion of vanadium moments alignment remains down to the low temperature. Upon cooling to T ∼ 60 K, the antiferromagnetic vanadium moments are known to induce a progressive polarization of the praseodymium sublattice through exchange interaction, inducing a partial magnetic order on the Pr sublattice in a doped compound. Upon further cooling down to ∼ 10 K, a magnetic order of praseodymium sublattice sets in. At 10 K, the total magnetic moment of V and Pr atom is µ tot (V) = 1.36 µ B , µ tot (Pr) = 1.62 µ B , which are still smaller than the theoretically expected moments of the V 3+ ion = 2.83 µ B , and Pr 3+ = 3.20 µ B (4f 2 , J = 4) [20].

In the next section, we will present the spin and orbital correlations in a doped PrVO 3 system, when Pr 3+ is partially replaced with a similar size Ca 2+ cation.

Effect of doping

A chemical substitution of cation in place of R 3+ primarily modify the one-electron bandwidth through changes in the crystal structure, and also brings substitutional disorder, which can strongly affect the transport and magnetic properties. In this section, we will consider example of PrVO 3 compound doped with a Ca 2+ cation.

The influence of hole doping on the microscopic spin and orbital correlaions in Pr 1-x Ca x VO 3 solid solution was reported by two different groups [33,34]. A partial replacement of the trivalent Pr 3+ ions by divalent Ca 2+ ions induces hole doping in the t 2g electronic level of V 3+ ions, thus modifying their spin-orbit interactions. In this section, we discuss how the general properties of doped-PrVO 3 changes, as the doping concentration is increased. 

Physical properties

The increase of Ca concentration in Pr 1-x Ca x VO 3 from x = 0 to 0.3 dramatically reduces the cell volume by 2.8 % in the orthorhombic phase at T = 295 K, and 3.1 % in the monoclinic phase at T = 15 K, respectively [34]. Although, the decrease of the b-axis is larger than c-axis in the monoclinic phase, indicating the presence of Jahn-Teller distortion of the VO 6 octahedra.

Additionally, the end member PrVO 3 compound is a Mott-Hubabrd insulator, but when doped with cation Ca 2+ , it manifests intriguing phenomenon. Namely, when x is increased from 0 to 0.3, the compound shows an insulator-to-metal (IMT) transition at x = 0.23, and a purely metallic behavior at x = 0.3 (Fig. 1.9).

Magnetic properties

With increasing the Ca content up to x = 0.2, there is a strong decrease in the orbital ordering temperature / structural transition from T s = 180 K (x = 0) to T s = 108 K (x = 0.2). At x = 0.3, the orbital ordering disappears, indicating a quenching of the long-range orbital ordering.

Chapter 1 -HISTORY OF CORRELATED PEROVSKITES: ABO 3 IN A NUTSHELL Also, when x is increased from 0 to 0.2, the C-type antiferromagnetic transition temperature (T N ) reduces from 140 K to 95 K, respectively, indicating the destabilization of magnetic ordering (Fig. 1.9). Since the orbital ordering is quenched for x = 0.3, one might expect the magnetic spin ordering to be quenched as well. However, there is a weak magnetic contribution for Pr 0.70 Ca 0.30 VO 3 below ∼ 60 K, as shown in Fig. 1.9.

The perovskite oxide thin films: Interfacial effect

The physical properties of a thin film often differ from that of bulk material. In thin films, various newly factors, risen such as, (1) a different microstructure produced by growth process,

(2) the nature and implication of the film/substrate interface, (3) size effect phenomenon due to constraint in one dimension, make them different from their bulk counterpart.

The research on the interfacial effect in oxide thin films speeded-up about one and half decades ago, when Ohtomo and Hwang discovered a two dimensional electron gas at the interface between two band insulators, LaAlO 3 and SrTiO 3 [35]. After this, a dominating wave of great interest in thin film community was established. Below, we will describe briefly few significant thin film systems.

Famous LaAlO 3 / SrTiO 3 system Initiated by Ohtomo et. al [35], the LaAlO 3 / SrTiO 3 system is a well known studied for its key features. Briefly, the LaAlO 3 / SrTiO 3 (001) interface were grown in high vacuum chamber using Pulsed Laser Deposition (PLD). The growth temperature and oxygen partial pressure were, 800 • C and 10 -4 -10 -6 torr (1torr ∼ 1.33mbar), respectively, and a KrF excimer laser with 2Hz frequency was employed. The SrTiO 3 (001) substrates were well etched in order to obtain a TiO 2 -terminated surface. Therefore, a direct deposition of LaAlO 3 on the substrate yields (LaO) + / (TiO 2 ) 0 interface. While, the (AlO 2 ) -/ (SrO) 0 interface was grown by first depositing This system typically utilizes two wide band gap insulators of band gap 5.6 eV (LaAlO 3 ), and 3.2 eV (SrTiO 3 ). The SrTiO 3 and LaAlO 3 structure can be considered as an alternating stacks of (SrO) 0 , (TiO 2 ) 0 and (LaO) + , (AlO 2 ) -(Fig. 1.10), and therefore presents neutral layer for SrTiO 3 and a charged (±e) layers for LaAlO 3 . In heteroepitaxial growth, the interface between these two materials offers an extra ±e/2 (half electron or half hole) per two-dimensional unit cell, depending on the type of interface (Fig. 1.10). Experimentally, the (AlO 2 ) -/ (SrO) 0 interface is p-type and insulating, and (LaO) + / (TiO 2 ) 0 interface is n-type and conducting.

In next part, we will discuss briefy the epitaxial thin films of LaVO 3 , its first growth (on LaAlO 3 (001) substrate), and on SrTiO 3 (001) substrate.

LaVO 3 / LaAlO 3 system
The first thin film of LaVO 3 was synthesized by W. Choi et. al. in the early 2000s [37], using pulsed laser ablation method, in a high vacuum (< 2×10 -6 torr), and at high temperature (400-700 [98,40], in CRISMAT laboratory. The films were grown in a high vacuum PLD chamber at 700 • C, and 10 -5 mbar. The LaVO 3 films grown at higher oxygen partial pressure are typically not single phased, and seemingly present LaVO 4 phase. This system is similar to the earlier discussed LaAlO 3 / SrTiO 3 (001), in the sense that, a 2D electron gas also reside at the interface in former as a result of polar discontinuity, i.e (LaO) + / (TiO 2 ) 0 , or, (VO 2 ) -/ (SrO) 0 .

The structural analysis reveals two [110] domains rotated 90 The first thin films of PrVO 3 were synthesized in the CRISMAT laboratory by O. Copie in 2013 [41]. The chosen substrate for growth of film was cubic SrTiO 3 (STO) (001) (a s = 3.905 Å).

The growth temperature and oxygen partial pressure were varied between 500 • C and 800 • C, and between 10 -3 mbar and 10 -6 mbar respectively, in order to obtain the optimized growth conditions.

Here, we will now discuss briefly the generalities of PrVO 3 thin films grown epitaxially on a typical single crystal STO (001) substrate, by pulsed laser deposition technique (principle of this growth technique will be described in detail in the next chapter).

Structure of film:

An epitaxial PrVO Chapter 1 -HISTORY OF CORRELATED PEROVSKITES: ABO 

Magnetism:

While bulk PrVO 3 prefers a P 2 1 /b monoclinic structure together with G-OO/C-SO state in the ground state, the Density Functional Theory (DFT) calculations reveal a P 2 1 /m monoclinic structure for an epitaxial PVO film grown on STO substrate, associated with a C-OO/G-SO state [42]. Indeed, they predicts two kinds of metastable structure of PrVO 3 thin films with their own SO and OO: (1) canted films with (a o + b o ) free to relax and orthogonal to the substrate plane;

(2) Straight films with canted a o , b o and thus angle between them γ < 90 • . Nevertheless, a small relative energy difference of 0.5 meV f.u. -1 between the two structure puts PrVO 3 on the verge of two order structure i.e. C-SO/G-OO and G-SO/C-OO. However, considering the 90 • oriented domains (as observed in the experiments) prevents the canting of the structure, and thus the ground state is found to be connected with G-SO/C-OO, a phase that is never observed in the bulk [65,97]. In a nutshell, the calculations reveal that the straight films are directly driven to a P 2 1 /m structure (derived from orthorhombic P bnm), associated with a C-OO and/or G-SO through Kügel-Khomskii rule.

To evidence the epitaxial strain effect on the magnetic properties of PrVO 3 thin films, a direct comparison between PrVO 3 in bulk and thin film form is presented (Fig. 1.12). On the one hand, bulk PrVO 3 , a canted antiferromagnet [110], is characterized by small coercivity H c ≃ 0.019 T (Fig. 1.12(a)), on the other hand a hard ferromagnetic behavior is extracted for a PrVO 3 thin Chapter 1 -HISTORY OF CORRELATED PEROVSKITES: ABO 3 IN A NUTSHELL film, with H c ≃ 2.8 T. Accordingly, the spin-ordering which is strongly coupled with orbit and lattice of PrVO 3 , reduces from 135 K (PrVO 3 bulk) to 85 K (PrVO 3 film).

Chemical strain engineering in PrVO 3 thin films

One of the way of strain accommodation in epitaxial thin films is by creating defects, or, by modify the concentration of oxygen vacancies in thin films grown under high vacuum. This stands up to date a general belief in oxide community that the epitaxial strain imposed by the substrate could control the stability of oxygen vacancies in the perovskite oxide thin films. But is the converse effect true ?, i.e. Can we control the lattice strain by monitoring the amount of Magnetic couplings as a function of chemical strain percentage. A representative sketch of coupling constants J 1 and J 2 [42].

applied field of 50 Oe, reveal a bell-shaped evolution of T N of PVO films with the unit cell volume of PVO. First of all, this behavior is unexpected using any simple model. Second of all, assuming a continuous expansion of the unit cell should result in the reduction of the exchange interaction, hence, decrease in T N . Nevertheless, the DFT calculations performed by J. Varignon and P. Ghosez completely agrees with experimentally observed trend of T N . This is explained by utilizing two magnetic exchange constant J 1 (which governs in-plane interactions) and J 2 (outof-plane interactions), and these two magnetic constants have a reversed behavior for tensile and a large compressive strain, and thus a decrease of T N (Fig. 1.14).

Chapter 1 -HISTORY OF CORRELATED PEROVSKITES: ABO 3 IN A NUTSHELL So far, we discussed the perovskites oxides, namely, the vanadates LaVO 3 (grown on STO and LAO substrates), and PrVO 3 (as a preliminary case), as a thin film. We saw that, LaVO 3 films present different domain structures when grown under different magnitudes of epitaxial strain. Similarly, PrVO 3 show fascinating properties, such as, a low temperature hard ferromagnetic like behavior in PrVO 3 thin film, which is a canted antiferromagnet with a small coercivity in bulk, a 60 K reduction of T N in thin films compare to bulk.

The main aim of this thesis is to investigate how praseodymium vanadate thin films behave under the application of different epitaxial strains, in line with other studies [44,45,46,47]. In general, the strain in a thin film can be induced using different approaches, namely varying growth temperature [41], growth pressure [42] and chemical substitution. Due to a strong interplay between spin, orbit, and lattice in vanadates, the strain will successively modify the spin-spin and spin-orbit interactions, and eventually favor phases that are absent from the bulk. Our objective is to exploit various single crystal substrates (STO, LSAT, LAO, YAO), film thickness (10 nm to 120 nm), and substrate orientations (STO(001), ( 110), ( 111)) as a mean to tailor strain in PrVO 3 films, and study the magnetic phase diagram.

In next chapter, we present the characterisation techniques used during the course of thesis work.

Thin film elaboration

In this section, we present the preparation and growth of PrVO 3 thin films; substrate preparation, growth technique, key parameters.

Throughout this PhD work, the 10 × 10 × 0.5 mm 3 substrates (10 mm in length and breadth, and 0.5 mm in width) were employed from CRYSTEC, and finely cut to 5 × 5 × 0.5 mm 3 for the film's depostion, using WELL Precision Horizontal Diamond Wire Saw. In practice, the deposition of thin films can be accomplished in two different ways and depending on the type of process involved, they are characterized as chemical and physical deposition. The first class of deposition includes a reactive atmosphere synthesis that uses a carrier gas to move the material to be deposited from container to wafer (substrate). For instance, nano-diamond particles can be grown on a Si substrate in a chemical vapor deposition chamber, which operate at 2200 • C, and under high pressure of 5-25 GPa (∼ 250000 bar, to compare with PLD). In this process, the precursor gases introduced inside the chamber, are decomposed by the hot-filaments maintained at high temperature right above the substrate, and the required material is deposited on the Si substrates. The second class of deposition typically involves the mechanical and thermodynamical means to transfer the material to be deposited from a source to the substrate. The Thermal Evaporation, Sputtering, Molecular Beam Epitaxy (MBE), Pulsed Laser Deposition (PLD), are

well known examples of the deposition techniques that involve a "physical process", and often summarized as Physical Vapor Deposition (PVD) methods. The choice of any of the technique relies upon the nature of the material to be deposited, shape and size of the substrate, desired film thickness, growth environment, and so on. During my Ph.D., I used pulsed laser deposition technique, and therefore I will emphasize mainly on PLD. In the forthcoming sections, I will discuss different growth modes involving in the thin-film growth, PLD growth technique, and the characterization techniques.

Typical growth modes of thin film

There are three growth processes involved when a thin film is deposited on a substrate. These growth processes essentially depend on the surface energies of the substrate (γ ss ), film (γ sf ), and the film-substrate interface (γ isf ). The surface energy of the substrate can be measured by a contact angle measuring device, which typically defines the adhesiveness between substrate and a water droplet (for example) (Fig. 2.1).

1. Frank-van der Merwe growth: It is also called as Layer-by-Layer growth mode (Fig.

2.2(a)

), and is essential for heterostructure growth and device requiring smooth surface morphology of intermediate layers. It is considered as the ideal growth mode, and requires a perfect lattice match between the substrate and the layer. For this kind of growth, the atoms deposited (adsorbed atoms) should be more attracted to the substrate surface than to each other, forming a complete monolayer (ML) before another one starts to grow.

Mathematically, it can be defined as

γ ss > γ sf + γ isf

Volmer-Weber growth (VW):

The control of parameters for this kind of growth mode leads to the formation of nano-sized islands, and often called 3D island growth mode (Fig. 2.2(b)). In this growth mode, the interaction of the adsorbed atoms is much stronger among themselves than with its substrate surface, which leads to the formation of clusters or 3D islands, and therefore rough surfaces. Mathematically, it can be represented as

γ ss < γ sf + γ isf

Stranski-Krastanov growth (SK):

This growth is characterized by mixing both the above growth processes (Fig. 2.2(C)). At the beginning, the adsorbed atoms starts to grow layerby-layer. When a certain critical thickness is reached, they starts to form islands. The energy requirements for this growth to occur is same as Frank-van der Merwe growth, except a slight lattice mismatch between the film and the substrate is essential.

Pulsed Laser Deposition (PLD)

We have used the Pulsed Laser Deposition (PLD) technique for the growth of PrVO 3 thin films.

This technique allows crytallizing very complex crystalline structure by ablating material from a polycrystalline target using a highly energetic pulsed laser under a controlled O 2 atmosphere OF THIN FILMS and pressure [49].

Prior to growth, the substrate is cleaned in the ethanol and acetone (3-6 minutes) in an ultrasonic bath cleaner. Then, the substrate is affixed to the substrate holder (made of Inconel alloy) using silver paste, to ensure a good thermal contact. It is then heated to 200-250 • C on a heater for ∼ 15-20 minutes, to dry the silver paste, and well affix substrate on substrate holder. The substrate is then mounted in the growth chamber, and air is let pump out of the chamber in order to achieve a base pressure of <10 -7 mbar, a prerequisite of deposition. The substrate temperature, measured by a thermocouple, is increased slowly (∼ 20 • C / min.) to 600-700 • C for growth, and O 2 pressure is also set to 10 -6 mbar. Now, the growth can start.

Principle of PLD

The PLD process utilizes a high-power-pulsed excimer KrF UV laser [λ = 248 nm], the rotating target [PrVO 4 in our case] facilitated by a motor, and a heated substrate mounted at a distance of ∼ 4 -5 cm from the target (Fig. 2.

3(b)).

When the laser is focussed on the target, the following process occurs within 30 nanoseconds.

The incident laser pulse penetrates into the surface of the target material within penetration depth, which depends on the laser energy/wavelength and the refractive index of the material.

The electric field created by the laser pulse is strong enough to knock the electrons out of the OF THIN FILMS material. These free electrons, rendering in the electromagnetic field of the laser, can collide with the surface atoms of the target and transfer some of their energy to them. This leads to the heating of the surface and eventually the material is vaporized. The interaction of the laser beam with ejected material leads to the formation of high-temperature expanding plasma, called the plume (Fig. 2.3(b)). The adiabatic expansion gives rise to the forward nature of the plume.

The dynamic and shape of the plasma depends strongly on the O 2 background pressure. A high background pressure modifies the trajectory and energy of the ejected species (due to collisions between atoms in plasma and O 2 ). Once the atoms land on the substrate, depending on the substrate temperature, they arrange on the surface, but a too high temperature can also lead to reevaporation of some species from the substrate. Therefore, the substrate temperature and growth O 2 pressure are the key parameters to the quality and stoichiometry of a thin film. Finally, the nucleation and growth of film takes place on the substrate. To avoid the formation of droplets, the precautions should be taken. These include the distance between the substrate and target material, laser energy which should be optimized before growth of thin film, and a dense target.

Other solutions can be to use a beam homogenizer to avoid the laser hot spots [50].

After growth, the sample is cooled down slowly keeping the growth pressure unchanged, in order to avoid the undesired PrVO 4 phase. It is also mandatory to remove the silver paste from the sample after the sample has been taken out of the chamber, as the magnetic measurements are quite sensitive to the remanent of any silver paste.

Growth conditions

We used an optimized growth temperature of 650 • C, and pressure of 10 -6 mbar for all the samples (any different growth condition will be mentioned), a KrF laser with laser energy 200 mJ, pulse repetition rate of 2 Hz, target to substrate distance 5 cm.

Characterization techniques

After deposition of thin films, we studied their structural and physical properties using various experimental characterization techniques, which are briefly discussed below.

To know the lattice parameters (in-plane and out-of-plane), growth mode, epitaxial strain, interfacial quality, we have used X-ray diffraction (XRD), Reciprocal Space Mapping (RSM), Transmission Elelctron Microscopy (TEM), which are described in the following sections.

Structural characterization techniques

The structural properties of PVO films were explored by using the x-ray diffraction and the electron microscopy. These techniques are described in the following sections.

X-Ray Diffraction (XRD)

A crystal is made up of periodic arrangements of atoms or group of atoms, called basis, which is attached to the mathematical points in space, called lattice. The structure of a crystal can be identified using any of the neutron, electron or x-ray photon diffraction. The diffraction, by atomic planes in a crystal, depends essentially on the wavelength of the incident beam and the spacing between planes. The diffracted intensity particularly depends on the atomic arrangement in the crystal, the local electron concentration, phase factor between the incident and diffracted beam, and given by:

I = K 0 |F hkl | 2 (2.2)
Where, K 0 is a constant, and F hkl is the structure factor, defined by

F hkl = j f j e -ι2π(x j v 1 +y j v 2 +z j v 3 ) (2.3)
Where, summation runs over j atoms, f j is the atomic form factor, or, factor of atomic diffusion, and x j , y j , z j are the coordinates of the j th atom.

For an extensive analysis of the crystal structure, various x-ray scans can be perfomed, such as OF THIN FILMS 

2θ-ω scan:

The ω and 2θ vectors are varied simultaneously, and the value of ω = θ for symmetrical reflections, means that the diffraction wavevector q ⊥ is perfectly normal to surface plane (Fig. 2.5). This scan provides important informations about the upper layer (in thin films), such as, distance between planes, parallelism of film-substrate interface, and particularly to check whether crystalline phases are incorporated in the crystal.

ω scan / Rocking curve: The 2θ is kept fixed while ω is varied. This scan is mainly used to define the mosaicity of the sample.

φ scan: For a fix ω, 2θ, the sample rotates with φ, allowing access to symmetry of the crystal and epitaxy of the film compare to the substrate.

χ scan: For a fix ω, 2θ, the angle χ is varied to tilt the sample in order to align it for any asymmetric reflection. This scan is essential for recording Reciprocal Space Maps (RSM), which is discussed in the next section. OF THIN FILMS

Reciprocal Space Mapping

The reciprocal space mapping (RSM) is a mapping of allowed diffraction (by Bragg's equation 

b 1 = a 2 × a 3 a 1 .(a 2 × a 3 ) b 2 = a 3 × a 1 a 1 .(a 2 × a 3 ) b 3 = a 1 × a 2 a 1 .(a 2 × a 3 )
Where, a 1 , a 2 , a 3 are the primitive vectors in crystal lattice, and, b 1 , b 2 , b 3 are the primitive vectors in the reciprocal lattice. Any vector in the reciprocal space is always orthogonal to the other two vectors in the crystal lattice, this can be described as:

b i .a j = δ ij
For a symmetric reflection, the diffraction vector q is normal to the crystal surface, and ω = θ (Bragg Brentano configuration) (Fig. 2.6(a)). Here, ω is the angle between the crystal surface and the incident X-ray beam, and θ is the angle between scattering planes and the scattered beam.

Whereas, for an asymmetric reflection, the diffraction vector is not normal to the crystal surface anymore, but stays normal to the scattering planes (designated as q). In this case, the ω = θ (Fig. 2.6(b)), and an offset angle between the crystal surface and scattering plane is defined as τ = ωθ. Here, k i and k r are the incident and the reflected wave vectors, respectively. The components of the scattering vector parallel (q x ) and perpendicular (q z ) to the crystal surface can be expressed as a function of ω and 2θ as follows: 

q x = 2π λ [cos(2θ -ω) -cos ω] (2.4) q z = 2π λ [sin(2θ -ω) + sin ω] ( 2 

Transmission Electron Microscopy (TEM)

A Transmission Electron Microscope (TEM) is an analytical tool allowing visualization and analysis of a specimen in the realms of nano-dimensions. TEM is an essential tool for nanoscience, used both in biological and materials fields.

The first electron microscope was made by Max Knoll and Earnst Ruska in 1931, although the magnification was lower than the light microscope. A few years earlier in 1928, De Broglie pub-OF THIN FILMS lished a paper confirming that, electron has both particle and wave nature [START_REF] Broglie | La nouvelle dynamique des quanta[END_REF]. Unfortunately, Knoll and Ruska were unaware of this idea at that time. When they realized that the De Broglie wavelength of electron is much smaller than that of light, they figured TEM can theoretically allow for imaging at the atomic scales. In 1933, they builded another microscope with a higher magnification (Deutsches Museum, Munich, Germany).

An electron microscope typically works on the same basic principle as a light microscope. Except that a beam of electrons is used in TEM, instead of X-ray photons. A beam of electrons, having a smaller De Broglie wavelength than X-ray photons, is emitted from an electron source, usually Tungsten. The beam is then accelerated by the application of a high voltage (50-300 kV) through the so-called electron column, and is focussed using electromagnetic lenses, (because normal glass lenses works only for "light photons" and not for electrons). Then, the beam strikes on the sample, mounted right below the electromagnets, and several phenomena take place due to bombardment of electrons with the sample surface atoms (Fig. 2.7). Namely, the beam can Each of the phenomenon that occurs due to distinct interaction between the electron and sample, provides specific information about the sample. Nevertheless, we will focus here only on the transmitted electrons, which form the transmission electron microscopy (TEM) and is relavant to my thesis. The transmitted beam of electrons form a primary image of the specimen by means of objective lens, due to interaction of electrons with the specimen (stage A, Fig. 2.8).

The primary image is then magnified using additional pair of lenses (intermediate lens, and projector lens) to form a final highly magnified image (stage B, Fig. 2.8). The final image is collected at a fluoroscent screen, which is situated at the end of the electron column, and light up when electrons hit on it. A digital image can also be captured using a Charge Coupled Device (CCD) camera, mounted right above the phosphor screen. All of these systems are located in a chamber under ultra-high vacuum.

The TEM normally operates in two basic modes, diffraction mode, and imaging mode.

In the TEM diffraction mode, a diffraction image is formed at the back focal plane of the objective lens, or at the object plane of the intermediate lens. A diffraction pattern can be viewed on the screen by changing the strength (focal length) of the intermediate lens. This is also referred to as the Selected Area Electron Diffraction (SAED). Whereas in the imaging mode, an image of the specimen is observed at the image plane, using high magnifying lenses. Therefore, to switch the TEM from an imaging mode to diffraction mode, only the voltage feeding the intermediate lens needs to be changed.

Also, to perform the transmission electron microscopy, the sample has to be thinner than 200 nm, in order for electrons to pass through it. To etch a specimen of this dimension requires special techniques, such as, ion milling, Focussed Ion Beam (FIB), etc.

In this study, two electron microscopes were used. The sample preparation, and the imaging were done by Dr. Bernadette Domengès, and Dr. Philippe Boullay. OF THIN FILMS 

Atomic Force Microscopy (AFM)

The Atomic Force Microscopy (AFM) is a scanning microscopy, where the sample surface is probed using a tip attached to a cantilever (Fig. 2.9(a)). A laser is focussed on the cantilever to detect the tip's deflection. In principle, an AFM can be operated in tapping mode, contact mode, and non-contact mode. When the cantilever tip is moved on the sample surface, the tip deflection due to roughness of sample is measured through a sensitive detector, and the sample surface morphology is extracted.

We used a PicoSPM atomic force microscope to perform the AFM scans for our samples. The AFM scans can provide information about the surface roughness of the specimen, by using the formula: profile of surface roughness, using the formula in text. OF THIN FILMS Where, L x , L y are the length over which the surface roughness is evaluated, and Z(x,y) is the height variation at position (x,y).

R q = 1 L x L y Lx 0 Ly 0 |Z 2 (x, y)|dxdy

X-ray Photoelectron Spectroscopy (XPS)

The X-ray Photoelectron Spectroscopy (XPS) is a semiquantitative technique for determining composition of a material based on the photoelectric effect. The photoelectric effect is the emission of electrons when light hits a material, and the emitted electrons are called photo-emitted electrons or photoelectrons. The choice of X-ray sources as excitation beams for this technique comes from their ability to probe the core-level electrons. The photoelectric effect for solids can be described as follows: 

Physical Property Measurement System (PPMS)

After the structure and surface analysis of the samples, we measured their physical properties.

In this part, we briefly discuss the Physical Property Measurement System (PPMS), which was used to extract the resistivity of thin films.

The thin films were characterized using a 9T PPMS from Quantum Design, at CRISMAT laboratory (Fig. 2.11). This unique equipment allowed us to perform temperature-field dependent measurements, with temperature range of 1.9 K-400 K.

Electrical resistivity of a thin film

We employed the linear four-point probe technique to measure the electrical resistivity of the samples. The schematic of the experimental configuration is shown in Fig. 2.12. In principle, current is passed through a sample through contacts (between I + and I -), and the potential difference is measured across voltage contacts (V + and V -). Also, the contacts resistance as-OF THIN FILMS sociated with this method is negligible. Therefore, by using the four-wire method, it is possible to know, both the current and the voltage drop across the sample, and thus the resistance can be calculated. A differential resistance can be expressed as, ∆R = ρ dx A However, for an infinitely large slice, where thickness of the slice t is quite smaller than distance between contacts (s), a geometrical factor is multiplied, which depends on the geometry of the sample/slice. Therefore, the above expression, for an infinitely thin slice, becomes,

R = 2s s ρ dx 2πxt = ρ 2πt ln 2 
Where, s is an average distance between the contacts (Fig. 2.12), this implies, Where,

ρ = πt ln 2 R Nevertheless,
πt ln 2 R 1 b s , a b
= G, is the geometrical correction factor for a thin film of finite dimension (a, b) [START_REF] Topsoe | [END_REF]. The measurement consists of recording the resistance as a function of temperature, and the resistivity is calculated using equation 2.6. If a thin film is deposited on top of an insulating substrate, the resistance of the latter tends to infinity. Therefore, the measured resistance is equal to that of the film.

Superconducting Quantum Interference Device (SQUID) magnetometer

The magnetization measurements in this thesis were carried out by using a Quantum Design DC SQUID based magnetometer.

In general, the SQUID works on two basic quantum phenomena i.e. Josephson Tunnelling of electron pairs, and the flux quantization, and is a very sensitive device which can detect a magnetic field as small as 10 -18 T (and magnetic flux in the range 10 -7 -10 -8 ). Our SQUID at the CRISMAT laboratory, which is a DC (direct current) SQUID, is made up of two Josephson Junctions (JJ) in parallel, seperating two superconductors. First, the Josephson junction is normally insulating, and the electron pairs (cooper pairs) which makes the superconductor (supercurrent) can tunnel through this junction, depending on the width of junction and applied magnetic flux.

The dynamics of the Josephson effect is given by the following equations, where the voltage and current across the Josephson junction is expressed in terms of the wavefunction ψ (probability amplitude) of the electron pair:

U (t) = h 2e ∂ψ ∂t , (2.7) 
I(t) = I c (t)e (ιψt) (2.8) 
Where, in equation (2.7), h = h/2e, h is the Plank's constant, e is the electronic charge, and I c is the critical current in equation (2.8). Second, the magnetic flux inside a superconductor is quantized, that is to say, it changes in the steps of a "quantum flux" (φ 0 ). This is expressed as:

φ 0 = h 2e = 2.07 × 10 -15 W b (2.9)
In principle, when magnetic field is applied to the SQUID, the field tends to change the wave function of electron pairs on either side of the junction, but SQUID resists to this change. Therefore, the SQUID generates a screening current (I s ) and a magnetic field that is equal but opposite to the applied field, thus effectively cancelling the net flux in the superconducting ring (Fig.

2.13(a)

). As the applied magnetic flux is increased, the screening current tends to increase.

When the applied flux reaches to half the flux quantum (φ 0 /2), the junction momentarily becomes resistive, and the current changes the direction. As the applied flux increases further, the OF THIN FILMS Therefore, the screening current in a superconducting ring is periodic with a period of one flux quantum (also called fluxon) φ 0 (Fig. 2.13b).

Fig. 2.14(a) shows our Magnetic Property Measurement System (MPMS), with an electronic cabinet on the left, and the cryostat on the right. The cryostat is liquid helium cooled, equipped with a 5 T superconducting magnet, and is a very sensitive device which is capable of measuring magnetic moment down to 10 -8 emu. The temperature of the measurement can be controlled between 1.9 K -400 K, with temperature sweep rate 0.01-10 K/min. The inside of a cryostat is shown in Fig. 2.14b. A sample to be measured, is placed in a drinking straw and well fixed by means of scotch tape, so that it does not move during the measurement. Then, the straw containg sample is attached to the end of sample rod using scotch tape. It is advisory to minimize the use of scotch tape as much as possible, since the measurements can be noisy due to excess use thereof. Before starting the measurements, the sample position has to be optimized with respect to the superconducting magnet. This is done by the sample transport, where the sample is moved across the detection coils (Fig. 2.14c), and SQUID voltage response is measured (Fig. We have used 5 mm × 5 mm size samples, which can perfectly fit inside the straw/tube in the parallely applied field configuration (Fig. 2.14e). However, to achieve a perpendicular field geometry, the sample has to be placed differently, as shown in Fig. 2.14f.

Calculation of Magnetization:

To obtain the magnetization of our films in the units of µ B /f.u., these steps were followed.

First, conversion of raw data from emu to µ B by

1emu = 1.078 × 10 20 µ B
Second, division of above by the total number of unit cells in the film, which can be calculated as: total no. of unit cells = volume of film/volume of 1 unit cell.

Therefore, finally the magnetization of film can be obtained by multiplying the raw data by a factor of 1.078 × 10 20 µ B /total no. of unit cells.

Estimation of magnetic ordering temperature:

The magnetic ordering(s) in PrVO 3 thin films were realized by plotting derivative of magnetization (dM/dT) versus temperature (T). The minimum in the derivative or a cusp in dM/dT vs T is regarded as the magnetic ordering temperature, similar to work of Copie et. al. [41] (Fig.

1.12).

Magnetism of Reference substrates

The macroscopic magnetization of a sample comprises the magnetization of the film and the substrate upon which film is grown. Thus, in order to obtain the net magnetization of a thin film, the substrate magnetization has to be subtracted. We have used (001)-, (110)-and (111)-oriented SrTiO 3 (STO), (La,Sr)(Al,Ta)O 3 (LSAT), LaAlO 3 (LAO) and YaAlO 3 (YAO) substrates. In practice, these substrates have diamagnetic characteristics, meaning that the magnetic moment is independent of the temperature and opposes the applied magnetic field i.e. the magnetization is in opposite direction to that of the applied field. However, there are reports [53,54], which confirm the presence of small ferromagnetic impurities burried inside the oxide substrates, producing a very small ferromagnetic signal. In addition, the further annealing of the substrates in vacuum at high temperatures during growth could substantially affect the magnetism of the substrates as well.

In our analysis, the true net magnetization of PVO thin films was obtained by subtracting the diamagnetic background of the substrate, simply by subtracting the slope obtained by fitting of raw M vs H data at high magnetic fields. This method is simplistic and widely accepted if the utilized substrate is purely and inherently diamagnetic. But the presence of small ferromagnetic impurities, originating from magnetic tweezers, scotch tape and/or buried Fe-based impurities, also cannot be denied. Thus, in order to check for any paramagnetic or ferromagnetic signals from the impurities in the substrates, the M versus H and M versus T for the as received and the vacuum-annealed substrates were collected using the identical sequence used for the measurements of the samples (substrate + film). The reference substrates were therefore annealed as the growth condition of PVO: at oxygen partial pressure (P O 2 ) = 10 -6 mbar, 650 • C for the time duration equivalent to the time of film growth.

From the M versus H plots (at T = 20 K) of the annealed and the as received LAO, LSAT and STO substrates (Figs. 2.15, 2.16, 2.17), it is clear that both the as received and the vacuum-annealed substrates are diamagnetic, as the magnetic susceptibility is negative and independent of the temperature. However, the as received LAO substrate shows a small magnetic ferromagnetic signal for the annealed YAO substrate can be seen up to 300 K (may be even higher), and most probably related to the iron-based impurities in the substrate. Nevertheless, we have subtracted the magnetic contributions of the vacuum-annealed substrates from the sample's magnetization in order to obtain the true magnetization of the films. However, the magnetic moments of the substrates are an order of magnitude smaller than that of the films (for example, at 5T, ∼ 2.0 x 10 -4 emu for a 50 nm PVO film on YAO substrate, and ∼ 1.5 x 10 -5 emu for annealed YAO substrate) and therefore no significant changes in the magnetization of film are seen after the subtraction of substrate's magnetic signal. The temperature dependence of magnetic moments of the susbtrates were also subtracted from that of the sample moments in order to obtain the true temperature dependent magnetization of the film.

In the last chapter of the thesis, we also discuss the magnetic anisotropy in PVO thin films grown on the (001)-( 110)-and (111)-oriented STO substrates, by applying magnetic field along the sample plane, and perpendicular to the sample plane. Therefore, in order to avoid any anisotropy contribution from the substrates and to verify if the magnetic susceptibilities of the substrates are similar for the field direction along in-plane and out-of-plane of the substrate, the raw M versus H loops of the annealed STO (110) and STO (111) substrates are shown in Fig. 2.19 and Fig. 2.20, respectively. First, it is evident that, neither of the substrates have any ferromagnetic impurities for field applied along in-plane and out-of-plane of the substrates. Second, the magnetic susceptibilities (dM/dH, or slope of M vs H) are also very similar for both the directions of the applied magnetic field. In conclusion, we have seen that STO, LAO and LSAT substrates are diamagnetic, but, the YAO substrates (as received and annealed) have small ferromagnetic signal which lasts up to 300 K and should be related to Fe-based impurities buried in the substrates. The (110)-and (111)-oriented STO substrates are also diamagnetic, with almost equal magnetic susceptibilities for field out-of-plane and in-plane of the substrates.

In this chapter, I have presented the experimental techniques utilized in the thesis. In the forthcoming ones, I will discuss the main characteristics of PVO thin films, and how these properties can be altered or tuned by the induced epitaxial strain via different means, such as by using different substrates, varying film thickness and finally by using different oriented STO substrates. In the next chapter, we will discuss the effect of epitaxial strain produced by various single crystal substrates on the physical properties of PrVO 3 thin films.

Chapter 3 STRAIN ENGINEERING IN PrVO 3

THIN FILMS: USING STO, LSAT, LAO, YAO SUBSTRATES

In this chapter, we present the main characteristics of PVO thin films grown under different strains. We will start with the structure determination by XRD and TEM, and then discuss their detailed magnetic properties. Finally, we conclude the chapter by correlating structural and magnetic properties thereof.

Prerequisite

Altering of strain in thin films is always interesting as it can promote hidden phases that are absent from the bulk compounds. This can be achieved by growing films of certain thickness using commonly utilized deposition techniques, for instance PLD. The strain in turn is accommodated via different means, such as through rotation of octahedra, changes in the bond lengths, and Chapter 3 -STRAIN ENGINEERING IN PrVO 3 THIN FILMS: USING STO, LSAT, LAO, YAO SUBSTRATES sometimes through creating defects [55]. The investigation of each of these modifications indeed requires a great deal of effort. Moreover, the nature, and/or sign of strain is also another key to control the properties of a thin film. In this chapter, we present the physical properties of PrVO 3 thin films as a function of strain.

Preliminary growth conditions

The synthesis of PrVO 3 thin films was carried out using the Pulsed Laser Deposition (PLD) technique, at CRISMAT laboratory, Caen. A variety of single crystal substrates were utilized for the study, for example SrTiO • substrate: SrTiO 3 (001), LSAT (001), LaAlO 3 (100), YAlO 3 (110);

• target: PrVO 4 ;

• film thickness: ∼ 50 nm;

• substrate temperature: 650 • C;

• atmosphere: under vacuum (10 -6 mbar);

• substrate to target distance: 5 cm;

• laser KrF (λ = 248 nm) Excimer: 2 Hz, 200 mJ (∼ 1J/cm 2 ). YAO SUBSTRATES Figure 3.1: Scheme representation of lattice mismatch between PVO and all substrates.

Derivation of lattice misfit

The calculations of lattice misfit or lattice mismatch (σ) between the lattice of bulk PrVO 3 and the substrates in study were performed by using the following formula:

σ(%) = a sub. -a layer a sub. × 100 (3.1) 
where, a sub. and a layer are the pseudocubic (pc) lattice parameters of the substrate and layer (PVO), and the lattice mismatch is expressed in percentage (%).

The as-received single crystal perovskite substrates from CrysTec were employed. At room temperature, the SrTiO 3 is cubic with lattice parameter a c = 3.905 Å, LSAT has a pseudocubic structure with a pc = 3.868 Å, LaAlO 3 has a rhombohedral crystal lattice with a pc = 3.791 Å, and YAlO 3 is orthorhombic with pseudocubic lattice parameter 3.710 Å. For simplicity, we have used the pseudocubic lattice parameters throughout this thesis to calculate the mismatch or strain. The bulk PrVO 3 , at room temperature, adopts an orthorhombic P bnm structure, with a = 5.487 Å, b = 5.564 Å, and c = 7.778 Å [61]. In here, we consider a pseudocubic unit cell of PVO that yields

a pc ≈ a o / √ 2 ≈ b o / √ 2 ≈ c o /2 ≈ 3.901 Å.
Following equation (3.1), the theoretical lattice mismatches between PVO and the substrates are:

+0.1 % (STO), -0.85 % (LSAT), -2.9 % (LAO), and -5.1 % (YAO). Here, a positive and negative sign refer to tensile and compressive mismatch, respectively (Fig. 3.1). In the next section, we will describe the structural analysis performed using x-ray diffraction technique. 

Out-of-plane structure

The PVO films are grown under compressive strain on the LSAT, LAO, and YAO substrates, as the in-plane unit cell parameter of these substrates is smaller than the pseudocubic cell parameter of bulk PVO. Thus, the out-of-plane of PVO is expected to enhance compared to the bulk lattice parameter. On the other hand, the STO has a slightly bigger cell than the bulk PVO, leading to an in-plane tensile strain in PVO film, and therefore the out-of-plane is anticipated to be smaller than its bulk counterpart i.e 3.901 Å.

In this work, the out-of-plane lattice parameters of the PVO films are extracted from the θ-2θ

XRD scans (Fig. 3.2), and plotted in Fig. 3.4. The extracted out-of-plane lattice parameters of the films are 3.995 Å, 3.961 Å, 3.943 Å and 3.923 Å for LAO, LSAT, YAO and STO, respectively (Table 3.1). We observe that while the out-of-plane lattice parameter of PVO/LAO is enhanced significantly and is evidently highest in the series. On the contrary, it is decreased for PVO/STO and is minimum in the series. This indicates that the PVO film undergoes a maximum YAO SUBSTRATES compression (reduction of in-plane of PVO) in the film plane when grown on the LAO substrate, so as to give the largest out-of-plane. On the other hand, an in-plane tensile strain in PVO/STO film reduces the out-of-plane lattice parameter, as foreseen. Interestingly, the out-of-plane of PVO/YAO film is less than PVO/LAO. For the PVO film grown on a large lattice-mismatched YAO substrate, this seems plausible that the film is not able to adopt the strain associated with the YAO substrate. Nevertheless, to fully understand the in-plane strain structure of PVO films, we detail the reciprocal space maps in the next section.

In-plane structure

The reciprocal space maps (RSM) provided us information about the in-plane lattice parameters of PVO films. For this, we recorded the RSM maps around ( 103) pc (pc refers to the pseudocubic notation) reflection of STO, LSAT and LAO, and around (212) of the YAO substrate (Fig. 3.5).

Reciprocal Space Mappings

Fig. 3.5 shows well developed PVO film peaks in the lower region, and strong substrate peaks in the upper region of the maps. Since the horizontal peak positions of the PVO film coincide with those of the substrate for both LSAT and STO substrate, we deduce that the film is fully strained with the substrate, and has the same in-plane lattice constant. In the case of LAO, the small shift of the film peak to lower Q in value suggests an increase of the in-plane lattice parameter, and a partially relaxed film, which confirms a flexibility of the PVO lattice for a large strain associated with large lattice mismatch of -2.9 %. Finally, we see that the PVO film is fully relaxed on YAO, indicating that the growth is not coherent for this substrate, which can be explained by large compressive lattice mismatch (-5.1%). The extracted out-of-plane and in-plane lattice parameters are summarized in the Table 3.1. YAO SUBSTRATES Remarkably, the out-of-plane lattice parameter of all PVO films has increased compare to the bulk one. This is logical for the LSAT, LAO and YAO substrates, which induces in-plane compressive strain, and thus the out-of-plane is expected to increase. However, we observe an enhanced out-of-plane of PVO/STO film as well compare to bulk PVO, despite an in-plane tensile strain. This seems to suggest a possible presence of oxygen vacancies in PVO/STO film, which results in an expansion of PVO cell due to the Colombic repulsion.

To certify this, we estimated the out-of-plane lattice parameters (a ⊥ ) of all PVO films based on the lattice mismatches and the Poisson's ratio of PVO, and then compared it with the actual observed out-of-plane lattice parameters. Table 4.2 details the possible expansion of unit cell. As the film out-of-plane lattice parameter (a ⊥ (expected)), and epitaxial lattice mismatch (ǫ ) are linked by the Poisson's ratio (ν) as follows [57]:

a ⊥ = 1 - 2ν 1 -ν .ǫ a 0
where a 0 is the film unstrained lattice parameter. From Table 4.2, we observe that for tensile strain (STO substrate), volume of the pseudo-cubic unit cell has increased as compare to the bulk compound, and the out-of-plane lattice parameter is increased by 0.7% compare to the expected one, which can be explained by the presence of oxygen vacancies. On the contrary, for compressive strain, the cell volume is nearly equal to the bulk one (V pc ∼ 59.36 Å 3 ), suggesting the absence of oxygen vacancies as reported in CaMnO 3 and SrMnO 3 films [58,59], and confirming that the observed effect results mainly from epitaxial strain. Finally, for the LSAT substrate, the cell volume is close to the bulk one and the out-of-plane lattice parameter is slightly higher than the expected one. This establishes LSAT substrate in an intermediate regime, where the strain is mainly dominated by the epitaxial one with a small amount of oxygen vacancies.

After realizing the out-of-plane and in-plane lattice strain in PVO thin films, we present in the next section the discussion concerning the texture of films. 

Study of microstructure by TEM: Determination of the epitaxial relationship

To characterize the microstructure of PVO films, the transmission electron microscopy (TEM) analysis was performed for each sample (only PVO/LAO will be shown here). The crosssectional thin lamellae were prepared, and oriented in order to observe both the out-of-plane and in-plane of the PVO. 

Resistivity measurements

One of the main objective of my thesis is to study the physical properties of PVO films, and to investigate how the strain imposed by different substrates tunes them. In this part, we will explore the electrical properties of PVO thin films, which are collected using four-point probe method. = ρ 0 e E A /K B T , we fit the data for PVO/YAO (in green), and the extracted parameters are: residual resistivity ρ 0 = 0.014 Ω.cm and the activation energy E A = 183 meV . As compare to the bulk PVO parameters [61], E A = 179 meV and ρ 0 = 0.36 Ω.cm, the value of ρ 0 for PVO film has considerably decreased by an order of magnitude, whereas the activation energy agrees well with that of the bulk value. This difference might arise due to several factors, such as oxygen vacancies, strain induced by substrate and so on.

Magnetic properties

In this part of the chapter, the magnetic properties of PVO thin films are presented, and their dependence upon the strain applied by various substrates is also discussed.

Hysteresis cycles

In this section, we will explore the magnetic properties of PVO films as a function of magnetic fields H. However, first, it is important to discuss the magnetism of the substrates used in the study. A detailed description on the substrates magnetism is already presented in the chapter 2 (section 2.2.6). While LAO, LSAT and STO substrates are purely diamagnetic, a weak ferromagnetic-like behavior is seen for the annealed YAO substrate (Fig. 3.9(b)). Thus, in order to obtain the true magnetization of the film (Fig. 3.9(c)), the substrate magnetic signal is subtracted from the whole sample signal (Fig. 3.9(a)). But, since the magnetic signal of the substrate is an order of magnitude smaller than the magnetic signal of the whole sample, no significant difference between magnetization of the sample and film is observed. Similarly, the subtraction was performed for other substrates as well, and the magnetization loops at T = 20 K YAO SUBSTRATES 

Magnetic orderings in PrVO 3 films: MT measurements

In order to further investigate the strain effect on the magnetic properties of PrVO 3 thin films, we performed the Field Cooled (FC) and Zero Field Cooled (ZFC) measurements at an in-plane applied magnetic field of H = 50 Oe. However, for the sake of clarification, only representative FC plots are displayed in Fig. 3.11(a). From these plots, the substrates magnetic contributions have been removed in order to observe the net magnetizations of the films. DFT calculations predict that substrate-induced strain leads to the G-type Spin Ordering (G-SO) [42]. The PVO films are grown under tensile strain on the STO substrate, and under nominal compressive strain on the LSAT, LAO and YAO substrates. The tensile (compressive) strain in PVO films would essentially increase (decrease) the V-V nearest neighbour distance, and thus reduces (enhances) exchange integral leading to a decrease (increase) in the value of T N .

Notably, the MT plots also exhibit an extra magnetic feature at low temperature, denoted by T SO2 (see Fig. 3.11), where the slope of the magnetization is also minimal. This magnetic feature is surprisingly absent in the bulk PrVO 3 [67] compound, but has been reported for other orthovanadates with smaller R size (R: rare earth element) [68,69,70]. In addition, Reehuis et. al.

clearly distinguished this transition for a doped Pr 1-x Ca x VO 3 compound [71]. Upon decreasing the temperature to T SO2 , a small hump at T ∼ 20 K can be seen, which could represent the emergence of another type of spin configuration and/or a phase coexistence between C-SO and G-SO. Indeed, as it has been shown earlier, the praseodymium sublattice begins to get polarized due to the presence of exchange field produced by the vanadium sublattice, resulting in a ferrimagnetic structure [71]. In order to investigate this phenomenon, the M versus H at different temperatures have been recorded (Fig. 3.12). Below T N , the change in the shape of hysteresis loops clearly indicates the emergence of the magnetic ordering in PVO films. Above T N , the hard cycle in the hysteresis loop is still open at 5T, and could possibly represent the presence of a short range magnetic ordering or an intermediate magnetic ordering region where moments are neither completely paramagnetic nor antiferromagnetic. This is partly shown in the inset of Fig. 3.12(b), where above T ∼ 170 K (for LAO), the inverse susceptibility can be well fitted in the paramagnetic region using the Curie-Weiss law, and region between the dashed lines could represent an intermediate ordered phase. However, a complete magnetic ordering of the vanadium sublattices takes place at a lower temperature at T N = 100 K.

To further understand the relationship between the magnetic properties and strain or distortion (ratio of out-of-plane to in-plane lattice parameters), the T N versus lattice strain is shown in Fig. 3.13. We observe that the T N of the PVO films increases monotonically with the strain, and is highest for LAO (T N ∼ 100 K) and lowest for STO substrate (T N ∼ 30 K). Moreover, due to relaxed behavior of the PVO film on YAO substrate, one expects a T N close to the bulk one (∼ 130 K), but the out-of-plane lattice parameter is larger than the bulk lattice parameter, may be due to oxygen vacancies, which produces a distorted structure with c/a ratio ∼ 1.02, and thus could favor lower T N . It is interesting to note that the tensile strain (STO substrates) in PVO films reduces the T N extensively, while the compresive strain (LSAT, LAO, YAO substrates) leads to an increase of T N .

To further explore the magnetic properties of PVO films and their dependence on the strain, which leads to a tilting of BO 6 octahedra or change in the B-O-B bond angle [72,73,74,75,76], it is necessary to have a complete knowledge of distortion of the structure and the VO 6octahedral rotation. The degree of rotation of VO 6 octahedra depends strongly on the sign and magnitude of the strain [75,76]. Under in-plane tensile strain (c/a <1.01), the VO 6 octahedron comprises of an enhanced in-plane V-O bond length and the V-O-V bond angle close to 180 • . This decreases the in-plane AFM superexchange interaction between the adjacent V sites, and hence the reduced T N . On the other hand, under in-plane compressive strain (c/a >1.01), it is the other way round i.e. a reduced in-plane V-O bond length and V-O-V bond angle <180 • . This, as a result, enhances the in-plane AFM interaction and therefore an enhanced T N .

DFT calculations

These calculations were performed by Julien Varignon (CNRS, Thales).

To get further insights on the role of the epitaxial strain on the magnetic properties of PrVO 3 films, we have performed first-principles simulations using Density Functional Theory (DFT).

Consistently with previous studies [65], DFT correctly predicts that bulk PrVO 3 is a C-SO insulator in the ground state. Regarding the thin films, we find that the perovskite grows with the (001)

and (1-10) P bnm axes aligned along the substrate for all the tested films (e.g. PrVO 3 grown on STO, LSAT, LAO and YAO substrates, see insets of fig. 3.14(b) for sketches of local axes and YAO SUBSTRATES growth orientation). This yields films grown along the orthorhombic (110) direction, in sharp agreement with experiments. We emphasize here that due to the presence of small domains in the films (inducing a mechanical constraint [65]), we have considered growth conditions with the (110) o direction forced to be orthogonal to the substrate (i.e. the film is not allowed to tilt). With that additional constraint, the ground state is associated with a P 2 1 /m symmetry with nearest neighbor V 3+ spins antiferromagnetically coupled in all crystallographic directions. It yields a G-type spin ordering compatible with experiments. Finally, all films are insulating with band gaps ranging from 1.50 eV (YAO) to 1.78 eV (STO).

Although mean-field methods such as DFT can not provide accurate values of the Néel temperature, they nevertheless remain valuable technics for capturing trends as a function of external stimuli [80]. We report on Fig. 3.14(a) the ratio of the Néel temperature with respect to that of PrVO 3 grown on a STO substrate as a function of the pseudo tetragonality c/a of the films extracted from our simulations. As one can see, DFT captures the trend observed experimentally with an enhancement of the Néel temperature going from STO to YAO substrates, although our computed T N /T N -ST O ratio is smaller than the experimental one for the LAO substrate.

Amazingly, if the material could be stabilized on YAO without relaxation of the film, the Néel temperature is expected to be approximately multiplied by two with respect to that of PrVO 3 films deposited on STO.

Along with validating the experimentally measured trend for T N as a function of the applied epitaxial strain, our first-principles simulations also provide microscopic insights on the origin of this physical behavior. We observe that both magnetic constants J 1 and J 2 between nearest V 3+ neighbors along the (1-10) (or (110)) and (001) directions, respectively, increase with enlarging the compressive epitaxial strain. Firstly, this is ascribed to shorter V-O bond lengths along the (1-10) and (001) directions induced by strain. Secondly, we do not observe any significant modifications of oxygen cage rotations amplitude in the different films -the a -a -c 0 rotation amplitude is even slightly increasing with decreasing the substrate lattice parameter -and thus the classical " V -O -V angles going to 180 • " argument cannot explain the strengthening of Js. Nevertheless, we find a crossover between two lattice distortions as a function of the epitaxial strain (see fig. 3.14(b)): (i) for a moderate lattice mismatch (e.g STO and LSAT), we extract a

Conclusions and perspectives

It is important to highlight that, to study the structure of a thin film, defining the texture, and establishing a correlation between structure and magnetism, always remain a complicated job due to presence of substrate and the particular geometry of the sample. The present study however demonstrates a spin-orbit-lattice coupling in PrVO 3 thin films. For instance, the most distorted film on the LAO substrate with c/a ∼ 1.04 associated with compressive mismatch of ∼ -2.9 % have the highest Néel temperature around 100 K. Whereas the film grown on the STO substrate

is the least distorted one with c/a ∼ 1, and a lower Néel temperature ∼ 30 K. Therefore, the compressive strain in PrVO 3 films clearly favors the superexchange interaction. The DFT calculations not only validate the experimentally observed trend of T N vs. strain, but also predicts a change in the electronic structure of PrVO 3 thin films with increase of strain. The presence of two magnetic phases in the hysteresis cycles remains unclear at the moment. Different hypothesis can nevertheless be brought forward:

1. Some double hysteresis loops have also been observed on other systems, such as orthoferrites RFeO 3 , where R is Rare-earth element. In these weak ferromagnet materials, due to canted antiferromagnetic alignment of the Fe 3+ magnetic moments, thin films of SmFeO 3 present the soft magnetic phase in polycrystalline form. Nevertheless this soft component was attributed to garnet or magnetite impurity phase. [62,77] In the case of epitaxial orthoferrite films, such as YFeO 3 , the hysteresis loops are also composed of two magnetic components; a soft component below 0.1 T and an S shaped at higher field. These two components result from different variants in the film. For a magnetic field applied along the direction of the canting, the net moment reverse with a coercive field of 0.1 T. At the contrary, for other variant, when the magnetic field is applied along the antiferromagnetic axis, a spin reorientation occurs with a high coercivity.

[ 78,79] However, in our films, only the variant with the long axis in-plane is present (See Fig. 3.6).

Therefore, it is difficult to explain the soft component in our films based on this hypothesis.

Strain engineering via changing PrVO 3 film thickness

Controlling the layer-by-layer film thickness through minute deposition undoubtedly offers fascinating properties, namely, spin-glass behaviour in compressively strained BiFeO 3 thin films [81], thickness dependent magnetic anisotropy in La 2/3 Ca 1/3 MnO 3 films [82] or the dimensional crossover of magnetization from 3D to 2D in SrRuO 3 thin films [83]. Nevertheless, it certainly remains a less investigated topic in vanadates thin films so far, particularly for PrVO 3 thin films.

In this chapter, we therefore present the film thickness-dependent structural and magnetic properties of PrVO 3 thin films.

Growth conditions

The growth of PrVO 3 thin films was carried out by using the PLD chamber installed at the CRISMAT laboratory, Caen. The utilized substrates were LaAlO 3 (

(LSAT) (100), as-received from CrysTec. We have seen in the previous chapter that, a 50 nm PVO film is epitaxially strained on the LSAT substrate, whereas, it is partially relaxed on the LAO substrate. Therefore, we have chosen these two aforementioned substrates in order to study the thickness dependence on the strain. The film thickness was varied between ∼ 10 -100 nm. The utilized growth conditions were:

• substrates: LaAlO 3 (001), LSAT (001);

• target: polycrystalline PrVO 4 ;

• film thickness (t): ∼ 10-100 nm;

• substrate temperature: 650 • C;

• atmosphere: under vacuum (10 -6 mbar);

• substrate to target distance: 5 cm;

• laser KrF (λ = 248 nm) Excimer: 2 Hz, 200 mJ.

Preliminary structural observations by XRD

The first concern after synthesis of films was to ensure the right phases, smooth interface between film and substrate, which was acquired by performing a wide range θ -2θ scan and rocking curves using conventional XRD technique. This also allowed us to determine the out-of-plane and in-plane lattice parameters of PVO films grown on LAO and LSAT substrates as detailed below. The out-of-plane lattice parameters of PVO films, extracted from the θ -2θ scans, are plotted in Fig. 4.2 (upper panel, represented by ⊥). Firstly, we observe that the out-of-plane lattice parameters of PVO films has increased as compare to the bulk pseudocubic a pc = 3.901 Å, in agreement with the in-plane compressive strain imposed by both the substrates. Secondly, it remains nearly constant for PVO/LSAT films, and reside within the error bars (calculations of which are given in Annex section). For PVO/LAO films, the out-of-plane tends to decrease with increase of film thickness, a characteristic of relaxing behavior of the film under compressive strain. This typical behavior for PVO/LAO films can be rather expected due to a large mismatch between bulk PVO and the LAO substrate (∼ -2.9 %). CRYSTAL ORIENTATION DEPENDENCE 

Out-of-plane structure

In-plane structure

To quantify the in-plane lattice parameters of PVO films, asymmetrical reciprocal space maps were recorded around (103) pc reflection of both the substrates (Fig. 4.3). We note that the thinner PVO film (t ≤ 24 nm) is in-plane strained with the LAO substrate but thicker films are partially relaxed, as the position of films peak along the horizontal Q in axis shifts toward lower value. This is in perfect agreement with the highly mismatched PVO film grown on the LAO substrate, which tends to relax easily over small thickness, due to a decrease in the strain states as the thickness increases. The extracted in-plane lattice parameters from these maps are plotted (within the instrumental error) in Fig. 4.2 (lower panel, represented by ||) as a function of film thickness. On the LAO substrate, the in-plane lattice parameter of film increases linearly with the film thickness. This behavior is typical of a partially relaxed film, and is in accordance with a decrease of out-of-plane lattice parameter with increase of t, for a film with an ideal Poisson's surface roughness R q is also given.

Discussion

Given a large lattice mismatch between PVO and the LAO substrate, it is rather unambiguous to forsee this relaxing behavior of PVO/LAO films. For PVO films on LSAT substrates, a small mismatch between PVO and the LSAT substrate keeps films strained with the substrates, even for thicker films. In addition, our surface microscopy results confirm a smooth surface of all the samples, with a surface roughness R q slightly increases with increase in film thickness, but remains less than 0.5 nm even for thicker films. To clarify, few AFM images have been depicted in Fig. 4.4. Apart from this, the pole figures for all thicknesses were performed in order to globally realize the epitaxy of PVO films. For an orthorhombic cell, it is possible to discriminate between different variants of PVO with (111) plane. Indeed, in the configuration " [110]-axis lying in-plane", (111) plane should be diffracted at ψ = 63.3 • , whereas in configuration for " [110]-axis lying out-of-plane", the (111) plane should be diffracted at ψ = 26.6 • . Based on our preliminary results, we observed the intensity peak only for [110] 0 out-of-plane ([001] o inplane) case (at ψ ∼ 26.51 • ), and no signal was seen for the scenario when [110] 0 in-plane. Thus, all the films appear to have a single [110] o growth orientation.

Magnetic properties

After having some understanding about the structure of PVO films i.e. in-plane and out-of-plane lattice parameters, epitaxy etc, we will now discuss the effect of layer thickness on the magnetic properties of PVO thin films. We will start with the magnetization measurements as a function of magnetic field, which were carried out using the SQUID magnetometer equipped with a 5T solenoid coil.

Hysteresis cycles: Dead layer at the surface of PVO films

Fig. 4.5 displays the magnetization-magnetic field (M-H) measurements performed at T = 30 K for PVO films on the LAO and LSAT substrates with various film thicknesses. In order to clearly observe the PVO magnetic contribution, the substrates magnetic signals (section 2.2.6, page 65)

were subtracted from the whole measured signal. First, we observe an opening of the MH loop with the increase of film thickness, evidencing a ferromagnetic-like behavior of the PVO films.

Second, the magnetization of films could be described as a combination of a soft and a hard magnetic phase, as explained in the previous chapter. We suggest here that a large value of M s for thinner films is reminiscent of the presence of a nonmagnetic/paramagnetic layer at the surface of film, namely a "dead layer", similar to the previous CRYSTAL ORIENTATION DEPENDENCE observations in DyTiO 3 thin films [85]. Actually, when film surface is exposed to air, the surface of film can get over-oxidized, and the magnetic V 3+ ions can indeed be replaced by V 4+ or nonmagnetic V 5+ ions, decoupling Pr 3+ ions. This over-oxidized phase is commonly observed on vanadate films surface such as LaVO 3 or SrVO 3 . The surface of the films are not stable and tend to over-oxidize [38,86]. Our high resolution TEM image of a PVO film on the LAO substrate (Fig. 3.6(c)) shows such amorphous PVO on the surface of film of a few nanometers. This amorphous phase could lead to isolated Pr atoms, which release their strong paramagnetic response.

In order to estimate the thickness of the dead layer, we will use a classical model that incorporates two magnetic layers [85]. Finally, the oxidation of the surface will also be investigated with the XPS measurements on the surface of the films in the next section.

Quantification of dead-layer thickness

To estimate the thickness of this layer, we used a classical model described by equation 4. Remarkably, a similar trend in H c and M s was also observed for ferrite thin films, which likely indicated a change in the magnetization spin axis, in addition to a reorientation of the domains above critical thickness [95,96]. In PVO thin films, however, a strong paramagnetic response of thinner films is indicative of dead layer at the film's surface, which consists isolated Pr 3+ atoms.

In addition, a decrease of M s with increase in film thickness is also evidenced by a decrease in the fraction of film that is made up of the paramagnetic phase. Likewise, the increase of H c with increase of film thickness could be related to the increase in the density of pinning sites due to increase in the number of domains, and/or domain boundaries. Indeed, due to a partial strain-relaxation, the film could energetically favor multiple domains, as shown earlier [97]. For thick PVO films, the magnetization and coercive field approach a nominal value, meaning that the magnetic contribution from each layer is static, and independent of film thickness.

Reviving PrVO 3 thin films magnetic properties: Capping of PVO surface

So far we have discussed the presence of two magnetic phases in PrVO 3 thin films, and their dependence upon film thickness. We speculated that a dead layer at the surface of film, containing isolated Pr atoms, is responsible for the soft magnetic phase in the hysteresis cycles. To confirm our hypothesis, and to extract the magnetic properties of PrVO 3 thin films (excluding the contribution from dead layer), we have explored the possibility to reduce the film surface by capping it with few layers of LAO. The capping of PVO film surface with the reducing material LAO essentially diminishes the formation of V 4+ / V 5+ at surface, and thus minimizes the contribution of dead-layer. Following this, we capped PVO film with ∼ 8 nm of LAO grown in the same deposition conditions. residue of soft phase even after the capping of film could suggest a minor contribution from the interface. It could be argued that, the reduction of the soft magnetic phase is associated with the strain applied by the top LAO layers on few layers of PVO film, or vice versa. In this regard, we have investigated the x-ray photoelectron spectroscopy of both (bare and capped) films in the next section.

X-ray Photoelectron Spectroscopy (XPS)

In order to confirm the origin of the dead layer on a PVO film on the LSAT substrate, we have investigated the valence states of the vanadium atomic species at different probing depths, by using X-ray Photoelectron Spectroscopy (XPS) (specs GmbH, Germany) (for more details, see section 2.2.3). In Figs. 4.8(a) and 4.8(b), we show the XPS spectra of a PVO film on the LSAT substrate at different sputtering times, allowing to vary the probing depths of the film. Focussing on the V 3+ (shaded in blue) and V 4+ (shaded in red) peaks in the spectra, we clearly observe a gradient of the V valence over the film depth, with a higher concentration of V 4+ near the film surface. With increase in the probing depth, for example, around 10 nm from film surface, the We have then investigated the V valence states on a capped PVO film with nearly 8 nm of LAO (Figs. 4.8(c), 4.8(d), 4.8(e)). The LAO layers were in situ deposited at the same deposition conditions as that of PVO film on the substrate. One can see that capping undoubtly increases the V 3+ concentration at the surface of PVO film as compare to that of the uncapped / bare PVO film (Fig. 4.8(a)). Moreover, with further increase in the probing depth (from LAO/PVO interface) the V 3+ concentration monotonically increases, and V 4+ concentration decreases. Hence, the over-oxidized dead layer with a higher concentration of V 4+ in a bare PVO film is certainly at the origin of the soft magnetic phase, which can be efficiently suppressed by the formation of more V 3+ in a capped film.

Magnetization-Temperature measurements

The next step is to investigate the effect of film thickness on the magnetic transition temperature of PrVO 3 films. For this, the magnetization-temperature (MT) measurements were performed at H = 50 Oe after field cooled (Figs. 4.9 and 4.10). In order to obtain the true magnetization of the films, the substrates magnetic signals were subtracted from the whole measured sample signal (see section 2.2.6 for substrates magnetism). The magnetic phase transitions temperature of PVO thin films are obtained by plotting the derivative of the magnetization. Here, we consider the cusp in the derivative as the T N of the films, which is clearly indicated by the dashed lines in Fig. 4.9 and Fig. 4.10. For PVO films on LAO substrates, the thick films (t > 50 nm) have T N close to 100 K. While, for thinner films, the T N has decreased to ∼ 30 K (t = 19.63 nm), and no clear transition is observed for t = 9.63 nm film. For PVO films grown on LSAT substrates, the T N is close to 90 K for all measured samples. This is probably because all PVO films (even thick film of thickness 108 nm) are epitaxially strained on LSAT substrates due to smaller mismatch, whereas, thick PVO films on LAO substrates are partially relaxed. For bulk PrVO 3 , the transition at T N was previously ascribed to the onset of a C-type spin ordering of the vanadium moments [88,89], for epitaxial PrVO 3 thin films, the substrate-induced strain results in a G-type spin ordered states of the vanadium moments, as evidenced by the DFT calculations (explained on 

Discussion

The influence of film thickness on the structural and magnetic properties of PrVO 3 thin films has been investigated. While, a small lattice mismatch between bulk PVO and LSAT substrate keeps PVO thin films epitaxially strained to the substrate, a partially relaxed behavior is seen for the thick films on the LAO substrates. The field dependent magnetic properties are quite interesting.

Thin PVO films show a paramagnetic-like behavior with a large M s and small H c , whereas with increase of film thickness, the M s decreases and H c increases. This typical behavior has been explained by the presence of a speculated dead layer at the surface of film, which is also responsible for soft magnetic phase in M vs H. Indeed, the XPS results confirm a higher concentration of V 4+ at the film surface, and with increase of probing depth, V 4+ sharply decreases and concentration of V 3+ increases. Furthermore, in order to verify that the soft component is related to the film surface, and also to revive the dead layer, the PVO film has been capped, which robustly reduces the soft component in M vs H, and the XPS results clearly show an enhancement in the concentration of V 3+ . These results clearly demonstrate that, the dead layer at the film surface should be the origin the soft magnetic component in the M vs H.

Structure

The crystal structure of the grown films is identified using a high resolution x-ray diffractometer combined with the transmission electron microscope. In the forthcoming sections, we present the HRXRD θ-2θ scans, reciprocal space maps, phi scans to define the epitaxy of films, and the transmission electron microscopy results.

θ-2θ and RSM scans

The out-of-plane lattice parameters of PVO films were extracted from XRD θ-2θ patterns (Fig.

4.11)

. There is a strong film peak on the left side of the STO substrate peak near 2θ = 22.7 mains is show in Table 4.1 (also in Fig. 1.11). The calculated in-plane lattice mismatch and the observed growth of film for different orientation of STO substrate is given in Table 4.1. 
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In 

Phi-scans

To determine the metric of the PrVO 3 film with respect to the substrate, the phi scans of a skew symmetric plane were collected. Fig. 4.13 shows the φ scans for ( 101), ( 200) and (200) asymmetric crystal planes of (001) ( 110) and ( 111) oriented STO respectively. The observation of four reflections apart 90 • in the phi scan for (101) reflection of (001) oriented STO indicate the four fold symmetry of the substrate. In addition, the occurance of film peaks at the same phi angle (as that of substrate) further reflects that the film is grown epitaxially on the substrate with the so called cube-on-cube epitaxy. (Here, the pseudocubic description of film has been used).

Chapter 4 -STRAIN ENGINEERING IN PrVO 3 THIN FILMS: FILM THICKNESS AND CRYSTAL ORIENTATION DEPENDENCE Similarly, for ( 110) and ( 111) STO, the two fold and three fold symmetry of the substrates are observed respectively, and the films exhibit a cube-on-cube epitaxy in that the φ angle is same for film and the substrate.

Strain controlled epitaxial stabilization

The stabilization of the epitaxial phases in thin films is an important issue for building advanced material devices. The phase stability in thin films is established by the kinetic processes and the thermodynamical stability of the adsorbed atoms [103]. In this section, we examine the effect of the lattice misfit induced strain in PVO thin films on the surface diffusion of the adsorbed atoms.

Several groups have studied the epitaxial stabilization phenomenon on the oxides, and concluded a quadratic relationship between the activation energy and the strain [104,105,106]. A linear dependence of the activation energy versus strain has also been observed for semiconductors 111)), and the authors explained this peculiar behavior using a high spin state of Ru 4+ ions [109].

Interestingly, small jumps in the hysteresis loops (Fig. 4.15(a)) can also be observed, and probably associated with the presence of magnetic domains. We showed earlier (section 4.1.3) that the appearance of soft magnetic component in the hysteresis loop is a result of the presence of dead-layer at the film surface. Following this, we speculate the existance of two magnetic domains in PVO film on (111)-oriented STO, with different coercive fields. The two jumps correspond to the two crytallographic domains observed through TEM (see Fig. 4.12). Similarly for the (001)-and ( 110)-oriented STO, the soft component is attributed to the dead layer, whereas the hard component corresponds to to the crystal domain. Another important point is the intensity of the soft component of the PVO film grown on STO (111) which is higher than measured before for all the other films. One hypothesis is the polar nature of the substrate-film for this orientation [102]. This can arise from the polar surface of the sample, which is not stable and has tendency to oxidize.

Remarkably, a staircaselike behavior in hysteresis loop (below 3 K) was also reported by Tung et. al. [110] for PrVO 3 single crystals, and found to depend on the magnetic field sweep rate, in that the steps in MH loop shifts to higher magnetic field as the field sweep rate is reduced. This Figs. 4.17(a-c) show the M -H for PVO films on the oriented substrates, for magnetic field applied along parallel and perpendicular to the sample plane. For the PVO films on (110)-and (111)-oriented STO substrates, a strong anisotropy is observed, where, the largest saturated magnetization is achieved when field is applied along in-plane of the sample. Whereas, for the PVO film on (001)-oriented STO substrate, the largest saturated magnetization is achieved probably when magnetic field is applied along out-of-plane direction, with almost similar coercivity for the two directions. This is in contrast to our previously observed M versus H loops for the PVO film on (001)-oriented STO (see Fig. 1.12, chapter 1). However, the film shown in Fig. 1.12 was grown at a different deposition conditions, i.e. at 10 -5 mbar and 600 • C. In this sense, an anisotropy with higher saturated magnetization appears for the (001)-oriented STO compare to magnetic field direction parallel to the substrate plane, while, very high anisotropy is observed for PVO films grown on (110)-and (111)-oriented STO substrates. To summarize, the values of the coercive field, remanent magnetization, and saturation magnetization for field parallel and perpendicular are listed in Table 4 As we have seen previously that the film thickness can be used to observe the strain relaxation effects, thus influencing their magnetic properties. Therefore, in order to investigate the relaxation effect on the uniaxial/biaxial magnetic anisotropy in PVO films, we fabricated thicker films of t ∼ 75 nm, and characterized them using XRD and SQUID magnetometry. In the second part of manuscript, the strain engineering in PVO films is further investigated by varying film thickness in range of 10 -100 nm. On one hand, PVO films on the LAO substrates show a relaxation effect with increase of film thickness, due to large mismatch between PVO and the LAO substrate. On second hand, PVO films on the LSAT substrates are strained, even at a film thickness of ∼ 110 nm, most probabaly due to small lattice mismatch imparted by the LSAT substrate. Moreover, the PVO films display very intriguing magnetic properties as a function of film thickness. Thin PVO films show a paramagnetic-like behavior with a large M s and small H c , whereas with increase of film thickness, the M s decreases and H c increases. This behavior is explained by the presence of a dead layer at the surface of film, which is also responsible for soft magnetic phase in M vs H. The XPS results indeed confirm a higher concentration of V 4+ at the film surface, and with increase of probing depth, V 4+ sharply decreases and concentration of V 3+ increases. Furthermore, in order to verify that the soft component is related to the film surface, and also to revive the dead layer, the PVO film has been capped, which robustly reduces the soft component in M vs H, and the XPS results clearly show an enhancement in the concentration of V 3+ . In a nutshell, the thinner films posses a larger soft magnetic phase (paramagnetic) with large saturated magnetization, and with increase in film thickness, the fraction of film that is made of paramagnetic phase reduces and the relative contribution of PVO increases.

In the final part of manuscript, SrTiO 3 substrates with different crystal orientations are used to tune the strain in PVO films. Through x-ray diffraction and electron diffraction, it is observed that the PVO film has a quite smooth and parallel interface with the (110)-oriented STO (even without surface treatment), compared to other two orientations of the substrate, and allocated to the absence of polar discontinuity at the interface for the (110)-oriented STO substrate. All the films have grown coherently, with cube-on-cube epitaxy with the substrates. On the magnetism front, first, a whopping enhacement of magnetization is observed by changing the substrate orientation between STO (001) and STO (111). Second, the easy axis of magnetization is successfully tuned from out-of-plane to in-plane direction of film by adopting (110)-and (111)-oriented STO substrates. A strong uniaxial in-plane magnetic anisotropy is also observed for the film grown on (110)-oriented STO substrates. This is explained by the unequal lattice mismatches along two in-plane directions of PVO, producing in-plane deformation of the octahedra, thus causing uniaxial anisotropy.

This material presents new properties thanks to the spin-orbit-lattice coupling, offering multiple outlooks to the spintronics community. Since, large compressive strain reduces exchange interactions in our films, our next step would be the examination of PVO films under extreme tensile strain, and try-out neutron diffraction for realizing new magnetic features, which would allow to construct a complete phase diagram of our films. After evidencing that different inplane and out-of-plane magnetic anisotropies can be observed in our films, a more fine tuning of those properties would be more desirable. This can be achieved by using stacks of PVO with another material vanadate SrVO 3 (SVO), the so called superlattices, allowing complications of interfacial anisotropy. A further approach would also be to conduct MOKE experiments on the oriented films which remain untested at the moment.
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 11 Figure 1.1: Representation of an ideal ABO 3 perovskite structure, along with Lev Aleksevich von Perovski.
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 12 Figure 1.2: Various deformations within the perovskite family.
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 13 Figure 1.3: Schematic representation of rotation of oxygen octahedron around the pseudocubic axes, a, b, and c.
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 1 Figure 1.4: Schematic represenation of (a) C-type SO and G-type OO, (b) G-type SO and C-type OO, (c) spin -orbital phase diagram of RVO 3 [19].

P

  bnm orthorhombic to P 2 1 /b monoclinic crystal structure, accompanied with the G-type OO at T oo , and also a magnetic transition from paramagnetic state to antiferromagnetic C-type SO at T so . A schematic representation of (a) C-type SO and G-type OO, and (b) G-type SO and C-type OO is shown in Fig. 1.4. The C-type SO represents scenario, where V 3+ spins are Chapter 1 -HISTORY OF CORRELATED PEROVSKITES: ABO 3 IN A NUTSHELL antiferromagnetically aligned in ab plane, and ferromagnetically along c-axis, whereas in Gtype SO, spins are aligned in a staggered way along all orthogonal directions.
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 1154 Figure 1.5: The proton, from electron's perspective.
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 16 Figure 1.6: Spin moments in ferromagnets and antiferromagnets.
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 12117 Figure 1.7: Schematic representation of applied field H, magnetization M, and the crystallographic easy axis
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 18 Figure 1.8: Schematic illustration of (a) compressive and (b) tensile strains. The unfilled arrows in the upper schematics represent the direction in which unit cell is moving when strained.
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 19 Figure1.9: Evolution of the structural (T S ) (blue triangles) and magnetic (T N ) phase transitions (green triangles) in Pr 1-x Ca x VO 3 system as a function of x.[34] 
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 1 Figure 1.10: Illustration of polar catastrophe between LaAlO 3 and SrTiO 3 interface [36].
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 3111 Figure 1.11: Scheme of three oriented domain of PVO film grown on top of STO substrate. The domains observed in HRTEM are mainly V I and V II . [41]
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 112113114 Figure 1.12: Normalized magnetization (M/M SAT ) as a function of applied filed for (a) bulk PrVO 3 , measured at 10 K, (b) PrVO 3 thin film, measured at 10 K and with a magnetic field applied in sample plane ( ) and out of sample plane (⊥). (c) Comparison of M/M SAT as a function of temperature, for bulk PrVO 3 and PrVO 3 thin film.[42] 
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 2122 Figure 2.1: Scheme representation of (a) High surface energy (b) and the low surface energy.
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 23 Figure 2.3: PLD set up. Picture (a) and scheme (b).
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 24 Figure 2.4: Schematic representation of x-ray diffraction, and the derivation of Bragg equation.
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 25 Figure 2.5: Scheme of various x-ray scans.

2. 1 )

 1 in the Fourier space. This mapping is crucial for determining the in-plane lattice parameters, relaxation state of the film, etc. For a specific reflection, the RSM can be obtained by recording a number of (2θ -ω) scans for different ∆ω values, and then map / combine all of them in a single file. The reciprocal lattice vectors b 1 , b 2 , b 3 are defined as
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 26 Figure 2.6: Schematic representation of the construction of the Ewald sphere in (a) symmetric and (b) asymmetric configuration.
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 27 Figure 2.7: Interaction between electron beam and the surface atoms.
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 28 Figure 2.8: Schematic of the optics involved in a typical electron microscope. Taken from Microscopy Australia.
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 29 Figure 2.9: (a) Schematic of a typical AFM, (b) a 3D image of a sample surface, and (c) 2D

  Photoelectron
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 210 Figure 2.10: The schematic of the photoemission process. Electrons from the sample are extracted by the absorption of high energy photons, and the analysis of these photoelectrons allows to characterize the electronic states of the sample.

Figure 2 .

 2 Figure 2.11: (a) Image of our 9T Quantum Design PPMS, at CRISMAT, (b) schematic of inside of a dewar, (c) sample vacuum chamber. Images (b) and (c) were taken from Quantum Design.
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 212 Figure 2.12: The puck used for the resistivity measurements, consisting 3 channels (left), and wire bonding between sample and the support in four-probe configuration (right).

Figure 2 .

 2 Figure 2.13: (a) A DC SQUID in the presence of applied magnetic field. (b) Variation of the screening current in the SC ring as a function of applied magnetic flux.

Figure 2 .

 2 Figure 2.14: (a) Photograph of our SQUID at CRISMAT laboratory. (b) View inside of a cryostat. (c) Schematic representation of a sample moved through the superconducting coils, and (d) a typical SQUID voltage response when sample is moved through coils. Our sample placing geometry inside straw for (e) parallel and (f) perpendicular field. Images (b-d) were taken from CRISMAT laboratory, with permission from Fabien Veillon.
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 2 Figure 2.15: M vs H at T = 20 K and M vs T at H = 50 Oe for (a) the as received and (b) vacuum-annealed LaAlO 3 substrates.

Figure 2 .

 2 Figure 2.16: M vs H at 20 K and M vs T (H = 50 Oe) for the (a) as received and (b) vacuumannealed LSAT substrates. The insets show M vs H at 300 K.

Figure 2 .

 2 Figure 2.18: (a) M vs H of an as received YAO substrate. Inset shows the magnetic signal after the subtraction of diamagnetic background. (b) M vs H for an annealed substrate at 20 K, and the inset shows the magnetic signal of the substrate after the subtraction of diamagnetic background. (c) The M vs H loop at 300 K, where the ferromagnetic signal can still be seen in the inset. (d)The M vs T (at H = 50 Oe) for the vacuum-annealed YaAlO 3 substrates.
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 219 Figure 2.19: Raw M versus H data of the (110)-oriented STO substrate after dummy growth process for magnetic field applied along in-plane and out-of-plane directions of the substrate.

Figure 2 . 20 :

 220 Figure 2.20: Raw M versus H data of the (111)-oriented STO substrate after dummy growth process for magnetic field applied along in-plane and out-of-plane directions of the substrate.

  3 (STO)(100), (La,Sr)(Al,Ta)O 3 (LSAT)(100), LaAlO 3 (LAO)(100) and YAlO 3 (YAO)(110). The details of the lattice parameters, lattice mismatches etc. associated with the substrates are discussed in the next section. The polycrystalline PrVO 4 target was synthesized from stoichiometric mixture of Pr 6 O 11 and V 2 O 5 powders by standard solid state reaction, pressed into pellets and prepared in air at 1100 • C during 48 hours. The synthesis of PrVO 3 thin films was repeated a number of times before beginning of the series, to optimize the growth conditions. The utilized growth conditions are below:
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 33 Figure 3.3: A representative XRD scan of a PVO film grown on the STO (001) substrate (in blue). The oscillations in red are the fit to the observed thickness fringes, achieved using a simulation, which incorporates and dependent of the out-of-plane lattice parameter and total number of unit cells in the film. A change in the out-of-plane lattice parameter shifts the fitted curve to left or right, and number of unit cells define the periodicity of oscillations, thus providing an estimate of film thickness.
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 35 Figure 3.5: Asymmetrical RSM scans of PVO films grown on different substrates, around (103) of STO, LAO, LSAT substrates, and (212) of the YAO substrate. The measured reflections are in the pseudocubic description.
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 336 Figure 3.6: (a) Typical SAED pattern of PVO/LAO sample; several patterns can be distinguished, especially along out-of-plane direction. (b) Enlargment showing the complex splitting of PVO reflections (green arrows). (c) HRTEM image of PVO film on LAO substrate. The orientation of C P V O is given on several domains. It always lies in-plane, either parallely (cyan solid arrows) or perpendicularly (dotted circle) to the lamella plane. Domains are outlined with dotted lines. The interface between LAO substrate and PVO film exhibits contrast perturbation indicative of strains, depicted by dashed arrows.

Fig. 3 .

 3 Fig. 3.7 displays the temperature dependent resistivity ρ(T ) measurements of PrVO 3 thin films grown on different substrates. An insulator-like behavior for PVO films grown on LAO, LSAT and YAO substrates is observed. On the contrary, the PVO/STO film displayed a conductinglike behavior (inset of Fig. 3.7). This is likely due to the presence of the oxygen vacancies in
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 37 Figure 3.7: Resistivity (ρ) of a series of PVO thin films as a function of temperature (T). The green line is a fit to the Arrhenius equation (see below paragraph). The inset shows plot for PVO/STO.
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 38393 Figure 3.8: A schematic representation of soft and hard magnetic loops, which will combine to give a hysteresis loop shown in Fig. 3.10.
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 3311 Figure 3.11: The temperature dependent Normalized magnetization (ratio of magnetization to the magnetization recorded at 10 K), along with the derivative of magnetization for PVO films grown on various substrates. The arrow in the derivative curves shows the onset of Néel temperature (T N ). The substrates magnetization were subtracted in order to obtain true magnetization of the films. 89

Figure 3 . 12 :

 312 Figure 3.12: MH hysteresis loops of PVO films obtained at different temperatures, for LAO (a), STO (c) and LSAT (e) substrates, and their respective dM/dT versus temperature are shown in (b), (d) and (f). Inset of Fig. (b) shows temperature dependence of the inverse susceptibility of PVO film on LAO substrate, where red line is the Curie-Weiss fit in the paramagnetic region, and the region between two dashed lines represents an intermediate ordered phase.
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 313 Figure 3.13: The Néel temperature T N of PVO films as a function of the tetragonal distortion (ratio of out-of-plane to in-plane) (bottom scale), and strain (top scale).

Fig. 4 .

 4 Fig. 4.1 displays the θ -2θ x-ray diffraction measurements of PVO films on LAO and LSAT substrates in the vicinity of pseudocubic (001) reflection. At first glance, we observe that PVO/LSAT films present clear thickness fringes, indicative of well defined interface between film and the LSAT substrate. Whereas these representative fringes are quite small, and suppressed for PVO/LAO films, presumably due to presence of inherent twin domains in the LAO substrate. The film thickness was actually estimated by fitting these fringes with a simulation, as explained earlier in section 3.2 (Fig. 3.3).
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 41 Figure 4.1: θ -2θ x-ray diffraction measurements of a series of PVO films on (100)-oriented LAO (a) and LSAT substrates (b) around pseudocubic (100) of the substrates. The asterisk ( * ) and plus (+) symbols represent the PVO film and substrate, respectively. The dashed lines are only guide to the eyes.

Figure 4 . 2 :

 42 Figure 4.2: The out-of-plane (square symbols in top panel) and in-plane (triangle symbols in bottom panel) lattice parameters of PVO films on LAO (blue open symbols) and LSAT (black close symbols) substrates, as a function of the film thickness, plotted along with the error bars. ⊥ and || symbols represent the out-of-plane and in-plane lattice parameters of PVO, respectively. The dashed lines serve as guide to the eyes. Red line indicates PVO bulk pseudo-cubic lattice parameter.
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 45 Figure 4.5: The magnetic hysteresis cycles of PVO films grown on LAO and LSAT substrates, taken at T = 30 K, for different thicknesses.
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 46 Figure 4.6: A plot of saturation magnetization (M s ), remanent magnetization (M R ) and coercive field (H c ) as a function of PVO film thickness. The red curve in (c) and (d) is a fit for equation 4.1 using a classical dead layer model. The inset of (d) is a scheme of our PVO thin film, with a paramagnetic dead layer on the top.
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 447 Figure 4.7: Magnetic hysteresis cycles at 20 K of a ∼ 50 nm PVO/LSAT film uncapped (a), and capped with ∼ 8 nm thick LAO (b).

Figure 4 . 8 :

 48 Figure 4.8: XPS spectra of V 2p core levels on a 50 nm thick PVO film on the LSAT substrate, (a) near the film surface and (b) at nearly 12 nm probing depth. The black spheres represent the original data, whereas color lines and shaded area are the fitted curves. (c-e) XPS spectra of a LAO capped PVO film. The capping layer thickness is nearly 8 nm, and PVO film thickness is kept same as before in order to compare. XPS spectra at different probing depths, (c) near LAO/PVO interface, (d) 1 nm from the interface and (e) 2 nm from the interface.
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 49 Figure 4.9: (a) Temperature dependence of the Normalized magnetization for a series of PrVO 3 films grown on LAO substrates obtained by applying in-plane magnetic field of 50 Oe. (b-f) the representative derivative of the magnetization for different film thicknesses. The T N was estimated from the cusp, marked by the dashed lines.

Figure 4 .

 4 Figure 4.10: (a) Temperature dependence of the Normalized magnetization for a series of PrVO 3 films grown on LSAT substrates obtained by applying in-plane magnetic field of 50 Oe. (b-f) the representative derivative of the magnetization for different film thicknesses. The T N was estimated from the cusp, marked by the dashed lines.

Figure 4 .

 4 Figure 4.11: (a) HRXRD θ-2θ scan patterns of PrVO 3 /SrTiO 3 (001) and x-ray reciprocal space mapping around (103) plane. (b) HRXRD θ-2θ scan patterns of PrVO 3 /SrTiO 3 (110) and x-ray reciprocal space mapping around (130) plane. (c) HRXRD θ-2θ scan patterns of PrVO 3 /SrTiO 3 (111) and x-ray reciprocal space mapping around (123) plane. The reciprocal space maps show well developed PrVO 3 film peak in the lower region, and a strong substrate peak in the upper region. The lines are only guide to the eyes and indicate the strained behavior of all films.

Figure 4 . 12 :

 412 Figure 4.12: TEM image of PVO film on STO (111) (a) and STO (110) (d) and associated diffraction pattern. Schematic representation of PVO domains observed for various substrates (b, c, e).
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 4144 Figure 4.14: Strain dependence of the activation energy of the surface atoms, presented for films grown on STO of different crystal surface orientation and for two film thicknesses.

Figure 4 .

 4 Figure 4.16: (a) AC moment as a function of temperature (in the vicinity of magnetic ordering temperature T N ) at different frequencies. The blue dashed line shows a constant behavior of T N for all frequencies. (b) Hysteresis loops of PVO film on (111)-oriented STO substrate collected at different field sweep rates.
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 4417 Fig. 4.15(b) shows the temperature dependence of field cooled magnetization at in-plane applied field of 50 Oe. The transition from a paramagnetic state to an ordered antiferromagnetic state of the vanadium sublattices is realized through the minimum in the slope of magnetization, marked by the arrows in the inset of Fig. 4.15(b), and referred to as the Néel temperature (T N ). For PVO film on the (001)-oriented STO substrate, the T N is close to 40 K, whereas, it has increased to ∼ 80 K for the film on the (110)-and (111)-oriented STO substrates, in sharp agreement with the AC susceptibility measurements (Fig. 4.16(a)). The strain along out-of-plane of film on (001)-, (110)-and (111)-oriented STO substrates are ∼ 1.0 %, ∼ 2.0 % and ∼ 1.4 %, respectively. For the (110)-and (111)-oriented STO, a large tensile strain along out-of-plane direction reduces the in-plane V-V nearest neighbour distance, and thus increase the exchange interactions, and hence enhanced T N .We have further investigated the magnetic anisotropy of epitaxial PVO thin films grown on STO substrates with different orientations. The magnetic anisotropy of the oriented PVO films is characterized by M -H after subtraction of the diamagnetic contribution from the STO sub-

  strate. In order to ensure the identical magnetic susceptibility for (110)-and (111)-oriented STO substrates for both field directions, we have collected the M -H cycles for magnetic field applied along in-plane and out-of-plane of the substrates (see Figs. 2.19 and 2.20, page 70).

  The representative HRXRD 2θ -ω scans of 75 nm PVO films grown on differently oriented STO susbtrates are shown in Fig.4.18. The films are grown single-phased, evidenced via wide range 2θ -ω scan (not shown), and present thickness fringes on (001)-and (110)-oriented sub-
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 418 Figure 4.18: HRXRD 2θ -ω scans of 75 nm PVO films grown on (001)-, (110)-and (111)oriented STO substrates, in the vicinity of cubic (001), (110) and (111) reflections, respectively.

Figs. 4 .

 4 Figs.4.19(d-f) show the hysteresis loops along two in-plane and out-of-plane directions of (001)-, (110)-, and (111)-oriented STO substrates. For (001)-oriented STO, the easy axis most probably lies along [001] of STO substrate, while the hysteresis loops corresponding to the two in-plane direction i.e[100] and [010], exhibits a square-like loop with nearly half saturation magnetization as compared to magnetization along the easy axis, and can be defined as a hard or an intermediate axis. To obtain a conclusive information on the anisotropy, the angle dependence of magnetization would be required. Remarkably, the saturation magnetization, remanence and the shape of hysteresis loops along both in-plane directions of STO(001) are similar, indicating isotropic magnetism probably due to dominance of four fold crystalline anisotropy in the PVO film on (001)-oriented STO substrate. For (110)-oriented STO substrate, we observe an evident easy axis along [001] of STO, while the hard axis lies out-of-plane along[110], evidenced by a linear M -H loop (inset of Fig.4.19(e)). Therefore, there is a clear perpendicular anisotropy for PVO film on (110)-oriented STO. More interestingly, the hysteresis loops corresponding to two in-plane directions of film seperated by 90 • differ extensively. This clearly shows a presence of uniaxial anisotropy for PVO film on (110)-oriented STO, and can be account for the magnetoelastic anisotropy present in the film due to different strain along two in-plane directions. In this sense, two significant observations can be drawn for PVO film on STO (110): (1) Single domain film, or, two domains but oriented 180 • to each other. This is because it is pratically

  

  

  

  

  

  

  

  

  

  

  

LaVO 3 / SrTiO 3 system The

  LaAlO 3 [010] o (or LaAlO 3 [100] o ), and, (b) LaV O 3 [001] o LaAlO 3 [001] o , first LaVO 3 thin film on top of SrTiO 3 (001) substrate was fabricated by Y. Hotta et. al. [38], where LaVO 3 layer was sandwitched between two layers of LaAlO 3 , and thus acts as a quantum well. The LaAlO 3 layers can be effectively used to confine the d electrons in LaVO 3 , as the band gap of LaAlO 3 is 5.6 eV, larger than LaVO 3 (1.1 eV).
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	one domain of [001], establishing epitaxial relationship: (a) LaV O 3 [110] o	LaAlO 3 [001] o ,
	LaV O 3 [001] o	
	LaV O 3 [100] o	LaAlO 3 [110] o . (Here, LaVO 3 was considered to have P bnm space group,
	meaning [001] is the long axis). The films also display a p-type semiconducting behavior, re-
	sulting from the thermally activated hopping mechanism. It is noteworthy to mention that, since
	the lattice mismatch between LaVO 3 (a pc = 3.925 Å) and LaAlO 3 (a pc = 3.79 Å) is ∼ 3.5 %, multiple domains are observed in the film. Below, we will see that a low lattice mismatch of ∼ 0.5 % at the interface in LaVO 3 / SrTiO 3 system, leads to only [110]-oriented domains.
	A detailed structural study on LaVO 3 / SrTiO 3 (001) thin films was performed by H. Rotella et.
	al. in 2012	
		• C). The LaVO 3 / LaAlO 3 (001) films are composed of two domains of [110] and

PrVO 3 as a thin film

  • to each other, and the epitaxial relationship agrees with: LaV O 3 [101] o SrT iO 3 [001] c , LaV O 3 [010] o SrT iO 3 [100] c , and, LaV O 3 [101] o SrT iO 3 [001] c , LaV O 3 [010] o SrT iO 3 [010] c . (Here, the epitaxial relationship is defined considering a P nma structure of LaVO 3 , where b is the long orthorhombic axis).
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	Also, contrary to the semiconducting behavior presented by LaVO 3 / LaAlO 3 films, LVO / STO
	films are metallic in nature.

Table 3 .
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		In-plane lat-		In-plane lat-	Out-of-plane	Pseudo-		Residual
	Substrate	tice param-eter of sub-	Lattice mis-match (%)	tice param-eter of film	lattice parameter	cubic unit cell volume	Distortion	strain (out-of-
		strate [Å]		[Å]	of film [Å]	[Å 3 ]		plane)(%)
	YAO	3.710	-5.15	3.860	3.943	58.75	1.022	1.077
	LAO	3.790	-2.93	3.830	3.995	58.60	1.043	2.412
	LSAT	3.868	-0.85	3.868	3.961	59.26	1.024	1.540
	STO	3.905	0.10	3.905	3.923	59.82	1.005	0.566

1: Summary of observed lattice parameters, experimental lattice mismatch, pseudocubic cell volumes, distortion (ratio of the out-of-plane to in-plane PVO lattice parameter), residual strain calculated out-of-plane i.e ǫ 110 .
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 3 2: Quantification of possible oxygen vacancies in tensile, and compressive strain. The estimation of a ⊥ (expected) is established based on the lattice mismatch and Poisson ratio of PVO, ν ∼ 0.39.

	Substrate	Lattice	a ⊥	a ⊥ (actual)	Expansion	V uc (present
		mismatch	(expected)	[Å]	(%)	Exp. work)
		(%)	[Å]			(Å 3 )
	STO	0.10	3.896	3.923	0.70	59.82
	LSAT	-0.85	3.950	3.961	0.27	59.26
	LAO	-2.93	4.047	3.995	-1.28	58.60
	YAO	-5.15	4.157	3.943	-5.14	58.75

Table 3 .

 3 3: Summary of the pseudo-cubic unit cell volume (V pc ), coercive field (H c ), Néel temperature (T N ) of PVO films on different substrates.

	Substrate	Lattice	V pc (Å 3 )	H c (T)	T N (K)
		mismatch (%)			
	STO	0.10	59.82	1.8	30
	LSAT	-0.85	59.26	3.1	90
	LAO	-2.93	58.60	3.6	100
	YAO	-5.15	58.75	3.4	85

  M tot. = m tot. t = m P t P + m AF t AF (4.1)m tot. = (m P -m AF )t P /t + m AF (4.2)where, t = t P + t AF is the total thickness of film, t P is the thickness of paramagnetic layer, t AF is the thickness of antiferromagnetic layer, m P is the moment per unit volume of the paramagnetic layer, m AF is the moment per unit volume of the antiferromagnetic layer. With m AF ∼ 0.7 µ B /f.u. (f.u.: formula unit)[88] (for bulk PVO) and m P = 0 (for M R ), a dead layer thickness t P of ∼ 6 nm for LAO (Figure4.6(c)) and ∼ 4 nm for LSAT (Figure4.6(d)) was obtained by fitting the remanent magnetization. Furthermore, setting m P to the maximum magnetization of the thinnest sample and using t P as fitting parameter, we evaluated t P ∼ 6 -7 nm from fitting of

	1, which
	assumes that this layer is paramagnetic, has null magnetization at remanence, and has a huge
	magnetization at high fields. The thickness-dependence of remanent magnetization (M R ) and
	saturation magnetization (M s ) are fitted with the proposed dead layer model, using the following
	equation:

Table 4 .
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									STO [111]
		-plane	Out-of-plane	In-plane	Out-of-plane	In-plane		Out-of-plane
	Directions	[001] o = [100] pc	[1 0] o = [010] pc	[110] o = [001] pc	[001] o = [001] pc	[010] o /[100] o = [110] pc	[100] o /[010] o = [110] pc	[11 ] o = [110] pc	[100] o /[010] o = [110] pc	[ 01] o /[0 1] o = [111] pc
	Lattice mismatch	0.41 %	-0.05 %		0.41 %	0.65 % -0.74 % /		0.18 %	-0.74 % 0.65 % /	
		[110] PVO				[100] PVO		[011] PVO
	Growth									
				[001] STO		[001] PVO	[010] PVO			
					[110] STO			[100] PVO	[11 ] PVO
				[100] STO						
						[001] STO			
			[010] STO							[111] STO

1: A detailed summary of the in-plane and out-of-plane lattice directions of PVO on STO with different crystal surface orientation. The lattice misfit are calculated for in-plane directions. The experimentally observed growth orientations of the PVO lattice on different oriented STO are also shown. The in-plane lattice mismatch between PVO and STO is defined as: σ [hkl] = (a ST O -a P V O )/a P V O , where a ST O and a P V O are the lattice parameters of cubic STO substrate and PVO respectively, in the direction [hkl] o of orthorhombic PVO.

  .2. CRYSTAL ORIENTATION DEPENDENCE Table 4.2: Crystallographic orientation and angular dependence of coercive field H c , remanent magnetization M r , and the saturation magnetization M s for 35 nm PVO films. Here, θ (angle between direction of magnetic field and sample surface) = 0 • means field is applied in-plane, and θ = 90 • means field is orthogonal to sample surface.
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	Orientation		0 • / in-plane	90 • / out-of-plane
	001	H c (T)	3.1	3.0
		M r (µ B / f.u.)	0.35	0.66
		M s (µ B / f.u.)	0.42	0.75
		axis		
	110	H c (T)	2.4	0.2
		M r (µ B / f.u.)	0.9	0.06
		M s (µ B / f.u.)	1.0	0.15
		axis	Easy	Hard
	111	H c (T)	0.03	0.03
		M r (µ B / f.u.)	0.47	0.03
		M s (µ B / f.u.)	2.3	0.4
		axis	Easy	Hard
		133		

Another possibility is the presence of dead layer on the surface of the film. As the vanadate films have tendency to get oxidized on the surface[38,86], a dead layer can be formed and bring some magnetic component[85].This second hypothesis will be investigated in the next chapter with the use of capping layer and surface measurements such X-ray photoelectron spectroscopy (XPS).

Figure 4.13: Phi scans measured along (101) reflection of STO (001) (a), (200) reflection of STO (110) (b), and also along (200) reflection of STO (111) (c). Here the pseudocubic description is used for film.

(a) (b) (c) (e) (d) (f) Figure 4.19: X-ray reciprocal space mapping around asymmetrical (103), (130), and (123) plane of STO (001) (a), STO (110) (b), and STO (111) (c), respectively. Magnetic anisotropy measurements of PVO films on STO (001) (c), STO (110) (d), and STO (111) (e) substrates. The magnetic field directions refer to the direction of the substrates.

Acknowledgements

Chapter 2 EXPERIMENTAL TECHNIQUES: GROWTH AND CHARACTERIZATION OF THIN FILMS

In this chapter, we present the growth technique utilized for the deposition of thin films, the method of preparation, and the characterization techniques used in the course of thesis. 

Preliminary structural analysis by XRD

The analysis of the PVO thin films starts with x-ray diffraction (XRD) in the θ-2θ Bragg-Brentano configuration. This scan allows us to confirm the desired phases, and also the crystallinity of PVO thin films. Fig. 3.2 shows the representative θ-2θ XRD scans of the PVO thin films grown on various substrates. We observe that the PVO thin films are single phase, and present film thickness fringes (commonly known as Laue fringes). This attests a high quality, well defined and atomically smooth film-substrate interface. These fringes are however suppressed in the case of PVO film grown on the LAO substrate (PVO/LAO), presumably due to presence of the were obtained for PVO films on different substrates (Fig. 3.10). (The cycles at T = 10 K are not completely saturated at 5 T, especially for the LAO substrate, thus the parameters such as coercive field H c and saturation magnetization M s cannot be rightfully defined). From the magnetic loops (Fig. 3.10), the following points about PVO films can be drawn:

• A ferromagnet-like behavior;

• Magnetization can be described as an addition of a soft and a hard magnetic contributions, as

shown by the schematic in Fig. 3.8;

• Soft magnetic phase is nearly fixed at H ∼ 0.2 T, while hard one changes with the strain. The extracted coercivity (H c ) from the latter phase is plotted in Fig. 3.10(e) as a function of strain.

Following this, we computed an approximate contribution of each magnetic phase using a method [62]. For instance, ∆M hard = 85 % and ∆M sof t = 15 % for PVO/STO, ∆M hard = 70 % and ∆M sof t = 30 % for PVO/LAO, ∆M hard = 60 % and ∆M sof t = 40 % for PVO/LSAT, ∆M hard = 45 % and ∆M sof t = 55 % for PVO/YAO. These observations indicate the sensitivity of each of the magnetic phases to epitaxial strain. Moreover, a large soft component in PVO/YAO film is observed. This behavior will be clarified in the next chapter. The coercive field (H c ), extracted from the hard magnetic phase (specified by arrows), is plotted in Fig. 3.10(e), and detailed in Table 3.3. This shows that the H c associated with PVO films increases with increase in the compressive residual strain, due to increase in domain wall clamping by the substrate with increase of strain. In similar system, a large strain leads to decrease in the mobility of domain walls and thus large magnetic field is required for the magnetization switching. large Jahn-Teller distortion, labelled M + 3 , producing an asymmetry of V-O bonds on nearest V sites that is reminiscent of bulk RVO 3 physics and (ii) for a large lattice mismatch (e.g LAO and YAO), the JT motion vanishes and is replaced by a M + 1 distortion unaffecting V-O bond lengths but distorting O-V-O angles in VO 2 planes orthogonal to the (001) direction (see insets of fig.

3.14(b) for sketches of the distortions). The amplitude of the latter distortion, absent in the bulk and roughly zero for films grown on STO and LSAT substrates, closely behaves like T N as a function of the tetragonality of the material. In fact, the crossover between the amplitude associated with the M + 1 and M + 3 distortions highlights a clear modification of the electronic structure: the two V 3+ d electrons are located in the d yz orbital plus an alternating combination of the 

DEPENDENCE

In the previous chapter, we described the strain engineering of PrVO 3 thin films by employing several single crystal substrates, and presented the strain-dependent magnetic properties. Other well established methods to achieve a range of strain states in thin films are discussed in the present chapter. The first part of the chapter deals with the film-thickness-dependent physical properties of PrVO 3 thin films, where film thickness is varied on the LAO and LSAT substrates.

The second part of the chapter aims to discuss the structural and magnetic properties of the PrVO 3 films grown on SrTiO 3 substrates with different orientations.

Chapter 4 -STRAIN ENGINEERING IN PrVO 3 THIN FILMS: FILM THICKNESS AND CRYSTAL ORIENTATION DEPENDENCE ratio. On the LSAT substrates, the situation is different as the PVO films are strained with the substrate. This is clearly seen in Fig. 4.3(b), where the horizontal position of film peak coincides with the one of LSAT substrate. Following this, we extract that the film and substrate have the same in-plane pseudocubic lattice parameters. , where a clear transition from the paramagnetic state is observed around 170 K for the LAO substrate (125 K for LSAT substrate). Above this temperature, the inverse susceptibility can be well fitted using the Curie-Weiss law in the paramagnetic regime (see red line), which show a typical linear dependence on temperature. However, this transition is 70 K higher than the previously assigned T N . A possible explanation could be that, at 170 K (for LAO), there is a transition from the paramagnetic phase to an intermediate phase where spins have a combined AFM and paramagnetic order, and at 100 K (T N ) a complete AFM order of vanadium sublattices takes place. However, we have considered the cusps in the derivative curves to mark the transition temperatures in PVO thin films. In this regard, the T N of PVO films on LAO substrates is changed by almost 70 K with the increase of film thickness. Whereas, it is nearly constant for the PVO films on the LSAT substrates. Notably, PVO films show an additional magnetic feature at T SO2 , established by kink in the dM/dT. This transition is surprisingly constant at ∼ 20 K for both the substrates. The origins of this anomaly have also been discussed in the previous chapter. First, it might be due to the magnetic polarization of the praseodymium sublattice in the presence of exchange field produced by the vanadium moments, via Pr-V exchange, resulting in a ferrimagnetic structure [93]. Second, it could also represent a reorientation of the vanadium spin configuration from G-type to C-type, where V 3+ spins are staggered in the ab-plane and aligned ferromagnetically along c axis.

Crystal surface orientation dependent properties of PrVO 3 films

Having explored the strain effect produced by means of utilizing various commercially available substrates and by varying film thickness in PrVO 3 thin films, we now describe the properties manifested by PrVO 3 films grown on SrTiO 3 subsrates with different crystal orientations, i.e. STO (001), STO (110) and STO (111). Using the STO (110) and STO (111) substrates over STO (001) can have favourably significant effect on the properties of thin films. For example, cubic STO (110) substrate provide lower lattice mismatch for growing orthorhombic crystals and a chance for anisotropic strain control. Also, because of the polar nature of ( 110) and ( 111)oriented substrates / surfaces, they are more susceptible to the reconstruction and the strain relaxation. Therefore, in this part, we present the detailed study on the crystal surface orientation dependent structural and magnetic properties of PrVO 3 films. We fabricated two series of samples on different oriented STO substrates of 35 nm and 75 nm in order to investigate the additional thickness effect on the magnetization and magnetic anisotropy. In the next sections, we discuss the results associated with t = 35 nm films.

Growth conditions

PrVO 3 thin films on STO (001), STO (110) and STO (111) were grown using pulsed laser deposition with a KrF excimer laser and a stoichiometric target. The growth temperature (T G ) and growth pressure (P O 2 ) were kept at 650 • C and 10 -6 mbar. The substrates were pre-treated and cleaned using ethanol and acetone only, and no further etching/heat treatment was performed.

The film thickness was estimated around 35 nm and 75 nm for two series. To explore the in-plane strain states and a coherent growth behavior of PrVO 3 films, reciprocal space maps in skew symmetry were collected around (103) plane for STO (001), around (130) plane for STO (110) and around (123) plane for the STO ( 111) substrate (lower panels in Fig.

4.11(a-c))

. As the position of the film peak along the horizontal Q in axis is same as that of the substrate peak for all three orientations of the substrate, we deduce that the films are grown coherently on the STO substrates, with the same in-plane lattice constants. By combining the HRXRD θ-2θ and RSM data, we can therefore calculate the unit cell volume of the PrVO 3 films;

V pseudocubic = 3. two conclusions can be drawn: First, it costs larger activation energy to stabilize the surface atoms in thinner films as compared to the thick films. This is presumably because of different strain states between thick and thin films, and indeed it is conceivable that for the thick films which are partially relaxed (discussed in the next section) the energy barrier for the surface atoms is lower than those for the strained thin films. Furthermore, the activation energy for thicker films is nearly same as that of the bulk PVO (∼ 180 meV, see section 3.4). Second, for any film thickness-series, the film with the highest out-of-plane / strain posseses the highest activation energy, although the change is very subtle.

Magnetic properties

In this section, we will discuss the magnetic properties of the different oriented PrVO 4.1). ( 2) The significant difference in M vs H along two in-plane directions is itself a key proof that the strain along two in-plane directions is not of the same sign. Thus, as the [001] o PVO is already under tensile strain (see Table 4.1) and is the direction of easy axis, the other in-plane crystal direction of PVO has to be under a small tensile or a compressive strain. As a result, the two in-plane [001] o and [010] o crystal directions under tensile and compressive strain, respectively, should explain the experimentally observed uniaxial anisotropy along [001] o , due to magnetoelastic and magnetocrytalline anisotropy. Finally, for (111)-oriented STO, the easy axis of magnetization is along any of the in-plane directions of STO substrate and the hard axis remains along [111] direction. The remanence of two inplane directions is almost same, although saturation magnetization remains higher along [1][2][3][4][START_REF] Muller | The Major Ternary Structural Families[END_REF][START_REF] Haeni | [END_REF][START_REF] Mackenzie | [END_REF][8][9][10] direction. Also, given the six fold symmetry of STO (111), the easy axis could lie along any of the in-plane axis besides [1][2][3][4][START_REF] Muller | The Major Ternary Structural Families[END_REF][START_REF] Haeni | [END_REF][START_REF] Mackenzie | [END_REF][8][9][10] and which stabilizes the energy balance between magnetocrystalline energy, and both magnetostatic and magnetostriction energy. Generally, a compressive strain enhances the out-of-plane magnetization, while a tensile strain increases the in-plane magnetization [111,112,113]. The resulting deformation of oxygen octahedra surrounding V, being elongated (compressed) along out-of-plane direction for a compressive (tensile) strain, could be the cause of the anisotropy. Moreover, for PVO films grown on the (110)-and (111)-oriented STO substrates, the in-plane strains are unequal in two in-plane orthogonal directions (Table 4.1), giving rise to a further in-plane deformation of the octahedra,

Discussion

In this part of the chapter, we studied the structural, microstructural and magnetic properties of Here, ∆d, and ∆θ represent the error in lattice constant and error in the Bragg's angle (θ).