
 
 

UNIVERSITÀ DEGLI STUDI DI TRIESTE 

 

XXXVI CICLO DEL DOTTORATO DI RICERCA IN 

 

NANOTECHNOLOGIE 

 

TUNING OF MAGNETOELECTRIC COUPLING IN 
MULTIFERROIC HETEROSTRUCTURES 

Settore scientifico-disciplinare: FIS/03 

 

 

DOTTORANDO  

DEEPAK DAGUR  

COORDINATORE   

PROF. ALBERTO MORGANTE  

SUPERVISORE DI TESI  

DR. PIERO TORELLI  

CO-SUPERVISORE DI TESI  
DR. GIOVANNI MARIA VINAI 

 

ANNO ACCADEMICO 2022/2023 



 

 

 

 

  



 

‘‘The purpose of education is to replace an empty mind,  

with an open one.’’ 

--------------------------------------------------------------------- 

- Malcolm Forbes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

 

Contents 

 
 

Preface                                                                                                                      8 

 

Abstract                                                                                                                     11 

 

1. Scientific Backgroud                                                                                            13 

1.1. Ferroelectric materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  . . . . . . . . . . . . . 13 

1.1.1. Photostriction mechanism in ferroelectrics . . . . . . . . . . . . .   . . . . . . . . . . . . . . . . . .       . 20 

1.1.2. PMN-PT specific properties . . . . . . . . . . . . .   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 

1.2. Ferromagnetic materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 

1.2.1. Magnetic energies of a magnetic material . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  26 

1.2.2. Magnetostriction and magnetostrictive materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 

1.3. Multiferroic/Magnetoelectric materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34 

1.3.1. Magnetoelectric coupling effects . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . 36 

1.4. Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . 39                               

 

2. Experimental Station and Techniques                                                               43 

2.1. NFFA-Trieste facility and APE-HE Beamline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43 

2.2. Molecular Beam Epitaxy (MBE) Cluster . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .  48 

2.3. Experimental Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  49 

2.3.1. Magneto-Optical Kerr Effect (MOKE) . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . .  49 

2.3.2. X-ray Absorption Spectroscopy (XAS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  53 



6 

 

2.3.3. X-ray Magnetic Circular Dichroism (XMCD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57 

2.3.4. X-ray Diffraction (XRD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  59 

2.3.5. Others . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     . . . . . . . . . 62 

2.4. Bibliography . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . .    . . . . . . 67 

 

3. Visible light induced photostriction and triggered magnetostriction in 

PMN- PT/Ni heterostructure                                                                           69 

3.1. Introduction . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69 

3.2. Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 

3.2.1. Photocurrent measurements of PMN-PT substrate via Optical Parametric Amplifier 

(OPA) . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .    74 

3.2.2. Magneto-optic Kerr effect (MOKE) and X-ray magnetic circular dichroism (XMCD) 

spectroscopy of pristine PMN-PT/Ni heterostructure . . . . . . . . . . . . . . . .  . . . . . . . . . . . . 77 

3.2.3. Photocurrent under continuous laser illumination on pristine and electrically 

polarized PMN-PT/Ni . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . 86 

3.2.4. Visible light-induced effects on the magnetic properties of polarized PMN-PT/Ni  91 

3.2.5. Structural characterizations of PMN-PT substrate . . . . . . . . . . . . . . . . . . . . . . . . . . 95 

3.3. Conclusions and perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  97 

3.4. Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   . . . . .  99 

 

4. Ferroelectric thermal treatments: an additional lever in PMN-PT/Fe 

heterostructure                                                                                               103 

4.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 

4.2. Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 

4.2.1. X-ray diffraction analysis of PMN-PT substrate . . . . . . . . . . . . . . . . . . . . . . . . . .  107 

4.2.2. Micro-Raman Analysis on pristine and annealed PMN-PT/Fe . . . . . .  . . . . . . . . .  112 

4.2.3. MOKE Characterization of PMN-PT/Fe heterostructure . . . . . . . . . . . . . .        . . . . . 119 



7 

 

4.2.4. X-absorption spectroscopy of PMN-PT/Fe heterostructure . . . . . . . . . . . . . . . . . . 121 

4.3. Conclusions and perspectives . . . . . .      . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . .  122 

4.4. Bibliography . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 

 

5. Summary and outlook                                                                                       127 

 

    Acknowledgements                                                                                          133 

 

    List of publications                                                                                          137 



8 
 

 

 

Preface 

 

This Ph.D. thesis contains the result of the scientific research undertaken through the University 

of Trieste at CNR-IOM laboratory located at the Elettra Synchrotron, Trieste. The main goal of 

the project was to investigate the interfacial magnetic modifications of ferromagnetic thin films 

deposited on photo-ferroelectric substrates as a function of two external stimuli, specifically 

visible light excitation and thermal treatments. In this context, two experimental characterizations 

have been performed to characterize and model the effects of the stimuli on the heterostructures. 

Here I introduce the main aspects that will be presented throughout the thesis. 

The study depicted in the chapter 3 of the thesis discusses the potentiality of light-induced effects 

in multiferroic heterostructures for tuning the interfacial magnetoelectric coupling, emphasizing 

the role of photo-ferroelectric materials' sensitivity to light illumination. Specifically, the effects 

of 405 nm laser illumination were characterized on the ferroelectric and ferromagnetic responses 

of (001) Pb(Mg1/3Nb2/3)O3-0.4PbTiO3 (PMN-PT)/Ni heterostructures. By combining magneto-

optic, spectroscopic, electrical, and structural characterizations, I demonstrated that light 

illumination above the ferroelectric bandgap energy induces a photovoltaic current and an 

induced photostrictive effect in the PMN-PT substrate. This second aspect directly impacts the 

magnetic response of the interfacial magnetostrictive Ni layer. In particular, photocurrent 

measurements and I(E) curves demonstrate the generation of free charge carriers via bulk 

photovoltaic effect in PMN-PT that leads to modifications in the internal electric field and 

induction of photostrictive effect. Furthermore, the effect of photostrictive behavior of PMN-PT 

under light was explored on the magnetic properties of magnetostrictive Ni layer. Magneto-Optic 

Kerr effect measurements showed a substantial reduction in the coercive field of Ni film upon 

exposure to light. This was linked to the modifications of PMN-PT substrate via X-ray Magnetic 

Circular Dichroism measurements, which revealed a variation of Ni orbital moment in presence 

of light illumination, a signature of modification of the electronic environment of Ni driven by 

the interfacial photostriction. This underlines the importance of spectroscopic techniques in 
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identifying the physical origin of interfacial coupling and emphases on the delicate energy balance 

that leads to significant light-induced effects in multiferroics, highlighting the potential for 

optically-induced strain modulation as an effective approach for tuning the ferromagnetic 

properties. Finally, the study provides comprehensive insights into the complex interplay between 

light-induced effects, ferroelectric-ferromagnetic counterparts and interfacial properties in 

multiferroic heterostructures, offering potential avenues for tailoring and optimizing 

functionalities. 

In chapter 4, I present the study carried out on the effects of thermal treatments on the structural 

and ferroic properties of PMN-0.4PT/Fe multiferroic heterostructures. The research combines 

structural, spectroscopic, and magnetic characterizations to understand the impact of thermal 

annealing on the domain population of PMN-PT substrates, and how this affects the interfacial 

properties of the heterostructure. XRD analysis revealed that the pristine unannealed PMN-0.4PT 

substrates exhibited a combination of majoritarian out-of-plane and minoritarian in-plane 

domains, with low crystalline quality and an isotropic lattice response to polarization-dependent 

micro-Raman characterizations, indicating a high level of local disorder. Thermal treatments 

carried out by annealing the PMN-PT substrate over its first-order phase transition lead to a 

substantial increase in crystallographic quality and local order, along with a switch in the domain 

population from mostly out-of-plane to in-plane orientation in case of quick annealing. These 

structural modifications and the changes in orientation of PMN-PT domains were found to be 

sensitive to the time span of annealing above Curie temperature, as longer thermal treatments lead 

to a maximization of the out-of-plane domain direction. The combination of X-ray absorption 

spectroscopy and Magneto-Optic Kerr measurements allowed to analyze the effects of thermal 

treatments on electronic and magnetic properties of the interfacial Fe layer. XAS showed no 

chemical modifications of the Fe thin film over the whole thermal treatment procedure; in 

particular, no sign of oxidation coming either from the PMN-PT substrate or from the atmosphere 

was found, excluding any thermally induced interfacial intermixing or oxygen migration between 

Fe and PMN-PT during the annealing processes. MOKE magnetometry showed the passage of 

Fe layer from isotropic to anisotropic behavior upon annealing, linked to the structural 

modifications of the PMN-PT substrate. These findings confirm that the modification and 

rearrangement of ferroelectric domains upon annealing influences the interfacial coupling in 

multiferroic heterostructures, and stimulate for further investigations, both on the ferroelectric 
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properties of thermally treated PMN-PT crystals and on the interplay between annealed PMN-PT 

and ferromagnetic interfacial layers. 

Overall, the thesis addresses the effects of external stimuli on the interfacial coupling mechanisms 

in multiferroic heterostructures that lead to tunable modifications in ferroic properties. The results 

show the potential for the application of external stimuli different from electric and magnetic 

fields to act on the magnetic properties of multiferroic heterostructures. Moreover, these results 

also leave open questions on the maximization of interfacial coupling, which could be reached, 

for instance by combining the observed effects of the two systems. Finally, the observed effects 

stimulate for further investigations, including different experimental approaches and the 

introduction of different ferroelectric substrates, providing a rich playground for future 

experiments and modeling. 
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Abstract 

 

The work presented in this thesis deals with the optical and thermal control of magnetism in 

multiferroic heterostructures. The main goal was to investigate the interfacial magnetic 

modifications of magnetic properties of ferromagnetic (FM) thin films deposited on photo-

ferroelectric (FE) substrates, as a function of two external stimuli, specifically visible light 

excitation and thermal treatments. The photo-induced effects of low-power 405 nm visible light 

illumination on the ferroelectric and magnetic properties of PMN-0.4PT/Ni heterostructures were 

investigated by combining electrical, structural, magnetic, and spectroscopic characterizations, in 

both pristine and polarized states of the PMN-PT substrate. The results show that under light 

illumination, the photostriction of PMN-PT induces an interfacial strain on the magnetostrictive 

Ni layer. This leads to an optical modification of the Ni orbital moment, leading up to a 45% 

reduction in coercive field under illumination, as observed by Magneto-Optic Kerr effect 

(MOKE). The light-induced variation in the Ni orbital moment was experimentally observed for 

the first time in multiferroic heterostructures, via sum-rule analysis of x-ray magnetic circular 

dichroic measurements (XMCD). The observed effect is strongly reduced after polarizing the 

PMN-PT substrate out-of-plane. This was justified by the larger photostrictive contribution 

coming from the in-plane FE domains. These results shed light on the delicate energy balance 

that leads to sizeable light-induced effects in multiferroic heterostructure. The scope is also to 

highlight the novelty and importance of the presented work, which emphasizes on the 

photostrictive effect induced by laser illumination in the PMN-PT/FM heterostructure and its 

effect on the Ni thin film via inverse magnetostriction mechanism. Concerning the thermal 

treatment effects on multiferroic heterostructures, this aspect was characterized on PMN-0.4PT/Fe 

heterostructures. The study was done by combining structural, magnetometric, and spectroscopic 

characterizations. X-ray diffraction (XRD) and micro-Raman spectroscopy were used to 

characterize the structural properties of PMN-PT substrate, whereas MOKE magnetometry was 

performed to analyze the in-plane magnetic response of Fe thin films deposited on top. The 

pristine unannealed substrate exhibited a larger presence of out-of-plane FE domains, with broad 
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and inhomogeneous features in the 2D reciprocal space maps of XRD, signifying the presence of 

a low crystalline quality of the ferroelectric structure. Once annealed for 15 minutes above the 

first-order phase transition, the majority of the domain population shifted towards the in-plane 

direction, showing in addition an overall improved crystalline quality. Further annealing led to a 

return to a mostly out-of-plane domain population. These structural modifications of PMN-PT 

upon annealing tailored the magnetic anisotropy of Fe film in different manners, exploiting the 

magnetoelastic interfacial coupling. Specifically, the angular dependence of the magnetic 

response of Fe passed from an isotropic one in the pristine case to an anisotropic one after short 

annealing, due to the larger presence of in-plane tetragonal domains. These results place thermal 

treatments as an additional parameter to be exploited for tuning the magnetic properties of 

multiferroic heterostructures. The results obtained with the two presented external stimuli, i.e., 

light illumination and thermal treatments, exploit the rich set of properties of ferroelectric 

materials and pave the way for further investigations, either by combining them or by further 

optimizing the choice of materials.  
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In this introductive chapter, the focus will be on explaining the ferroelectric and ferromagnetic 

materials that are constituents of a multiferroic heterostructure and their respective 

phenomenology’s. The most general concepts are presented and coupling mechanisms in a 

multiferroic is discussed, linking the bridge between different order parameters like electric 

polarization of ferroelectric substrate and magnetization of a thin film deposited on top. The field 

of optical control of magnetism and multiferroic heterostructures has been expanding 

continuously in the recent years, and many recent review articles summarize the state of the art. 

These references will be used in this chapter in order to better understand the results found within 

the thesis. 

 

Chapter 1 

  

Scientific Background 

 

1.1. Ferroelectric materials 
 

Ferroelectricity is a property of a class of materials that exhibits a spontaneous electric 

polarization that can be reversed by the application of an external electric field.[1,2] The scientific 

research in the field of ferroelectricity has experienced a renaissance in the past decades driven 

by the discovery of new classes of ferroelectrics with enhanced properties, advances in first-

principles theoretical techniques and an expanded range of applications. Great advances have 

been made so far in tuning the structural properties and related properties of bulk and thin-film 

ferroelectrics – a development that has been key to the progress in ferroelectric memories.[3]  

Ferroelectric materials present specific structural properties, being a subgroup of piezo and 

pyroelectric materials (Figure 1). In a more general approach, the structural symmetries of a 

crystal affect a series of physical properties, such as dielectric, elastic, piezoelectric, ferroelectric, 

non-linear optical properties.  The piezoelectric effect was discovered by Jacques Curie and Pierre 

Curie in 1880 in polar crystals exhibiting spontaneous polarization.[4,5] The crystals having a 

unique rotation axis, but does not have any mirror perpendicular to this axis thus showing different 
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atomic arrangement at the two extreme ends are known as polar crystals, and it is required to 

exhibit piezoelectric properties. Piezoelectricity is the ability of a dielectric material to convert 

mechanical energy into electrical energy and vice versa. The two types of piezoelectric effects 

are direct and converse effects i.e., generation of internal electric field due to applied stress or 

mechanical strain/stress induction due to application of an electric field, respectively. According 

to Neumann’s principle,[6] symmetry elements of all physical properties in a crystal should include 

all symmetry elements of the point group of this crystal. Thus, if a physical parameter is subjected 

to a symmetry operation of this crystal, the value of this physical parameter should remain 

invariant. Structural symmetry of a crystal depends on its lattice structure. The lattice structure is 

described by Bravais unit cell of the crystal. Among all possible crystalline structures, only 32 

present macroscopic symmetry types (32-point groups). Out of 32 macroscopic crystal classes 

(point groups), 11 are centrosymmetric and thus cannot exhibit polar properties. The remaining 

21 lacks a center of symmetry (two opposite ends of a crystallographically unique direction axis 

cannot be made to coincide by any symmetry operation) and thus can possess one or more polar 

axes. Among all these non-centrosymmetric point groups, 20 classes out of them are piezoelectric 

(the one exception being cubic class) along a unique direction axis. 

 

Figure 1: The hierarchy relationship among dielectric, piezoelectric, pyroelectric and 

ferroelectric materials. 

Out of these 20, 10 classes have a unique polar axis and thus are spontaneously polarized, i.e. 

polarization in absence of an external electric field (these as called as pyroelectric crystals). The 
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intrinsic polarization of pyroelectric crystals is often difficult to detect experimentally because of 

the neutralization of the charges on the crystal surfaces by free charges from the atmosphere and 

by conduction within the crystal. However, since the polarization has temperature dependence, it 

is often possible to observe a net spontaneous charge in these crystals by changing the 

temperature, hence the name pyroelectrics. Ferroelectric crystals are a subgroup of the 

pyroelectric family, since they exhibit as additional property the possibility of switching the 

direction of the spontaneous polarization by the application of an electric field. Thus, a 

ferroelectric material can be defined as “a material that possess reversible spontaneous 

polarization as exhibited by a dielectric hysteresis loop”.[3] The relation between the external 

electric field (E) and the polarization (P) is represented in Figure 2, and presents several analogies 

with the magnetic hysteresis loop that will be described in section 1.2 of ferromagnetic materials. 

Ferroelectricity was first discovered by Valasek in Rochelle salt in 1921.[7] From a physical point 

of view, in a virgin macroscopic crystal, it is unlikely that the direction of the polarization will be 

the same throughout. It is energetically more favorable for the crystal to break into macroscopic 

regions with uniform alignment of electric dipoles and homogeneous polarization, known as 

ferroelectric domains. The interface between two domains is known as domain wall and the 

polarization reversal can take place by nucleation of new domains and motion of these domain 

walls. Concerning P-E loops, if we first apply a small electric field on a depolarized ferroelectric 

material, there will be a linear relationship between P and E (Point A). As the electric field 

strength increases, a number of domains will align along the direction of the applied electric field 

and the polarization will increase until all the domains are aligned (Point B). This is a state of 

saturation in which the crystal presents the highest value of polarization, which can be modeled 

as a single ferroelectric domain. As we decrease the field strength, the polarization will partially 

decrease, without going back to zero. At zero applied electric field, some of the domains will 

remain aligned and the crystal will exhibit a net remanent polarization (Point C). This remanent 

polarization state cannot be removed until the field is applied in the opposite direction, reaching 

to a certain electric field value (Point D). The strength of the field thus required to reduce the 

polarization to zero is called the ‘‘coercive field strength’’. Further increase of the field in the 

negative direction will cause a complete alignment of the dipoles in this direction (Point E) and 

the cycle can be completed by reversing the field direction once again. 
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Figure 2: Typical polarization versus electric field (P-E) hysteresis loop of ferroelectrics. 

Although ferroelectric crystals are a widely varied group, they possess a number of general 

characteristic properties, which are listed here below: 

• The hysteresis loop disappears above a certain temperature of phase transition, known as 

Curie point (TC), above which the crystal behaves as a dielectric material. It should be 

worth mentioning that in some crystals melting or chemical decomposition may occur 

before reaching the Curie point (e.g., the FE polymer PVDF). Above TC, a ferroelectric 

crystal modifies its crystalline structure to a phase of higher symmetry, becoming non-

polar or paraelectric, i.e. exhibiting no ferroelectricity. 
 

• The polar crystal structure of a ferroelectric can be derived from the high temperature 

paraelectric structure by a slight distortion of the crystal lattice. This is the main reason 

behind the success of the phenomenological theory of ferroelectricity which assumes that 

the same free energy function is applicable for both the ferroelectric and paraelectric 

phases. 

 

• Ferroelectric materials generally have large electric permittivity (ε) and susceptibility (χ), 

which rises to a peak value at the Curie point. 

 

• Above the Curie point, the permittivity of a ferroelectric material (measured along the 

polar axis) usually obeys the Curie-Weiss law. It is represented by 𝜀 =
𝐶

𝑇−𝑇𝑐
, where C and 

TC are the Curie-Weiss constant and Curie-Weiss temperature, respectively. 
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Nowadays, ferroelectricity lead to the development of new kind of ferroelectric materials 

composed of inorganic elements such as Barium Titanate [BaTiO3] or Lead Zirconate Titanate 

Pb[ZrxTi1−x]O3 (PT). Both of these ferroelectric oxides belong to the family of perovskites with 

the generic formula of ABO3. In the idealized cubic unit cell of such a compound, the type 'A' 

atom sits at cube corner position (0, 0, 0), the type 'B' atom sits at the body-center position (1/2, 

1/2, 1/2) and oxygen atoms sit at face centered positions (1/2, 1/2, 0), (1/2, 0, 1/2) and (0, 1/2, 

1/2). The diagram of (figure 3a) shows edges for an equivalent unit cell with A in the cube corner 

position, B at the body center, and O at face-centered positions. According to the radius of A and 

B ions, the whole structure distorts from the ideal cubic phase by stretching and tilting the oxygen 

octahedron or by displacing the ions (see figure 3b,c). These distortions induce an asymmetry in 

the lattice, leading to an unbalanced charge configuration and hence resulting in the formation of 

electric dipole moments. Whenever an external electric field is applied through the thickness of 

the ferroelectric, it aligns the neighboring dipoles leading to a static bound charge at the surface. 

 

Figure 3: (a) Generic structure of ABO3 perovskite unit cell. In ferroelectric materials, the 

atomic displacement of B atom induces a spontaneous polarization, see for instance (b) and (c) 

for two opposite polarization states. 

Apart from the applied external field, mechanical strain/stress and temperature can also change 

the net polarization in ferroelectrics, therefore modifying its properties. Conversely, the applied 

electric field can modify the mechanical properties of the ferroelectric, known as converse 

piezoelectric effect. In ferroelectrics, it is difficult to find an exact relationship between strain and 

electric field, since the coexistence of electrical switching and movement of ferroelectric domain 

walls, together with the non-volatile behavior of the polarization, makes the whole picture of the 

interconnection between the two quite complex.  
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Figure 4: (a) Polarization and (b) strain curves under an electric field of a typical ferroelectric 

material. Solid blue lines are the loops of an ideal monodomain crystal, while blacked dashed 

curves are sketches of what is usually observed experimentally. 

If we consider a monodomain ferroelectric single-crystal, its net polarization is reversed 

instantaneously by an electric field when overpassing a critical applied electric field, as shown in 

the blue P−E curve of figure 4a. This curve considers the squared non-volatile hysteresis loop of 

the polarization. In a real case, the presence of ferroelectric domains leads to a smoother reversal 

of the polarization under electric field, giving typical hysteresis loops as the dashed black line of 

figure 4a.  

Strain curve of ideal monodomain ferroelectric is shown in figure 4b, as the electric field is 

increased, the stretching of oxygen octahedron gives changes in the lattice parameter of unit cell, 

hence modulating the domain size and resulting in a uniform strain. But in reality, the presence 

of multiple ferroelectric domains affects the strain, resulting in a "butterfly-like" loop, as shown 

by the black line in the same figure 4b. 

Ferroelectric materials respond to a number of physical external stimuli which modify their 

properties (figure 5).[8] Here they will be briefly listed and described. 

As previously shown, ferroelectrics are a subclass of pyroelectric materials. Pyroelectricity 

describes the generation of generation and accumulation of the charges at the surface (temporary 

voltage generation) during a temperature variation, either during heating or cooling (figure 5a).[9] 

If the temperature is raised to TC, a ferroelectric-to-paraelectric phase transition occurs and 

polarization decreases to zero.  
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The piezoelectric effect (figure 5b), that includes a larger class of materials than the pyroelectric 

one, is the accumulation of charges at the surface when subjected to directional mechanical stress, 

with a resulting induced electric field.[10] Conversely, inverse piezoelectricity means that a 

mechanical stress develops in response to an applied electric field (figure 5c). In addition to the 

above-mentioned mechanisms of ferroelectric material interacting with heat, force, and electric 

fields respectively, light interaction of ferroelectric can also produce several effects, such as 

photovoltaic, acousto-optic, and electro-optic properties, giving rise to non-nonlinear optical 

effects in the material.[2,11,12] Nonlinear optics in ferroelectric materials is the ability to efficiently 

generate multidirectional second or third harmonic generation (SHG or THG) for a variety of 

geometries over a wide spectral range. For example, the SHG process is a second-order 

nonlinearity in which two photons of frequency (𝜔) interact with certain asymmetric materials 

and combine to produce a new single photon of twice the frequency (2𝜔) of the two incident 

photons (figure 5d).[13] In nonlinear optical microscopy, SHG relies on two photons hitting the 

same spot simultaneously. Therefore, SHG uses pulsed lasers in the near-infrared wavelength 

range, which can reduce non-specific phototoxicity and improve penetration of photons.[14] In the 

case of continuous illumination, whenever a ferroelectric material is illuminated with a light of 

photon energy higher than the band gap of material (ℎ𝜈 > 𝐸𝑔) it shows photovoltaic effect, i.e. 

generation of electron-hole pairs separated spontaneously by the built-in electric field induced by 

intrinsic polarization of the material giving rise to a photocurrent and photovoltage (figure 5e).[15–

17] Going one step forward, the combination of photovoltaics and inverse-piezoelectric effect in a 

ferroelectric material results in another successive phenomenon known as ‘‘photostriction’’, 

which gives non-thermal changes in the size of material upon exposure of light.[18,19] This effect 

will be discussed in details in the next section. 
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Figure 5: Unit cell of a ferroelectric material interacting and responding to external stimuli, (a) 

pyroelectric effect (generation of electric charges upon variation of temperature), (b) 

piezoelectric effect (applied force resulting in charge generation), (c) Inverse piezoelectric 

effect (induced-strain/mechanical vibrations under external voltage), (d) non-linear (generation 

of harmonic photon upon exposure to a pulsed laser) and (e) photo-voltaic effect (above-band 

gap photovoltage generation by light). 

 

1.1.1. Photostriction mechanism in ferroelectrics 
 

Shape responsive solids that are sensitive to a variety of external excitations upon variation of 

environmental conditions constitute an important class of functional materials.[20] Among-them, 

light-induced ferroelectric control is a particularly intriguing one and not fully explored yet. The 

effect of light-matter interactions resulting in non-thermal shape deformation is known as 

photostriction (figure 6),[18] The photostriction mechanism in ferroelectrics can be defined as 

photo-induced deformation of the lattice associated with a change in the internal electric field, 

leading to a converse piezo-response in the photo-ferroelectric compound. In order for this to 

happen, photostrictive effect is a superposition of the bulk photovoltaic effect (BPVE) and 

converse piezoelectric effect,[19,21] resulting in an expansion or contraction of the ferroelectric 

material. The BPVE is a distinctive class of photovoltaic effect that occurs in solids with broken 

inversion symmetry and refer to the generation of current by uniform illumination. 
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Figure 6:  Photostriction mechanism of a unit cell of ferroelectric material upon exposure of 

light, which is the result of the combination of photovoltaic and inverse-piezoelectric effects. 

 

The discovery of photostriction in electrically polar compounds dates back to the sixties, when 

Tatsuzaki et al. reported a photo-induced strain in single crystal of SbSI.[22] The effect was also 

found to be wavelength dependence with amonotonous dependence. This unexpected wavelength 

dependence photostriction in ferroelectric material results from two competitive contributions: 

electric field redistribution, leading to increment of electric field, and electric field screening by 

the light induced charge carriers, leading to decrease of electric field strength in the material. This 

assumption was in agreement with the Landau free energy expansion analysis with two competing 

contributions: the first one being proportional to the square of polarization, while second one 

being proportional to the average light-induced charge concentration.[23] The simple empirical 

formula for linear photostriction as a function of time (t), piezoelectric coefficient dj, and light-

induced electric field in the material Ej can be written as[24]: 

𝜆ℎ𝜈 =
∆𝐿

𝐿
= 𝑑𝑗𝐸𝑗 (1 − 𝑒

−𝑡
𝑅𝐶⁄ ), 

(1) 

where, R and C are resistance and capacitance of the sample. For 𝑡 ≪ 1, one can write 

∆𝐿

𝐿
≅ 𝑑𝑗𝐸𝑗(

𝑡
𝑅𝐶⁄ ), 

(2) 

where low dielectric permittivity (capacitance) is preferable to have faster response speed. A large 

piezoelectric coefficient and large internal electric field (polarization) is required for optimizing 

photostriction effect. While equation (1) is enough to describe qualitatively the photostriction and 

its response time dynamics at saturated electric state, it also assumes that piezoelectric coefficient 

is light independent, which is not always the case. An analytical description that includes strain 
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effects involves some additional terms in describing the generation of light-induced charges 

∑ 𝑛𝑗𝑗 𝜀𝑗𝛺𝑗 to the free energy (F) of the system, which can be written as[23]: 

𝑭 =
1

2
𝛼𝑃2 +

1

2
𝛽𝑃2 +

1

2
𝛾𝑃6 −

1

2
∑∑𝑘𝑖𝑗𝛺𝑖𝛺𝑗

𝑗𝑖

− 𝑃2 ∑𝜉𝑗𝛺𝑗

𝑗

+ ∑𝑛𝑗𝜀𝑗𝛺𝑗

𝑗

, 
(3) 

where, 𝑘𝑖𝑗 = 𝜕2𝐹 𝜕𝛺𝑖𝜕𝛺𝑗⁄  are components of the elastic stiffness tensor. 𝛺𝑖𝑗 is the strain tensor. 

𝜉𝑗 = 𝜕3𝐹 𝜕𝑃2𝜕𝛺𝑗⁄  is the electrostriction tensor. If we talk about relaxor ferroelectrics, they are a 

special category of ferroelectric materials that possess high dielectric constants and large 

electrostriction. The macroscopic response of relaxor ferroelectrics resembles nonlinear 

paraelectrics, and the hysteresis is suppressed at sufficiently high temperatures, or with suitable 

doping of materials. α, β, and γ are the known coefficients of ferroelectric free energy expansion. 

nj is an average concentration of electron subsystem charges at the energy levels 𝜀𝑗 (conduction 

band levels of traps and recombination) close to the bandgap energy. Now, taking the derivative 

with respect to the polarization, which is the internal electric field, one can estimate 

𝜕𝐹

𝜕𝑃
= 𝛼𝑃 + 𝛽𝑃3 +  𝛾𝑃5 − 2𝑃 ∑𝜉𝑗𝛺𝑗

𝑗

= 𝐸𝑗 
(4) 

The components of the deformation tensor τj can be defined as 𝜕𝐹
𝜕𝛺𝑗

⁄  

𝜕𝐹

𝜕𝛺𝑗
= −

1

2
∑𝑘𝑖𝑗

𝑖

𝛺𝑖 − 𝑃2𝜉𝑗 + ∑𝑛𝑗𝜀𝑗

𝑗

= 𝜏𝑗 
(5) 

Putting 𝛺𝑖 = 0, we can get 

𝜏𝑗 = ∑𝑛𝑗𝜀𝑗

𝑗

− 𝑃2𝜉𝑗 (6) 

 

This equation depicts that deformation does not depend on the sign of polarization as it was 

expected and should be varied in presence of light-induced charges. Notably, this equation of free 

energy shows that the photostriction (Eq. (1)) itself has two competing contributions: one from 

the direct change in polarization and another from the light induced charge carriers. Indeed, in 

ferroelectrics, both the piezo and electro-strictive effects are present, therefore an interplay 

together with the movement of charged domains at low electric fields can lead to multilevel 
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hysteresis behavior in both bulk and surface effects and to include it, the theory must be 

protracted. 

On the other hand, the piezoelectric coefficient determined from Eq. (1) using Eqs. (4) and (6) 

will become 

𝑑𝑗 =
∑ 𝑛𝑗𝜀𝑗𝑗 − 𝑃2𝜉𝑗

𝛼𝑃 + 𝛽𝑃3 +  𝛾𝑃5 − 2𝑃 ∑ 𝜉𝑗𝛺𝑗𝑗
 

(7) 

Given that photostriction differs intrinsically from compound to compound and depends on the 

thickness and light irradiance, one can estimate a photostrictive efficiency at the given wavelength 

as 

𝜼𝒆𝒇𝒇 = 𝑡 ∗
𝜆ℎ𝜈

𝐼
, 

(8) 

where, t is the thickness along the illumination direction, λhν = ∆𝐿 𝐿⁄  is the linear photostriction 

and I is the irradiance of light. 

 

1.1.2. PMN-PT specific properties 
 

All the heterostructures realized during this PhD thesis were deposited on PMN-PT substrates. 

PMN-PT is the abbreviation for the relaxor photo-ferroelectric [Pb(Mg1/3Nb2/3)O3]1−x–[PbTiO3]x, 

which is a single crystal combining different ratios of lead-magnesium-niobate (PMN) and lead 

titanate (PT). PMN-PT has emerged as a highly promising multifunctional system combining 

piezoelectric, pyroelectric, and electro-optic properties that surpass by far those other ceramics. 

Relaxor ferroelectrics are a kind of materials where the long-range ordering of dipoles is disrupted 

by cation disorder, possessing complex polar states with a significant amount of local structural 

heterogeneity at the nanoscale range.[25] Consequently, relaxor ferroelectrics have very high 

specific capacitance and have thus generated interest in the fields of energy storage and electro-

strictive actuators. PMN-PT is a complex oxide with perovskite structure, where the A site is 

occupied by Pb2+, B site by Mg2+, Nb5+ or Ti4+ (figure 2a), where PMN has relaxor properties 

while PT ferroelectric one. Solid solutions of PMN and PT combine both electro-strictive and 

ferroelectric properties and exhibit different crystalline structures depending on the percent 

concentration (x) of PbTiO3, together with a temperature dependence. Its phase diagram shows a 
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tetragonal structure for x greater than 40% and a rhombohedral structure for PT composition 

being less than 30%, at room temperature[26] (see figure 7). The intermediate range (i.e. between 

30 and 40%), known as the morphotropic phase boundary (MPB), is associated with the co-

existence of both tetragonal and rhombohedral phases[27], giving abnormally high dielectric 

response and giant electromechanical properties.[28] The nature of the MPB, still debated in 

literature, is generally attributed to a second order transition that accommodates the rhombohedral 

to the tetragonal transition thus allowing for easy rotation of the polarization vector. The Curie 

temperature TC also varies as a function of PT composition. Above TC the material modifies its 

structure into cubic, becoming paraelectric. 

 

Figure 7: Schematic representation of phase diagram of PMN(1-x)-xPT material. [F. Motti et. al., 

Phys. Rev. Mater. 2020, 4, 114418][29] 

 

The crystalline structure plays an important role in the orientation of polarization vector under 

the application of an external electric field. In the tetragonal phase (PT content larger than 40%) 

the spontaneous polarization is aligned parallel to the long side of unit cell. In the rhombohedral 

case, the polarization vector aligns along any of the 〈111〉 pseudo-cubic directions. Under the 

application of an out-of-plane reversible electric field strength (‘‘up’’ or ‘‘down’’) being 

perpendicular to (001) plane, three possible domain orientation can be obtained: at 71°, 109°, or 

180° from the initial polarization direction, as shown in figure 8. 
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Figure 8: Simplified Rhombohedral unit cell of a ferroelectric material depicting three possible 

switching polarization vector directions. The out of plane component of the polarization vector 

can be reversed in three different ways. If we consider the in-plane component along r1+, 

polarization switching lead to a rotation along one of the four corner r1-, r2-, r3-, and r4-, giving 

rotations of 109° along r2- and r4- that changes the strain in-plane while for 180° or 71° it 

remains unchanged, hence no strain is induced (Top view). 

 

If the polarization rotates of an angle of either 180° or 71°, the in-plane component remains 

unchanged, giving no modification of the lattice parameters, therefore this rotation is strain-

symmetric and will not lead to interfacial strain on multiferroic heterostructures. In the case of 

109° switching of ferroelectric domains, the lattice parameters are modified, and therefore a 

variation of strain takes place at the interface with the ferromagnetic material on top of it. This 

rotation is considered to be the responsible for the non-volatile strain-induced magnetoelectric 

effects that observed in PMN-PT/FM heterostructures.[30,31] 

Nowadays, several works showed that is favorable to avoid the strain-driven interfacial 

modifications because of fatigue induced by the polarization switching and consequently the 

deterioration of the ferroelectric properties. For this reason, optical-based process using 

photostriction effect have gained attention. Several studies have focused on photostrictive effects 

in different ferroelectric materials and thin films, for example Pb(1−x)Lax(ZryTi(1−y))(1−x/4)O3 

(PLZT),[32,33] BiFeO3 (BFO),[34] and BaTiO3 (BTO),[35] but the renewed attention is currently 

devoted to PbTiO3 compounds. In PMN-PT crystals, the PT concentration impacts directly the 

optical properties of PMN-PT crystals, with the refractive index and band gap energy increasing 

with the increase in PT content. Also, the electric field and temperature-controllable photovoltage 
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(exhibiting different crystalline structures) in this landmark ferroelectric crystal should be 

regarded as the key finding to understand and optimize the photoferroelectic performance.[36] 

 

1.2. Ferromagnetic materials 
 

Ferromagnetic materials are a class of compounds exhibiting an asymmetry in the spin 

population. The term "ferromagnetism" comes from observation of a net magnetic signal coming 

from magnetite (Fe3O4).[37], Ferromagnetic compounds exhibit spontaneous parallel alignment of 

permanent dipoles due to the movement of electrons around atomic orbitals except in the case of 

coupling between rare-earth and magnetic transition metal where spins are always antiparallel. 

Pierre-Ernest Weiss discovered the structural arrangement of dipoles in ferromagnets.[38] These 

arrangements generate high magnetization even in the absence of a magnetic field, but in 

microscopic spaces called domains. These domains are not aligned, so the ferromagnetic 

compounds themselves do not act as magnets. However, when exposed to an external magnetic 

field, these domains align in different directions and maintain a specific orientation, generating 

transient magnetic fields within the material. Ferromagnetic materials include alloys formed from 

transition metals Co, Ni, and Fe, rare earth materials, plus some classes of metal oxides.[39] 

 

1.2.1. Magnetic energies of a magnetic material 
 

A ferromagnet can be described at different level of complexity as a function of the scale of the 

system. Regarding a single atom, the interaction energy of the magnetic moment (μ) with a 

magnetic field strength (B) is expressed using the hamiltonian: 𝐻𝑚𝑎𝑔𝑛 = −𝜇. 𝐁, where μ contains 

the orbital and spin angular moment dependencies. For condensed matter, where individual atoms 

interact, there are some additional terms to consider. In 1935, L. Landau and E. Lifschitz 

described the total free magnetic energy as the sum of various contributions: [40] 

𝑬 = 𝑬𝒆𝒙𝒄 + 𝑬𝑫 + 𝑬𝝀 + 𝑬𝒂𝒏𝒊𝒔 + 𝑬𝒁 (9) 

where each term represents: 

❖ 𝐸𝑒𝑥𝑐 is the exchange energy coming from the short range ordered interaction, 

responsible for the parallel alignment of the spin dependent density of states. This kind 

of interaction results from the Pauli exclusion principle representing one of the bases of 
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a quantum mechanical interpretation for magnetism in solids. It can be formulated and 

explained using the Heisenberg exchange Hamiltonian: 

𝑯𝒆𝒙𝒄 = −∑𝐽𝑒𝑥𝑐𝑆𝑎. 𝑆𝑏 
(10) 

where, 𝐽𝑒𝑥𝑐 represents the exchange constant (having a positive value for ferromagnetic 

materials) and 𝑆𝑎 and 𝑆𝑏are the atomic spins. 

❖ 𝐸𝐷 corresponds the magnetostatic dipolar energy for the magnetic material associated 

to the demagnetizing field 𝐻𝑑 created intrinsically by the material upon being 

magnetized, in the opposite direction of magnetization M. This demagnetizing field is 

mainly responsible for shape anisotropy, particularly relevant in nanopatterned thin 

films. The magnetostatic energy can be written as: 

𝑬𝑫 =
𝜇0

2
∫𝑴
𝑉

. 𝐻𝐷𝑑𝑉  
(11) 

This expresses a long-range interaction and describes the influence on each spin of the 

magnetic field generated by all the other spins in the material. 

 

❖ 𝐸𝜆 represents the magnetoelastic energy and is linked to the effect of magnetostriction 

in materials. Magnetostriction is the modification in dimensions of the material induced 

upon magnetization. It can be expressed as: 

𝑬𝝀 =
3

2
𝜆𝑆𝜀 𝑐𝑜𝑠2 𝜃 

(12) 

here, ε is the stress or strain induced in the material, 𝜃 corresponds to the angle between 

magnetization and the direction of uniform stress and λS is the saturation value of 

magnetostriction constant, for instance in the case of iron the value of saturation constant 

is positive (λS = 24 × 10−6 𝐽𝑚−3) along the (100) crystallographic direction and 

negative (λS = −23 × 10−6 𝐽𝑚−3) along (111) direction. [38] 

❖ 𝐸𝑎𝑛𝑖𝑠 is the anisotropic energy originating due to the magneto-crystalline anisotropy of 

the material. For the case of material having uniaxial magnetism (exhibiting only one 

easy axis), the anisotropic energy can be formulated as: 

𝑬𝒂𝒏𝒊𝒔 = −𝐾𝑎𝑛𝑖𝑠 𝑐𝑜𝑠2 𝜃 (13) 
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where, Kanis is a positive constant that depends on the considered volume and 𝜃 is the 

angle between magnetization and crystallographic direction of the easy axis of material. 

For systems having different symmetric conditions, this expression has to be modified 

with additional terms. 

 

❖ 𝐸𝑍 is the Zeeman energy that is responsible for the alignment of the spin dependent 

population in accordance with the direction of applied magnetic field. It can be written 

as: 

𝑬𝒁 = −𝜇0 ∫𝑴
𝑉

. 𝑯𝑑𝑉 
(14) 

where, 𝜇0 is the permeability in vacuum, M is the magnetization of the material, H is the 

applied magnetic field strength and V is the considered volume.  When the magnetization 

M is parallel to the direction of applied field H, the Zeeman energy is minimized. The 

density of magnetic field determines the amount of spins orientated in that direction. 

 

For a single-domain ferromagnet, the most relevant energy terms are 𝐸𝑎𝑛𝑖𝑠 and 𝐸𝑍, as depicted 

by the Stoner-Wohlfarth model. On the other hand, for a multi-domain system, 

magnetocrystalline (𝐸𝐷) and exchange (𝐸𝑒𝑥𝑐) energies are linked to the energy minimization 

leading to the creation of magnetic domains and domain walls. 

A description of ferromagnetism in transition metals is provided by the Stoner band model (figure 

9), which identifies key features in the spin polarization of the d-bands.[41] According to this 

model, the electrons responsible for ferromagnetism are itinerant and not localized to atomic 

positions, this is attributed to the presence of repulsive interaction. Let us consider, a simple model 

with an on-site repulsion of energy cost 𝑼 in case of two electrons occupying the same quantum 

state.  Now, Pauli exclusion principle states that two or more fermions cannot occupy the same 

quantum state within a quantum system simultaneously (i.e., they need to have opposite spins). 

Thus, in case of transition metals with an incomplete 3d shell, due to exchange interactions the d-

bands separates into two, the so-called majority and minority bands with opposite spin direction 

with respect to each other (figure 9b). The bands of the transition d-metal are partially filled, 

resulting in an inter-band spin imbalance responsible for the net magnetization.  
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Figure 9: Schematic band structure for the Stoner model of ferromagnetism: (a) spin balanced 

condition of a paramagnetic material; (b) exchange interaction determining the spin-splitting of 

majority and minority sub-bands; (c) The difference in spin polarized DoS at Fermi level of 

ferromagnets. 

With this in mind, let us consider a state in which 𝜹𝒏 number of down-spins flip spontaneously. 

Then, the number of up-spins, denoted by 𝐍↑ will be N↑ = 𝑛 + 𝛿𝑛 and the number of down-spins 

is 𝐍↓ = 𝑛 − 𝛿𝑛. This restructuring of the spins leads to a modification in the energy of system. 

The potential energy of the system will be given by 𝑼𝑬 = 𝑈N↑N↓
 and the change in the energy can 

be written as, 

𝑑𝑈𝐸 = 𝑈(𝑛 + 𝛿𝑛)(𝑛 − 𝛿𝑛) − 𝑈𝑛2 = −𝑼(𝜹𝒏)𝟐 (15) 

while, the change in kinetic energy (𝑲𝑬) due to the 𝛿𝑛 spins occupying larger energy states can 

be expressed as 𝒅𝑲𝑬 = 𝛿𝑛 × 𝑑𝐸. The density of states (DoS) that can be defined as number of 

states in the energy interval [𝐸, 𝐸 + 𝑑𝐸] (i.e. the energy difference between the highest and 

lowest occupied single-particle states in a quantum system) will be, 

𝑫(𝑬) =
𝑑𝑛

𝑑𝐸
 

(16) 

Since, population modification occurs near the Fermi level, the change in number density 𝛿𝑛 and 

the change in energy 𝑑𝐸 can be related to the density of states at the Fermi level as 𝜹𝒏 = 𝑫𝑭𝒅𝑬. 

Thus, the change in kinetic energy can be written as, 

𝑑𝐾𝐸 =
1

𝐷𝐹
(𝛿𝑛)2 

(17) 

Hence, the change in total energy is the sum of modulation of kinetic and potential energies, it 

can be formulated as, 
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𝒅𝑬𝑻 = 𝑑𝐾𝐸 + 𝑑𝑈𝐸  

                                                                =
1

𝐷𝐹
(𝛿𝑛)2 + (−𝑈(𝛿𝑛)2) 

                                                                =
(𝜹𝒏)𝟐

𝑫𝑭
[𝟏 − 𝑫𝑭𝑼] 

 

 

(18) 

The above equation provides the Stoner criterion for itinerant ferromagnetism and can be 

expressed in case when 𝐷𝐹𝑈 = 1 i.e., 𝒅𝑬𝑻 = 𝟎, the system can lower its energy by creating an 

imbalance in the number of up and down spins, thereby becoming ferromagnetic. If the total 

energy is zero, the system is paramagnetic. 

Whenever ferromagnets are subjected to external magnetic field strength (H), its net 

magnetization may be modified. The relation between H and the magnetization (M) is not 

univocal and it depends on the magnetic history of the material, i.e. ferromagnetic materials break 

time-reversal symmetry. In analogy with the ferroelectric case, in figure 10 here we show the 

ferromagnetic hysteresis loop. In ferromagnets, the hysteretic phenomenon results in two effects: 

rotation of magnetization and changes in size or number of magnetic domains. The magnetization 

does not change within each domain, but through their nucleation and annihilation under magnetic 

field. Magnetic domains are separated by domain walls and the direction of magnetization rotates 

from the direction of one domain to the direction of the other domain. The shape of hysteresis 

loop strongly depends on the direction of applied magnetic field strength and magnetic anisotropy 

of material. There is an intrinsic preferential direction for domains to align within a magnetic 

material, it is called as the easy direction or axis. Therefore, if the magnetic field is applied along 

this easy axis, the area of the loop will be large and the shape will be squared, in a simplified 

single domain model (figure 10). The magnetization starts parallel to the magnetic field and 

rotates only when it becomes unstable and jumps in the opposite direction. Conversely, if the field 

is perpendicular to the easy axis, no such sharp jumps will occur. The magnetization rotates 

continuously from one direction to the other.  
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Figure 10: Two illustrative hysteresis loops for magnetic field being parallel to easy and axis 

hard axis of a ferromagnetic material. 
 

The magnetic anisotropy in a ferromagnet is the result of three main contributions: 

Magnetocrystalline, Shape and Magnetoelastic anisotropy. The magnetocrystalline anisotropy 

results from the different crystalline structure and the physical origin lies on the spin-orbit 

coupling of electrons and its quenching by the crystal lattice. The atomic structure of the crystal 

determines the preferred direction of magnetization. On the other hand, shape anisotropy is 

related to the magnetostatic interactions occurring within the material and the boundary 

conditions that limit the volume of the sample. If the particle is not perfectly spherical, the 

demagnetizing field will not be the same in all directions, creating one or more easy axes. The 

magnetoelastic anisotropy is related to the external stress or strain imparted to the material by 

some force or tension leading to alternation of magnetic behavior. Other anisotropies can also be 

induced in certain materials by appropriate treatments such as magnetic annealing, strain, and 

plastic deformation. 

 

1.2.2. Magnetostriction and magnetostrictive materials 
 

Ferromagnetic material can change properties under the state of stress/strain; it naturally deforms 

when the deformation reduces the total energy (which is equal to the sum of the magnetic and 

elastic energies). This phenomenon is known as magnetostriction,[42] and the three magnetic 

energies give rise to bulk magnetostriction, linear magnetostriction, and form effect, respectively. 

Even if the lattice deformation produced by both exchange and anisotropy energies is zero, the 

material still exhibits magnetostriction due to the fact that demagnetizing energy is dependent on 

strain, it is known as form effect.[43] Since linear magnetostriction is the simplest and most 
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commonly observed effect, most of this paragraph will be devoted to it. It has been observed that 

when a ferromagnetic material is magnetized, it exerts stress on its surroundings, and when 

released, its dimensions change. Applying Le Chatelier's principle,[44] a ferromagnet undergoing 

this effect can be expected to change its magnetization state when its dimensions are forced to 

change by an external stress. These two phenomena, the dimensional change induced by the 

change in magnetization and the change in magnetization under strain are both different aspects 

of the same thing, and understanding their fundamental properties is the basis of both theoretical 

and experimental studies. The magnetostriction curve for some common substances is shown in 

figure 11:  

 

Figure 11: Magnetostriction trends of some common substances as a function of applied 

magnetic field. [E.W. Lee, Rep. Progr. Phys., 1955, 18, p. 184][42] 
 

All magnetostrictive effects have the opposite effect. Longitudinal magnetostriction (also known 

as the Joule effect) is reversed in the Villary effect (Villary 1865),[45] a change in magnetization 

caused by an external strain. If we consider polycrystalline iron, the initial expansion occurs in 

the same field region where the domain boundary shift occurs. This expansion is followed by a 

gradual contraction at higher fields, starting at a magnetic field strength approximately equal to 

the ‘knee’ of the magnetization curve, i.e., the field strength at which the boundary shift is almost 

complete and the rotation process is just beginning. Contraction continues until rotation is 

complete and saturation magnetization and saturation magnetostriction are reached at the same 

field strength. During these processes, the volume of matter remains practically constant. At very 

high magnetic fields it expands further (in iron). This expansion is proportional to the strength of 
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the magnetic field and differs in that at low fields magnetostriction occurs without volume change, 

whereas at high fields it is predominantly a volume effect and the expansion is equal in all 

directions. It is natural to associate this bulk strain with the increase in spontaneous magnetization 

induced by the magnetic field. It should be noted that we are dealing with two completely 

different magnetization processes. The first is simply to tune the magnetization vector of the 

domain, while the second requires increasing the spontaneous magnetization of the domain itself. 

The alignment process changes the direction of the domain magnetization vectors. The crystal 

orientation does not change. Therefore, it should be possible to describe the magnetostriction 

curves by assuming that below the Curie temperature all domains are spontaneously distorted by 

the spontaneous magnetization within each domain. The simplest assumption is that the stress 

within each domain varies only with the orientation of the domain magnetization with respect to 

a single fixed axis. This is the direction of the applied magnetic field and can be assumed to match 

the direction of observation. If the angle between the magnetization of the domain and this axis 

is 𝜃, then 𝑑𝑙 𝑙⁄ = 𝑓(𝜃). The 180° change of 𝜃 should not change 𝑑𝑙 𝑙⁄ , i.e., wall motion does not 

produce any magnetostrictive change in dimensions, so the simplest form of 𝑑𝑙 𝑙⁄  is obtained by 

setting 𝑓(𝜃) = 𝐴 cos2 𝜃, where A is a constant for the material. It is common to measure 

magnetostriction from a hypothetical demagnetized state with 𝑑𝑙 𝑙⁄  arbitrarily set to zero. This 

hypothetical demagnetized state is defined as the state in which the domain magnetization vectors 

are evenly distributed in all possible directions within the sphere. The mean value of cos2 𝜃 for 

such a distribution is 1/3. Hence, 

𝑑𝑙

𝑙
= 𝐴(𝑐𝑜𝑠2 𝜃 −

1

3
) 

(19) 

The magnetostrictive saturation value is reached when 𝜃 = 0 for all domain vectors. Thus, for a 

single domain case, we can write: 

𝑑𝑙

𝑙
=

3

3
𝜆𝑆(𝑐𝑜𝑠

2 𝜃 −
1

3
) 

(20) 

where, 𝜆𝑆 is a constant representing the total strain when the material is initially magnetized to 

saturation in a hypothetical demagnetized state. This means that magnetostriction can be 

described by a single constant. In particular, if the measurement direction is fixed and the material 

is saturated in each direction by applying a large magnetic field, the change in magnetostriction 
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with the direction of saturation magnetization should be expressed by a simple cos2 𝜃 curve. This 

holds fairly well for polycrystalline samples that do not exhibit preferred orientations of 

crystallographic axes. 

According to Becker's calculations,[46] the magnetostriction constants for a body-centered lattice 

can be written as: 

𝜆100 =
2𝑆𝐼𝑠

2

𝑐11 − 𝑐12
, 𝜆111 =

4

3

𝑆𝐼𝑠
2

𝑐44
 

(21) 

where, 𝜆 is the magnetically induced strain along respective crystallographic direction, IS is the 

spontaneous magnetization equal to 𝑁. 𝜇, where N is the number of interacting dipoles per unit 

volume with moment μ, S is a constant dependent on the geometry of the crystal lattice, which is 

0.4 for the body-centered and 0.6 for face-centered cubes and c11, c12, and c44 are representative 

elastic constants. While, for a face-centered cubic the constants are simply half of these. 

 

Material c11 c12 c44 λ100 λ111 K1 K0 ΔK 

𝑑𝑦𝑛 𝑐𝑚−2 × 1012 × 106 𝑒𝑟𝑔𝑠 𝑐𝑚−3 × 104 

Fe 2.41 1.46 1.12 20.7 -21.2 +47 47.14 -0.14 

Ni 2.50 1.60 1.185 -45.9 -24.3 5.9 -6.01 +0.11 

 

Table 1: Values of magnetostriction constants for Iron and Nickel. Here, K0 represents the 

unstrained crystal while ΔK refers to the anisotropy caused by magnetostriction and K1 is the 

measured anisotropy (K0+ ΔK).[42] 

 

There are several factors affecting the magnetostriction constants including temperature, 

composition of alloys and crystallographic order in alloys, due to chapter length limits they are 

not explained here but can play a crucial role in modifying the magnetostrictive response of a 

material. 

 

1.3. Multiferroic/Magnetoelectric materials 
 

Long-range order in condensed matter is the origin of many functional properties of materials that 

fascinates researchers and have technological applications. Not surprisingly, much of the research 

effort to date has been devoted to discovering new states of matter and improving the properties 
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of ordered matter.[47] One example is the emerging interest in a special class of material systems 

characterized by the simultaneous presence of magnetic and ferroelectric orderings, called 

magnetoelectric multiferroics.[48–50] By definition, a multiferroic material has coexistence of two 

or more primary ferroic order parameters in the same phase. They represent a much smaller subset 

of magnetic and ferroelectric systems, as they are systems that satisfy the requirements of both 

the presence of magnetism (time-reversal symmetry breaking) and ferroelectricity (space-reversal 

symmetry breaking) at the same time via magnetoelectric coupling.[51,52] Magnetoelectric effects 

have been extensively explored in some single-phase natural materials, in which ferromagnetism 

and ferroelectricity occur independently, but they are rare.[53] A well-known example of single-

phase multiferroic is BiFeO3, which is a ferroelectric-antiferromagnet at room temperature.[54–

57] The canting of antiferromagnetically aligned spins via Dzaloshinski-Moriya (DM) interaction 

results in a weak ferromagnetism in BFO, [58–60] whereas in bulk crystals these canted magnetic 

moments are arranged in a cycloidal arrangement with a period of ~62 nm, leading to macroscopic 

magnetization cancellation.[61] Although, despite many years of intensive efforts on single-phase 

multiferroic materials, achieving controllable switching/modulation of substantial net 

polarization (magnetization) by magnetic (electric) fields remains a challenge, especially at room 

temperature. Therefore, applications of single-phase multiferroics in magnetoelectric devices 

remain a long-term goal. 

On the other hand, compared with single-phase multiferroics, artificial multiferroic 

heterostructures integrating separately the magnetic and ferroelectric materials (or composite 

multiferroics) exhibit strong magnetoelectric effects at room temperature and flexibility in 

material selection. Their properties make them likely to be used in magnetoelectric devices in the 

near future. In multiferroic heterostructures, the magnetoelectric effect also depends on the 

coupling between the four fundamental degrees of freedom (spin, orbit, charge and lattice), but 

across the interface of the constituent magnetic and ferroelectric phases. The coexistence of 

spontaneous polarization (ferroelectricity) and spontaneous magnetization (ferromagnetism) 

enables the coupling between polarization (P) and magnetic field (H), known as direct 

magnetoelectric effect (𝛥𝑃 = 𝛼𝐻𝛥𝐻), where 𝛼𝐻 is an effective coupling coefficient. 

Conversely, the coupling between magnetization (M) and electric field strength (E) is known as 

converse magnetoelectric effect (𝜇0𝛥𝑀 = 𝛼𝐸𝛥𝐸), where 𝛼𝐸 is an effective coupling coefficient 

and 𝜇0 denotes the vacuum permeability, the coupling mechanisms be seen in figure 12.  
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Figure 12: Schematics of coupling between elastic, magnetic and electric properties in 

multiferroic heterostructures, showing order parameters in outer-triangle and conjugate fields in 

in the inner-one. [J. P. Velev et. al., Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2011, 369, 

3069][62] 

 

1.3.1. Magnetoelectric coupling effects 
 

It is important to understand the coupling mechanism between magnetism and ferroelectricity at 

the interface of a multiferroic heterostructures.  Besides, interesting physical phenomena arising 

from the interfacial coupling between electric polarization and magnetization can lead to new 

functionalities at interfaces, it is reported that the magnetoelectric coupling in composite 

structures depends on interactions of charge, spin, lattice, and orbital degrees of freedom at the 

phase interfaces:[63] charge mediated effects (arising from electrostatic interactions), strain-

mediated effects (this includes the transmission of stress across the interface), exchange-bias 

mediated effects (with changes in exchange interaction), and chemistry-mediated effects 

(movement of ions across the interface), as depicted in figure 13.  
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Figure 13: Typical length scales of various coupling mechanisms at interfaces between 

multiferroic heterostructures. 
 

These phenomena have different characteristic length scales, but can often occur simultaneously. 

An important challenge is therefore to elucidate the different origins of the magnetoelectric 

coupling observed within the system. The mechanisms are explained below in brief:  

• Charge-mediated effects: Whenever an electric field is applied, the electrons in the 

material experiences a force that changes the density in order to shield the external 

field. This re-arrangement results in the accumulation or depletion of electrons at the 

interface, and since charge carriers are also responsible for the magnetic properties of 

materials, field effects can in principle be used to manipulate magnetism. Since the 

electrons are spin-polarized, local changes in electron density at the Fermi level alter the 

magnetic properties at the interface. In metals, the free electron density is about 1022 cm-

3 and the characteristic shield length is of the order of a single unit cell (about 3 Å for 

iron).[64] Therefore, significant magnetoelectric coupling can only be achieved on length 

scales below 1 nanometer,[63] confining it to the first atomic layer of the interface. 

 

• Chemistry-mediated effects: These effect results through the movement of ions across 

the interface (electromechanics). This effect can occur at the oxide/ferromagnetic 

interface and is caused by chemical reaction between the metal and oxygen under the 

application of an electric field. This causes a reversible change in the chemical 

composition of the ferromagnetic material and hence, ion migration extends far beyond 

the interface and can affect the magnetic layer on the order of tens of nanometers.[63] As 

it has been reported that electric fields in systems such as Co/Gd2O3
[65] and NiCo/HfO2

[66] 
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have induced reversible oxygen ion migration across the interface and also change 

magnetic properties such as saturation magnetization and magnetic anisotropy. A similar 

thing can happen in ferromagnetic oxides, whose properties can be strongly influenced 

by the presence of oxygen vacancies. 

 

• Exchange bias-mediated effects: Exchange bias can occur in magnetic heterostructures 

composed of a multiferroic (ferroelectric and antiferromagnetic) part coupled with a 

ferromagnetic one. Exchange bias is a uniaxial coupling between ferromagnetic and 

antiferromagnetic layers, usually obtained after a magnetic field cooling procedure. In 

case of multiferroic/ferromagnetic heterostructures, the antiferromagnetic properties can 

be modified via electric field, thus changing the interfacial exchange bias. 

 

• Strain-mediated effects: Among other coupling mechanisms, strain/stress transfer is 

the most efficient way to achieve magnetoelectric coupling. This is the only effect 

conditioning in macroscopic length scales, resulting in pronounced modulation of 

magnetic properties with external stimuli like visible light illumination and electric 

fields. It consists in using the piezoelectric properties of substrate to change the 

magnetization of metal film through inverse magnetostriction effect. The strain induced 

in ferroelectric substrate either by visible light illumination (photostriction) or under the 

application of an electric field propagates across the interface into the magnetic film, 

affecting the magnetic properties. The mechanism of photostriction and magnetostriction 

has been already discussed in section 1.1.1 and 1.2.2, respectively. The ferroelectric 

domain structure of substrate also plays an important role in strain-mediated effects. [67] 

The shape of the ferroelectric domains can be imprinted on the ferromagnetic domains, 

and the behavior under applied electric field (such as residual and transient effects) can 

strongly depend on the switching process of the ferroelectric domains. 

 

• Morphology-mediated effects: Apart from these mechanisms, our group showed a 

novel study reporting on the effects of morphological modifications on ferromagnetic 

response of a multiferroic heterostructure.[29,68] They reported corrugated morphology 

behavior (appearing of several cracks in a disordered patterns) upon electrical biasing of 

the sample, which vanishes after polarizing the sample in other direction. These surface 

cracks are reversible and reproducible, after sweeping the voltage several times, the 
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cracks opened deterministically always in the same place and closes without any sign of 

fatigue by smoothening the surface. The cracks affected the anisotropy of the 

ferromagnetic layer deposited on top by changing the remanent magnetization and non-

volatile rotation of magnetic domains. Despite a huge amount of work already devoted 

to other magnetoelectric mechanisms in multiferroics, the effect of morphology has 

never been considered in details. Therefore, in upcoming years these electrically-induced 

morphology-mediated effects could be an excellent tool to tune the magnetoelectric 

coupling in multiferroics. 

 

In case of PMN-PT/Ni and PMN-PT/Fe samples that we have used in this thesis, the mechanism 

that could explain the observed magnetoelectric coupling is related to strain-mediated and 

electromechanical effects. In fact, the thickness of the iron and nickel layers greatly exceeds the 

length of the charge shielding length, so the charge-mediated coupling is not responsible for the 

giant magnetic changes that we have observed. On the other hand, pure iron and nickel are not 

antiferromagnetic, so exchange bias should be ruled out. However, the modifications of X-ray 

absorption (XAS) spectra in some specific case of PMN-PT/Fe samples have shown chemical 

modifications of iron under illumination of a visible light pointing towards the chemistry-

mediated ion-migration effects across the interface. All this will be discussed in the following 

chapters. 
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Chapter 2 

 

Experimental Station and Techniques  

 

2.1. NFFA-Trieste facility and APE-HE Beamline 
 

Nanoscience Foundries & Fine Analysis (NFFA)-Trieste[1] is a project of the MIUR (Italian 

ministry of University and Research)  which is intended to create a demonstrator for a larger 

project NFFA-EU which is a Horizon 2020 integration project coordinated by CNR-IOM 

providing transnational open access to a distributed nanoscience infrastructure (more than 20 

partners all over Europe), where many nano-foundries are co-located with Analytical Large-Scale 

facilities. NFFA-Trieste is an open access infrastructure for conducting nanoscience experiments 

including growth of samples, characterization and advanced spectroscopy using synchrotron 

radiation and pulsed laser sources with a single-entry point (www.trieste.nffa.it). Most of the 

experiments described in this study were performed in the framework of NFFA-Trieste project. 

The Advanced Photoelectric Effect (APE) beamline located at the Elettra synchrotron Trieste 

uses photons emitted  by two  insertion devices located in section number 9 of the storage ring 

that are arranged in a zig-zag configuration, resulting in two slightly diverging beams (with a 

small angle of 2 milliradian in the horizontal plane) ending up in two different branches, that can 

operate independently.[2] One is named ‘‘Low-energy’’ (LE, operating at photon energies 

between 10 and 100 eV) and is specialized for spin and angle-resolved photoemission 

spectroscopy. The second one is called as "High energy" (HE, working in the photon energy range 

of 150 to 1200 eV) and is specialized for performing soft x-rays spectroscopic measurements, 

including X-ray Photoelectron spectroscopy (XPS), X-ray Absorption spectroscopy (XAS) and 

X-ray Magnetic Circular Dichroism (XMCD). Most of the measurements discussed in this thesis 

were performed at the HE branch of the APE beamline. The graphical representation of the two 
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branches of APE beamline and nearby experimental stations that have been used in this project 

work are shown in the figure 14. 

 

Figure 14: A sketch of the instrumentation available within NFFA-Trieste. The two 

independently working beamlines (APE-HE and APE-LE) are shown, along with the UHV 

endstation (XPS, XAS/XMCD) of APE-HE. Sidewise, the Masked deposition chamber and 

table-top MOKE facility are also shown. The setups described in the text and used for 

measurements in this thesis project are highlighted in red color. 

 

The undulator connected to the APE-HE branch is an APPLE-II with 36 periods of 2.16 cm each, 

able to polarize the photon flux in horizontal, vertical or circular polarization by changing the 

vertical gap and the longitudinal phase between the magnetic arrays (see figure 15). The undulator 

beam is horizontally deflected onto a planar grating monochromator by a spherical mirror, 

covering an energy range of 140-1500 eV. The monochromators for both APE-HE and APE-LE 

are Plane Grating Monochromators (PGM) consisting in two chambers, one for gratings and one 

for spherical refocusing mirrors. The monochromator spherical mirror focuses the light onto the 

exit slit in the vertical plane. The horizontal and vertical size of the beam on the sample can be 

adjusted up to 100 µm using two sets of independently movable slits for horizontal and vertical 

cutting of the beams, respectively. The resolving power at APE-HE beamline that can be achieved 

is close to E/ΔE > 8000 at 400 eV, E/ΔE > 3000 above 900 eV, with the photon flux exceeding 

5 × 1010 photons/sec at the best resolution in the range of 200–450 eV, that decreases down to 

1010 photons/sec at 1200 eV. 
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Figure 15: A schematic presentation of APPLE-II undulator of APE-HE beamline. By 

adjusting the parameters (horizontal and vertical distances i.e., gap and phase, respectively), we 

can tune the photon energy range of the harmonics and the beam polarization. The small black 

arrows indicate the direction of the magnetic dipole, while red lines indicate the electron 

trajectories: (a) for horizontal polarization and (b) circular polarization. 

 

The APE-HE endstation consists of an Ultra-High Vacuum (UHV) chamber and a second 

chamber for intermediate vacuum dedicated to host reaction cell for spectroscopic measurements 

in ambient pressure conditions. The measurements that will be discussed in this thesis were all 

taken in the UHV chamber, where the sample is placed on a manipulator with four degrees of 

freedom (x, y, z translations and rotation around a vertical axis), shown in figure 16a. The 

manipulator is equipped with 3 stages: the cryogenic low-temperature stage (LT), which can be 

cooled down to 50 K during the measurements, the rotating one (RT), which can rotate the sample 

surface around an axis parallel to the photon beam, and the high temperature stage (HT), which 

can be heated up to 500 K during the measurement. 
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Figure 16: (a) Photograph of the manipulator of APE-HE endstation with various components 

and stages for placing and characterizing the sample; (b) inside view of the UHV chamber, the 

x-ray beam enters in the chamber from a flange opposite to the view-port from which the photo 

was taken along with the analyzer for XPS measurements; (c) schematic of the specifically 

designed sample holder for in-situ electrical poling, used for out-of-plane polarization of 

ferroelectric substrates. The top and bottom electrical contacts are usually made with a small 

drop of silver paint to stick gold wires (shown in orange). 

 

All absorption measurements shown in this study were made in total electron yield (TEY) mode, 

using a Keithley 6514 picoammeter to measure the drain current from the sample going through 

ground, although measurements in total fluorescent yield (TFY) can also be made using a photon 

detector. The same TEY measures are taken simultaneously from a fine gold-plated grid (mesh) 

placed in front of the endstation to normalize the photon flux during the absorption spectra. A 

small electromagnet mounted on the manipulator is used to apply in-plane magnetic field pulses 

parallel to the sample surface in the LT and RT stages, generating magnetic fields up to 800 Oe. 

This is used to perform x-ray magnetic circular dichroism (XMCD) measurements: the spectra 

are recorded at remanence after applying alternating field pulses (positive and negative) at each 

energy point of the measured spectrum to switch the magnetization of the sample at each photon 

energy value.  
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Concerning the in situ electrical poling (figure 16c), each manipulator stage has two electrically 

independent pins used for TEY measurements. The specific sample holder maintains the two 

contacts insulated with the sample in measurement position thanks to the dielectric ceramic, 

allowing the application of voltage through the sample. Voltage and current sweeping-cycles are 

performed and simultaneously recorded using a Keithley 6487 picoammeter/voltage source. The 

UHV chamber at the end station is therefore fully equipped for in-operando characterization, 

where spectroscopic measurements are performed with a combination of applied electric and 

magnetic fields. For the experiments described in the following chapters, we attached the bottom 

unpolished side of the ferroelectric substrate to the sample holder with silver paint, working as an 

electrical connection with the first lead of the sample holder. For some specific samples, we have 

prepared a back electrode of Au deposited using magnetron sputtering and then we stick it with 

silver paint on the sample holder. On the other side, the top surface of all the samples was 

connected with a gold wire to the second part of the sample holder, attached with a small drop of 

silver paint. The top magnetic film (metallic) is acting as top electrode while the ferroelectric 

crystal acts as the insulator between the top and bottom contacts, in this way is possible to apply 

a voltage across the thickness of the sample. Current v/s Voltage/Electric field characteristics of 

the sample have been measured directly before and after spectroscopic measurements in-situ. For 

the spectroscopic measurements using TEY detection, we disconnect the voltage source and 

measure the drain current through the pin connected to the surface of the sample. For carrying out 

the XPS measurements, we used a Scienta Omicron R3000 electron analyzer which is mounted 

in the UHV chamber (see figure 16b). The samples have been measured in the normal emission 

configuration. The XPS detector consists of a 2D delay line with a spatial resolution of 30 x 30 

µm2. The achievable energy resolution at a throughput energy of 50 eV is 50 meV. 
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2.2. Molecular Beam Epitaxy (MBE) Cluster 
 

 

Figure 17: Top view representation of the MBE-Cluster: Oxide MBE chamber (highlighted in 

red), MASK chamber (green), XPS spectrometer chamber (blue), and the two home-built 

interconnection chambers (orange). 

 

Most of the samples that will be discussed in this thesis were grown in a deposition chamber that 

belongs to a cluster of UHV chambers (base pressure of ∼ 10−10 mbar), where samples can be 

exchanged for growth and analysis. It is also located in the Elettra Experimental Hall near the 

APE beamlines, but not directly connected to them.[3]  The cluster consists of three different 

chambers: one MBE chamber for growth of oxides (Ox-MBE), the second one is a deposition 

chamber used for metals, designed with the possibility of doing MOKE characterization in UHV 

conditions, and finally the third chamber for performing XPS analysis, see figure 17. Samples can 

be transferred between the three chambers maintaining the UHV conditions through compact 

transfer chambers. This allows for step by step sample characterizations of clean surfaces.  

In the MASK deposition chamber, the manipulator hosts three stages: in the first one the sample 

can be heated up to 900 K by electron bombardment and used for high temperature annealing and 

MBE deposition. Stable rates of sublimation or evaporation can be obtained and the molecular 

flux can be controlled by physical shutters on the way to the sample substrate. The suitable rate 

of evaporation, and hence deposition, is typically of the order of few Å/min. This allows a layer 

by layer growth of the thin film with a fine control of the thickness of the film. A retractable 
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Quartz Crystal Microbalance (QCM) is used to calibrate the evaporation rate before and after 

each deposition, in order to evaluate the thickness of the deposited film. The second stage is 

equipped with a shadow mask system that enables direct deposition of micrometer-sized patterned 

films. It can be used to attach electrodes or markers in-situ to the surface of grown samples. The 

chamber is also equipped with a sputtering system for surface cleaning and a Low Energy 

Electron Diffraction (LEED) - Auger apparatus that allows for surface electronic characterization. 

Finally, a third stage for performing longitudinal MOKE characterization is present in the 

chamber. The sample can be moved within a narrow section (glass nozzle) of the vacuum chamber 

that fits in the gap of an electromagnet capable of generating a magnetic field up to 8 kOe parallel 

to the sample surface. A cooling transfer line mounted to the manipulator can cool the samples 

down to 5 K in case of liquid He cooling, Samples can be rotated by 360° in azimuth, allowing 

full in-plane anisotropy characterization.  

The theory and experimental setup of MOKE technique is discussed in the next section. 

 

2.3. Experimental Techniques 

 

2.3.1. Magneto-Optical Kerr Effect (MOKE) 
 

The Magneto-Optical Kerr Effect exploits the changes in polarization of an incident light as it is 

reflected by a magnetic material. If the incident light is linearly polarized, the reflected light will 

be elliptically polarized, with the long axis rotated from the incident polarization (see figure 18). 

This effect is equivalent to the Faraday effect, with the latter case measured in transmission rather 

than reflection.  

The Kerr effect can be quantified by two parameters: Kerr rotation (the alteration of the direction 

of polarization of linearly polarized light) and Ellipticity (a measure of the extent to which 

circularly polarized light becomes elliptical); generally, having very small values (less than 1°). 
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Figure 18: A schematic representation of MOKE; a linearly polarized light impinges a 

magnetized sample and is reflected back, rotating the principal axis of 𝜃𝐾 and becoming 

elliptical polarized, with ellipticity 𝜀𝐾 = 𝑎𝑟𝑐𝑡𝑔
𝑎

𝑏
. 

The magneto-optical Kerr effect is attributed to the inter-band transitions excited by visible light; 

when a macroscopic magnetic order is present (that is, when the system has a net magnetization, 

which can be reversed in presence of an applied magnetic field), the magnetic material reflects 

the joint density of states (JDOS). When an electromagnetic wave interacts with matter, the 

electric field of light causes the movement of electrons within the matter. A linearly polarized 

radiation can be described as the superposition of two circularly polarized beams of opposite 

helicity (left-handed and right-handed). Therefore, the oscillation of a bound electron that has 

absorbed a photon can be described in terms of its polarization. For a non-magnetic material, in 

the absence of an external magnetic field, the radii of both trajectories of an excited electron 

moving in a left or right circular motion are equal. On the other hand, when a magnetic field is 

applied along the direction of wave propagation, an additional Lorentz force acts differently on 

electrons with either left or right circular motion, resulting in a difference in the radii of the two 

trajectories. This implies a difference in permittivity and refractive index probed by the two 

opposite polarizations, which leads to a difference in propagation velocities. In addition to this, 

magnetic materials give an auxiliary signal much more intense than this, and hence can be 

detected by MOKE. As a result, the outgoing (reflected) radiation has a new polarization state 

that changes due to its interaction with the material, and one can measure the ellipticity (𝜀𝐾) and 

rotation of the principal axis are measured by a small angle called the Kerr angle (𝜃𝐾). The Kerr 
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ellipticity is caused by the difference in absorption rates of the medium for the two circularly 

polarized modes. Formally, these effects are represented by the off-diagonal elements of the 

dielectric tensor and are roughly proportional to the magnetization. After determining the 

experimental geometry and scattering plane, the polarization can be either parallel (p-

polarization) or perpendicular (s-polarization) to its propagation and by measuring the changes in 

these components between incident and reflected light, we can obtain information about the Kerr 

parameters and even about the magnetization of the sample. 

 

Figure 19: Three possible MOKE geometric configurations with different orientation between 

the sample magnetization M with respect to the incident light. 

 

Three possible geometrical configurations of MOKE can be distinguished (see figure 19), 

depending on the relative direction between the direction of the applied magnetic field with 

respect to the sample surface and the incident light: Longitudinal (field parallel to the sample 

surface and to the incidence plane), Transverse (field parallel to the surface but perpendicular to 

the incidence plane) and Polar (field perpendicular to the surface of the sample). Each of them 

responds to different components of the magnetization vector and hence give information about 

in-plane or out-of-plane magnetization. 
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Figure 20: Longitudinal table-top MOKE setup. The red (658 nm) laser beam, passing through 

a polarizer maximizing the linear component, impinges on the sample surface. The reflected 

beam passes through a PEM and a second polarizer (analyzer), reaching the photo-diode 

detector. The reference frequency signal of the PEM and the output signal of the detector are 

sent to a lock-in amplifier, where the output signal is recorded via software.    

 

The setup used during this thesis is based on longitudinal MOKE configuration, allowing in-plane 

hysteresis loops to be recorded for different rotations of the sample within the surface plane (see 

figure 20). A red laser (with wavelength of 658 nm) is used as the light source, becoming s-

polarized after passing through a Glan-Thompson crystal acting as polarizer. The light beam 

impinges the sample with a plane of incidence normal to the sample surface and is reflected along 

the symmetrical direction. The sample is placed between the poles of an electromagnet with coils 

capable of generating a variable magnetic field of up to 8 kOe parallel to the plane of incidence. 

The sample can be rotated about the surface normal (azimuthal angle), allowing the measurement 

of the in-plane magnetic anisotropy. Before reaching the analyzer, the light beam passes through 

a photo-elastic modulator (PEM) that oscillates at a precisely tuned frequency (50 kHz) and uses 

a lock-in amplifier to modulate the phase of the beam. PEMs are being used only in few labs as 

it is expensive but has wide applications in high-sensitivity optical sensing and ellipsometry 

techniques,[4,5] thanks to their advantages including wide acceptance angle, low power 

consumption, and high measurement speed.[6,7] The analyzer is the a second Glan-Thompson 

crystal oriented close to the p-direction, in order to have only the signal close to the extinction 

measured on the detector. The light intensity is finally converted into an electrical signal by a 

photodiode. A lock-in amplifier takes the PEM frequency as an input signal, collects only the 

signal at that frequency from the detector and rejects noise at all other frequencies. The Kerr 
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ellipticity signal is recorded as a function of the applied magnetic field and processed by a specific 

software to record the hysteresis loops. 

 

2.3.2. X-ray Absorption Spectroscopy (XAS) 
 

XAS is measured using Total Electron Yield (TEY) detection method, that counts the all the 

emitted electrons, by measuring the drain current that compensates this flow of charge. This is a 

very practical technique because requires only a picoammeter connected to the surface of the 

sample (shown in figure 21a). When a photon is impinged to the sample, it transfers its energy 

and momentum to one electron of the sample and promotes it to a higher energy empty state and 

creates a hole in the initial ground state (figure 21b-1). This core hole is spontaneously filled by 

the process of fluorescence decay of an electron from the higher state, resulting in auger decay of 

the core hole and excitation of Auger electron absorbing the photon released while auger decay 

process (see figure 21b-2). 

 

Figure 21: (a) A basic schematic scheme of total electron yield (TEY) method. The primary 

Auger electrons cause a low energy cascade through inelastic scattering processes on the way to 

the surface. (b-1) A photon is absorbed by the photo-electron and promoted to the higher 

valence state creating a core-hole, (b-2) filled by the process of fluorescence decay of an 

electron from the higher state, resulting in auger decay of the core hole and excitation of Auger 

electron. 

 

XAS measures the absorption coefficient (μ) of a sample as a function of incident radiant energy 

(Io). It obeys the Beer-Lambert equation for homogeneous isotropic materials, as follows; 

𝑰 = 𝑰𝒐𝑒
−𝜇𝐷 (22) 
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where, D is the thickness of the sample and I is the transmitted beam intensity. The coefficient 

(µ) for crystalline solids are obtained from the sum of the absorption cross-sections (𝜎𝑖) 

associated with n different chemical elements in the unit cell, 

𝜇 =
1

𝑉
∑𝜎𝑖

𝑛

𝑖=1

 
(23) 

where, V is the volume of the unit cell. Experimentally, µ can be determined as the ratio of the 

beam intensities with and without the sample. In the non-resonant regime, the absorption 

coefficient decreases with increasing photon energy. However, when the excitation energy is 

comparable to the binding energy of the core electrons, there is a net increase in absorption, giving 

rise to an absorption edge. Depending on the energy range, the XAS spectrum is split into two 

regions: Near-Edge X-ray Absorption Fine Structure (NEXAFS or XANES), which covers the 

energetic range starting from few eV before the absorption edge to around 50 eV above it, and 

the Extended X-Ray Absorption Fine Structure (EXAFS), whose upper limit goes from the 

NEXAFS region to a few hundred eV above the absorption edge. The NEXAFS region is further 

divided into pre-edge, main-edge, and post-edge regions from which various information about 

the electronic structure of the sample can be obtained. During the whole thesis, the absorption 

techniques used has been NEXAFS; in the following, it will be shortened to XAS. 

 

2.3.2.1. Theoretical description of XAS spectroscopy 
 

XAS spectrum of a 3d transition metal atom can be described using a so-called construction 

picture. Figure 22 shows resonant X-ray absorption processes at the L2 and L3 edges. In the initial 

ground state, the 2p orbitals are fully occupied and no spin-orbit interaction effects are observed. 

In the excited final state, a 2p core hole is formed, producing a configuration with an orbital 

angular momentum L = 1, and spin S = 1/2. The spin-orbit coupling between them creates two 

different levels, J = 3/2 and J = 1/2 (as J is defined as J = |L – S|). The resulting electronic 

transitions corresponding to the 2p3/2 (L3) and 2p1/2 (L2) states are observed as two peaks in the 

XAS spectrum and their intensities depend on the transition probabilities. 
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Figure 22: (a) Resonant x-ray absorption process at the L-edge in the electron configuration 

picture. Initially, 2p orbital are fully occupied and no spin-orbit effect occurs; in case of 

excitation of an electron, a core-hole is formed and 2p states are spin-orbit split. (b) Example of 

a XAS line shape with two main peaks at the L-edge. The dashed line corresponds to the 

contribution of the photoelectron excitations into continuum states. 

 

In quantum mechanics, the probability of transition (𝑊𝑖→𝑓) between an initial state |𝑖⟩ and a final 

one |𝑓⟩ by means of a perturbation is given by the well-known Fermi golden rule:[8] 

𝑊𝑖→𝑓 =
2𝜋

ħ
|⟨𝜓𝑓|𝐻|𝜓𝑖⟩|

2𝜌(𝐸𝑓)𝛿(𝐸𝑓 − 𝐸𝑖 − ħ𝜔) 
(24) 

where, Ei and Ef are the energies corresponding to |𝜓𝑖⟩ and |𝜓𝑓⟩, 𝜌(𝐸𝑓) is the final-state energy 

density, the Dirac delta function represents energy conservation, and H is the perturbed 

Hamiltonian describing electromagnetic radiation. H can be written in the dipole approximation 

as 𝐻 = 𝑒𝑞 . 𝒓, where 𝑒𝑞 is the photon polarization vector and 𝒓 is the electron position vector. The 

photon transfers an angular momentum 𝑞ħ to the electron: 𝑞 = 0 refers to the linear polarization 

of the light, while 𝑞 = +1 and 𝑞 = −1 refer to the right and left circular polarization, 

respectively. Therefore, the transition probability is related to the propagation direction of the 

incoming light, with respect to the sample coordinate system, as well as its electric polarization. 

The initial and final states |𝜓𝑖⟩ and |𝜓𝑓⟩ are identified by the quantum numbers n, s, ms, l, ml of 

the core state and valence state considered. Transitions from |𝜓𝑖⟩ to |𝜓𝑓⟩ are allowed for those 

matrix elements in Eq. (3) that are different from zero, identified by specific dipole selection 

rules. An interesting information about the absorption process is that, the spectral line shape is 

contained in the matrix elements. As a powerful consequence of group theory, the Wigner-Eckart 

theorem[9] states that a matrix element like this can be computed as the product of two elements: 
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the "radial" part, which determines the line strength, and the "angular" part, which takes into 

account the symmetry of the two states and is responsible for the selection rules. 

Having decided to use the dipole approximation, the main question is how to describe the initial 

and final state wave-functions. A first intuitive interpretation can be made using independent 

particle model. The absorption process vacates electrons from the core level (usually where the 

spin-orbit interaction splits into two lines) and promotes it into an empty higher valence state. 

Since, we consider the particles independently, we assume that the presence of core holes does 

not change the empty energy levels, nor the extra electrons in the valence band. The absorption 

spectrum is simply obtained from the (mathematical) convolution of the core level lines (in 

principle infinitely narrow) with the empty density of states (DOS), extended by instrumental 

resolution and core-hole lifetime. More specifically, in practice, we inspect only the empty states 

with symmetries allowed by the selection rules, which can differ in the two components of the 

doublet. The independent particle picture provide insight into the physical meaning of XAS 

spectra, but not much more. In fact, the core hole wavefunction strongly overlaps with the valence 

states, not only does it perturb them (i.e. the additional potential generated by the holes must be 

used to calculate DOS), but the actual final state is the typical effect by the combination of the 

core-hole and valence state wavefunctions, a typical effect of electronic correlations. This is 

particularly true for the L edges of transition metals, like those presented in this thesis. The 

electronic interactions are described by the Slater-Condon parameters,[10] which are basically 

direct and exchange integrals between single-particle atomic orbitals, and the energy levels of the 

system are given by combinations of these parameters. The idea of understanding the absorption 

spectrum is to calculate the energies of the possible initial and final configuration terms and then 

of the allowed transitions between the initial ground state and the final state. Regarding the final 

state, it is important to note that not only the spin-orbit coupling of core holes but also the 

electrostatic interactions between core holes and valence electrons should be considered. The 

latter is generally not just a small perturbation and should be treated on the same basis as other 

perturbations (in a so-called intermediate coupling scheme), so that the eigenstates of the final 

state are not just the term 2S+1LJ.  

The model presented so far consider individual atoms with defined energy levels. For solids, the 

situation is complicated by neighboring atoms that change their energy state. For example, in 3D 

transition metals, the d levels form a set of states described by the valence band and thus cannot 
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be labeled with the same quantum number. The strength of the interaction between the neighbors 

is described by the crystal field parameters,[11] the number of which increases for lower symmetry. 

In determining the electronic structure, their relative strength compared to the Slater-Condon 

parameters is crucial. In the atomistic limit, the effect of crystal consists only of small atomic-

level splitting, whereas in the opposite case of strong crystal fields, the eigenstates are 

characterized by irreducible representations of symmetry groups and arise from the mixing of 

different atomic terms. This behavior is summarized in the well-known Tanabe-Sugano 

diagram.[12] The presence of ligands around the absorbing atom has another consequence: charge 

transfer effects.[13] Charge transfer effects are important for reproducing the correct line-shape, 

especially peak broadening, and can cause the presence of faint satellite peaks in XAS. Besides 

being an element-specific technique, XAS is also a very useful tool to study the magnetic 

properties of the transition metals, exploiting the circular polarization of light as well as the 

definite spin-symmetry of the valence states, which characterizes the ferromagnets. 

 

2.3.3. X-ray Magnetic Circular Dichroism (XMCD) 
 

X-ray magnetic circular dichroism (XMCD) is the difference between two XAS spectra taken 

with opposite circularly polarized light (with q = +1 and q = −1). The result is a non-zero curve 

if the beam impinges on a magnetic material with its macroscopic magnetization axis oriented 

along the photon beam propagation.  In the case of the 2p − 3d transition (L2,3 edges of the 

transition metals) the 2p levels are split in two by the spin-orbit interaction (2p3/2 and 2p1/2). X-

rays with q = ±1 will promote transitions in which ∆ml = ±1. On the other hand, the spin moment 

will be preserved, ∆ms = 0. Dichroism originates from the fact that the 3d electrons in the 

magnetic material have a well-defined ms value (i.e. the valence band is spin-polarized) and the 

2p electrons do not (they have a defined value of mj instead). In a simplified 100% spin 

polarization case, in which only spin-up d electrons are considered, it results as: 

𝑊2𝑝,𝑗→3𝑑,↑
𝑞

∝ ∑ |⟨2𝑝, 𝑗,𝑚𝑗|𝑒𝑞⃗⃗⃗⃗ . 𝑟 |3𝑑,𝑚𝑙 , ↑⟩|
2

𝑚𝑗𝑚𝑙

 (25) 

For the fixed q and spin ↑ of the 3d states, the transition probabilities are different for two different 

j values (corresponding to L2 and L3 edges). Switching the value of q (which experimentally 

means changing the circularity of the x-ray beam) increases the intensity of one edge and 
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decreases the intensity of other, so the difference produces a XMCD spectral shape with one 

positive and one negative peak (see figure 23) in correspondence to the two edges. It can be 

proved that a photon with positive helicity (q = +1) excites preferentially spin-up electrons (∼ 

62.5% in percentage) at the L3 edge, whereas the same photon excites only ∼ 25% spin-up at the 

L2 edge. On the contrary a photon with negative helicity (q = −1) excites preferentially spin-up 

electrons at the L2 edge (∼ 75%), and only ∼ 37.5% spin-up at the L3 edge.[14] 

 

Figure 23: The schematic presentation of XMCD phenomenon in the independent-particle 

picture (above) and corresponding examples of XMCD spectra (below). The width of the 

arrows corresponds to the intensity of the transitions. Orange and blue colors correspond to 

opposite helicity of the photon, light orange and dark blue to opposite orientation of the spin. 

 

The magnitude, peak energy position and shape of the XMCD curves provide information about 

the magnetic properties of the material. In particular, it is sensitive to the component of the 

magnetization M along the photon propagation direction Lph. It can be written as; 

∆𝑰 = 𝐼+ − 𝐼− = 𝐼↑𝐿𝑝ℎ↑𝑀 − 𝐼↓𝐿𝑝ℎ↑𝑀 (26) 

where the arrows correspond to the alignment of 𝐿𝑝ℎ and M with respect to each other. The 

XMCD measurements discussed in this thesis were performed at APE-HE beamline by keeping 

the photon helicity fixed and reversing the magnetization direction of the sample. From a 

geometrical point of view, the intensity of a XMCD spectrum is proportional to: 

∆𝐼𝑋𝑀𝐶𝐷 ∝ 𝑃𝑐𝑖𝑟𝑐𝐦 ∙ 𝐿𝑝ℎ = 𝑃𝑐𝑖𝑟𝑐〈𝑚〉𝑐𝑜𝑠𝜃 (27) 
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where, 𝑃𝑐𝑖𝑟𝑐 is the degree of circular photon polarization, 〈𝑚〉 is the expectation value of the 

magnetic moment of the 3d shell and 𝜃 is the angle between the directions of the photon angular 

momentum 𝐿𝑝ℎ and 𝐦. 

Spectroscopic investigations of the magnetic properties of a specific element allow the 

quantitative determination of several information on the magnetic properties of a certain material, 

which no other experimental technique can provide in an element sensitive way. Without entering 

into the details of the physical principles behind the interpretation of the absorption spectra, a 

specific data treatment widely used to obtain this information, known as sum rules,[15–17] is based 

on these three aspects: 

1. The integral of the isotropic XAS spectrum is proportional to the number of holes in the 

valence states 𝑛ℎ.  

2. The integral of the XMCD spectrum is related to the average of the orbital angular 

momentum 𝐿𝑍. To obtain a number in physical units, 𝑛ℎ has to be known. 

3. If it is possible to clearly subdivide the XMCD spectrum in a L2 and a L3 parts, their 

integrals can be combined to obtain the average of the effective spin angular momentum 

𝑆eff
𝑧 . It is “effective” since it contains also a “magnetic dipole term”, which is usually 

small but cannot be always neglected.[18] 
 

These rules make XMCD a very powerful tool for studying magnetism in transition metal and 

also for calculating the spin and orbital magnetic moment. Another unique feature of this 

technique is its sensitivity and specificity to elements. In alloys, it can be used to determine the 

magnetic behavior of different components[19] or to selectively investigate the induced magnetism 

of interfacial non-magnetic materials.[20] Finally, by measuring the TEY signal at the photon 

energy at resonance with the maximum of the dichroic signal and varying the applied magnetic 

field, we can measure the element-sensitive hysteresis loop, which can be particularly informative 

in presence of interfaces or induced magnetism phenomena. 

 

2.3.4. X-ray Diffraction (XRD) 
 

X-ray diffraction (XRD) is a highly versatile non-destructive analytical technique used to analyze 

the crystal structure of solids. XRD has traditionally been used for bulk sample analysis, but with 

the advent of new optical systems, thin film analysis can also be performed using XRD. The 
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technique uses Bragg’s law of diffraction (𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃) and requires high energy hard x-rays, 

as they have an extremely small wavelength, to discern details on the atomic level (see figure 24). 

This law relates the wavelength to the diffraction angle and the atomic lattice spacing in a crystal 

sample (called the d-spacing). By using a fixed wavelength (i.e. monochromatic X-rays), the d-

spacing can be determined for a particular angle. Rotating the sample or detector through a range 

of angles allows measurement of the entire configuration of the material. 

 

Figure 24: Bragg diffraction; waves 1 and 2, in phase with each other, glance off atoms A and 

B of a crystal that has a separation distance d between its atomic, or lattice, planes. The 

reflected (glancing) angle θ, as shown by experiment, is equal to the incident angle θ. The 

condition for the two waves to stay in phase after both are reflected is that the path length CBD 

be a whole number (n) of wavelengths (λ), or nλ. But, from geometry, CB and BD are equal to 

each other and to the distance d times the sine of the reflected angle θ, or d sinθ. Thus, nλ = 2d 

sin θ, which is the Bragg law. As may be seen from the diagram, when n = 2, there is only one 

wavelength along path CB; also, the reflected angle will be smaller than that for, say, n = 3. 

Waves reflected through an angle corresponding to n = 1 are said to be in the first order of 

reflection, the angle corresponding to n = 2 is the second order, and so on. For any other angle 

(corresponding to fractional n), the reflected waves will be out of phase and destructive 

interference will occur, annihilating them. 

 

At the facility of NFFA-Trieste at MM building of Elettra Sincrotrone, the structural properties 

of pristine and electrically polarized PMN-PT substrates were determined by means of a four-

circle X-ray diffractometer, which is a commercial PANalytical X'Pert diffractometer based on 

copper cathode technology and designed to allow the analysis of a wide range of materials, from 

micrometer powders to thin films and/or nano-engineered heterostructures, through the use of 

appropriate modules that optimize the experimental configuration. In particular, we use a Ge 4-

bounce double monochromator that allows the selection of only one wavelength K𝛼1 (λ = 1.54056 

Å) of the copper source, in order to enable the structural analysis of hetero-epitaxial structures 
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with very high resolution. Another configuration permits the analysis of materials with a low 

power diffraction mode using a simple collimator that greatly increases the number of incident 

photons, at the expenses of the energy resolution of the source. At these two limit configurations, 

an intermediate configuration can be also added by the use of a hybrid module composed of single 

monochromator and converging mirror which allows a reasonable energy resolution of the source 

(i.e. a single wavelength K𝛼1) and a considerable increase of the incident photons compared with 

the configuration with the Ge-monochromator (i.e. a factor 50-60 in number of photons). The 

positioning of the samples can be achieved and remotely controlled in all the three dimensions 

(x, y, and z) and also at different azimuthal angles (Φ, and Ψ, and ω), so as to allow also the two-

dimensional structural mapping of samples (see figure 25).  

 

Figure 25: Definition of the sample three dimensional linear movements (X, Y, and Z) and 

tilting azimuthal angles (Φ, and Ψ, and ω) used for XRD measurements. 

 

The symmetric 2θ-omega and asymmetric 2D-Reciprocal Space Maps (RSM) were measured for 

bare and FM layer capped different PMN-PT substrates, that helped us in understanding the 

crystalline structure, strain and orientation of ferroelectric domains in bare and FM layer capped 

PMN-PT single crystals which greatly influences the properties of a magnetic material deposited 

on top. These measurements will be discussed in details in the later chapters. 
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2.3.5. Others 
 

• Electrical and Photovoltaic-current measurements 

I(E) curves and transport measurements were performed at the APE-HE beamline using 

a Keithley 6485 picoammeter/voltage source. For the specific study of analyzing the 

multiferroic properties under light illumination, these measurements were recorded both 

in absence and presence of 405 nm blue laser illumination. A 405 nm wavelength 

continuous laser source with variable power (0-800 mW cm-2) from RGB Lasersystems 

was used to illuminate the whole sample surface. The I(E) curves were measured by 

recording the current flowing through the thickness of the sample under the application 

of an out-of-plane voltage of ±300 V (6 kV cm-1). Photocurrent measurements were taken 

by recording the current under the application of 1 V, modulating the laser intensity 

during the measurement. The set of measurements was taken in air during MOKE 

measurements as well as in UHV conditions during in-situ XAS/XMCD 

characterizations, showing no relevant differences in the electrical response. 

 

• OPA setup for photocurrent measurements 

 
 

Figure 26: A schematic representation of the photocurrent measurements under 

variable wavelengths illumination (λ ranging from 360 to 660 nm), produced by OPA. 

 

The setup for photocurrent measurements is shown in figure 26. The measurements were 

performed under different light wavelength illuminations by using an ORPHEUS 

collinear Optical Parametric Amplifier (OPA) tool manufactured by Light Conversion 



63 
 

company at the Spin Polarized Research Instrument in the Nanoscale and Time (SPRINT) 

Laboratory situated at the FERMI Experimental Hall. The laser source is a Yb:KGW 

integrated femtosecond laser system (PHAROS, Light Conversion), producing around 

300 fs pulses at 1030 nm, with a repetition rate of 50 kHz, with an average power of 20 

W and a maximal energy-per-pulse equal to 400 μJ. The laser seeds an OPA, with a 

tunable output in the range of 210-2500 nm. A fixed pinhole shutter ensures the same 

optical spot dimension on the sample, and all the used wavelengths were calibrated to 

have the same fluence on the sample of 480 mW cm−2. The photocurrent curves will be 

presented and explained in details in the following chapters. 

 

• Ferroelectric-strain measurements 

 

 
 

Figure 27: A schematic representation of components and electrical connections based 

on Wheatstone bridge used for preparing the setup of strain-gauge measurements. 
 

The piezoelectric strain measurements of PMN-PT ferroelectrics were carried out at the 

Magnetism group of Advanced Materials and Life Science Division of Istituto Nazionale 

di Ricerca Metrological (INRiM), Torino. The measurements were performed using a 

simple electronic setup based on the principle of Wheatstone bridge (shown in figure 27), 

two known electrical resistances (R1, and R2) and a reference unstressed strain-gauge 

were connected along with the sample on top of which we attached another strain-gauge 

(the strain-gauge was basically a 5 × 5  mm2 flexible piece of Kapton tape with an in-

built electronic circuit, it changes the dimensions and hence resistance according to the 

strain/stress induced in the sample). Initially, when there was no strain, the value of 

sample offset for strain is calibrated according to the background strain of unstressed 
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reference strain-gauge in order to balance the resistances of the two parallel branches of 

Wheatstone bridge setup by adjusting the known resistances of R1 and R2. Once a voltage 

is applied through the thickness of the sample using the Keithley 6485 

picoammeter/voltage source, due to piezo-elasticity of ferroelectrics a strain is induced 

in PMN-PT which modifies the resistance of the strain-gauge attached to the sample and 

hence the calibrated corresponding value of strain output was shown by MGC plus – 

AB22A data acquisition system. The typical strain v/s electric filed ferroelectric butterfly 

curves were obtained for all the different PMN-PT substrates, showing a maxima and 

minima of strain at the electric coercive field and saturation of ferroelectric domains, 

respectively. The curves will be shown in the following chapters. 

 

• Micro-Raman Analysis 

 

Raman spectroscopy is a non-destructive analytical technique where inelastically 

scattered light is used to determine the vibrational mode energy of a sample.[21–24] It is 

commonly used to provide a compositional fingerprint based upon the interaction of light 

with the chemical bonds within a material. The technique relies upon measuring the 

frequency spectrum of the radiation scattered by a sample after illuminating it with a high 

intensity monochromatic laser light source. The majority of the scattered light is of the 

same wavelength as the laser source (elastic scattering) and does not provide useful 

information – this is called Rayleigh Scattering.[21,23] However, a small amount of light 

(typically ~0.000001%) is inelastically scattered at different wavelengths, which depend 

upon the chemical structure of the analyte – this is called as Raman Scattering[21]; Raman-

scattered radiation has frequencies lower and higher than the incident radiation, giving 

Stokes and anti-Stokes bands, respectively. A Raman spectrum features a number of 

peaks with different intensities and wavelength positions of the scattered light. The 

inelastic peaks appear at frequencies that differ from the incident one by the so-called 

Raman shift: this quantity is independent of the excitation frequency and corresponds, 

for each peak, to the energy of a specific molecular bond vibration or phonon mode in a 

crystal lattice. Laser light is a plane wave (transverse mode), thus the polarization vector 

is necessarily orthogonal to the propagation direction and hence, the polarization vectors 

of the incident and scattered light are in the y-z plane. Another important information is 
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the intensity of each phonon mode, which is usually dependent on the scattering 

geometry. In particular, its dependence on the relative angle between light polarization 

and specific sample’s crystallographic directions can be compared to theoretical 

calculations and unveil precious information of the symmetry of phonon modes, thus on 

the symmetry of the crystal (i.e., crystal structure).[25,26] 

 

Figure 28: Schematics of a typical micro-Raman setup for polarization-resolved 

measurements in backscattering mode. The polarizers and half-plate retarders are 

indicated by Pi and Ri, respectively. 

 

The Raman setup is presented in figure 28. For our experiments, Raman spectra were 

collected in the backscattering geometry using a Horiba (LabRAM HR-Evolution) 

Raman microscope equipped with a He-Ne laser of 632.8 nm wavelength yielding the 

output power of 20 mW. The beam passes through a polarizer (P1) to purify its 

polarization and eliminate small depolarizing effects which can arise from the laser itself 

or from the optical elements in the beam path. After this, we used a lambda half-plate 

(R1), which axis is positioned at an angle θ/2 with respect to the axis of P1 to rotate the 

incident light polarization. The polarization of the laser beam coming out from R1 will 

form an angle θ with the optical axis of P1. The beam is then guided towards the sample 

with a polarization conserving notch filter, reflecting the incident light (and transmitting 

the light at different wavelengths), and focalized with a microscope objective.[27,28] An 
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additional polarization rotator is positioned on the microscope head, being crossed in one 

direction by the incident light, in the opposite direction by the scattered light: it rotates 

the incoming polarization of a given angle φ, and rotates the scattered light backwards of 

the same angle. From a symmetry point of view, this element is equivalent to a rotation 

of the sample about the microscope axis: using a rotator is more convenient than rotating 

the sample, as it ensures the measurement is always carried out on the same sample spot. 

As the diffraction-limited spot size is approximately given by the excitation wavelength 

divided by the numerical aperture (NA) of the objective, a short wavelength and a high 

NA (>0.8) objective are ideal to measure nanostructures with sub-micrometric resolution. 

The sample was placed on a 2D X-Y piezoelectric stage in such a way that it can be 

scanned automatically in-plane with high precision. In our case, the spot size of beam on 

the sample was confined to approximately 3 μm by using a 632.8 nm line of a He-Ne 

laser and a 20x objective with 3 mm focal length. In this configuration we carried out 

single spectra and 2D map measurements by scanning the sample surface over an area of 

130×130 μm2 with 5 μm step size. In the backscattering geometry detection mode, the 

inelastically scattered signal is collected by the same objective and passes through the 

notch filter. The signal is then guided by a set of mirrors to a dispersive spectrometer. 

Before entering into the spectrometer, a second polarizer (P2) was used to select the 

scattered radiation with components of the polarization either parallel or perpendicular to 

the polarization of the excitation beam, followed by a second lambda half-plate (R2) to 

rotate the light polarization backwards, as so to enter the spectrometer with a fixed 

polarization configuration. The spectrometer (800 mm focal length) was equipped with a 

600 grooves/mm diffraction grating, providing a high spectral resolution almost equal to 

3±1 cm-1. It is important to remove the contribution from the elastically scattered light 

from the spectrum as the spontaneous Raman scattering is typically very weak; as a result, 

the main difficulty is to separate out the weak inelastically scattered light from the intense 

Rayleigh scattered light (commonly referred as "laser rejection"). In our case, it was 

removed by a state-of-the-art optical filtering device based on three BragGrate Notch 

filters, thus allowing to collect the Raman signal down to very low wavenumbers (about 

10 cm-1). Finally, a Peltier cooled CCD was used to collect the Raman scattered light 

signals. 
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Chapter 3 

 

Visible light induced photostriction and triggered 

magnetostriction in PMN-PT/Ni heterostructure 
 

 

The data presented in this chapter have been published as a full article in Advanced Materials 

Interfaces. 

DOI of the article: https://doi.org/10.1002/admi.202201337 (Adv. Mater. Interfaces 2022, 9, 

2201337). 

The article has been selected for the front cover of the issue: 

https://doi.org/10.1002/admi.202270196  

 

This chapter presents the effects of light illumination on ferroelectric and magnetic properties of 

PMN-PT/Ni multiferroic heterostructure. The first introductory section of this chapter describes 

briefly the concepts related to physical properties of the materials that have been used for the 

study, followed by an overview on the state-of-the-art literature. The scope is also to highlight the 

novelty and importance of the presented work, which emphasizes on the photostrictive effect 

induced by laser illumination in the PMN-PT ferroelectric substrate and its effect on the nickel 

thin film via inverse magnetostriction mechanism. The experimental results of the study are 

presented in section 3.2 followed by their discussion. Finally, the conclusion and future possible 

developments are discussed in the section 3.3. 

 

3.1. Introduction 
 

Whenever a FE material is illuminated by light with above-bandgap photon energy, free charge 

carriers are generated across the material via bulk photovoltaic effect (BPVE), which modifies 

the internal electric field of the sample[1–4]. The BPVE occurs in solids with broken inversion 

https://doi.org/10.1002/admi.202201337
https://doi.org/10.1002/admi.202270196
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symmetry and refer to the generation of a direct current due to uniform illumination of light, 

without the need for a heterostructure or interface that separates the photogenerated charge 

carriers, a distinctive feature of the traditional photovoltaic effect. The superposition in FE 

materials of BPVE with inverse piezoelectric effect leads to light-induced non-thermal strain in 

the material (i.e., expansion or contraction under light), known as the photostrictive effect (see 

chapter 1 for a more detailed description).[5–8] The photostriction phenomenon was observed in 

four main groups of materials: ferroelectrics, polar, and non-polar semiconductors, as well as in 

organic-based materials. Since then, the main attention was renewed towards the ferroelectric and 

inorganic based materials. The largest values of photostriction are observed in organic materials, 

but their generally slow response time limits their potential application; on the other hand, 

photovoltaic ferroelectrics have relatively fast response time but low magnitude of photostrictive 

effect. The discovery of photostriction in FE was firstly reported by Tatsuzaki et al.[9] in 1966 for 

SbSI crystals, where they showed that the combination of BPVE and inverse piezoelectric effect 

allows using light to modify strain, with SbSI behaving as a photo-piezoelectric material. 

Specifically, the SbSI length was modified along the polar c axis when illuminated uniformly 

under visible light ranging from 580 to 740 nm, with a nonlinear dependence, see figure 29. This 

amonotonous dependence is due to the presence of two competitive contributions in the 

ferroelectric regime: electric field redistribution, leading to increment of electric field, and the 

electric field screening by photo-induced charge carriers, leading to a decrease of the electric field 

in the crystals. In confirmation of this assumption, the photostriction sign changes its sign in the 

ferroelectric region at ~650 nm, in close correspondence to the maximum value of 

photoconductivity. The reported photostriction was in the order of 10-5. The sign of modulation 

of length was found to be opposite to the case of thermal expansion, proving the purely optically 

driven origin of the strain modification under light. The photoinduced strain was found to be 

positive below the phase transition point (TC) i.e., 22° C, where the crystal has both photosensitive 

and ferroelectric properties, while much smaller variations of strain were detected close to the 

paraelectric regime (25°C), confirming its relation to the electrically polar state.  
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Figure 29: (a) Photostriction in SbSI single crystal upon illumination of different wavelength as 

the function of temperature: in ferroelectric (15° C) and near para-electric regimes (25° C) and 

(b) photoconductivity as the function of wavelength.[9,10] 

 

Despite its remarkable photovoltaic and photostrictive properties, the SbSI crystals are not 

appealing for room temperature applications due to low ferroelectric Curie temperature (𝑇𝐶 =

21.85 °C). Since then, several studies have focused on photostrictive effects in different FE 

materials and thin films with the aim of maximizing both the photostrictive properties and the 

Curie temperature. Among them, we can cite Pb(1-x)Lax(ZryTi(1-y))(1-x/4)O3 (PLZT),[5,11] BiFeO3 

(BFO),[7,12,13] and BaTiO3 (BTO).[14] Multiferroic BFO was the first compound in which fast 

(below 100 μs) photostriction was reported, attracting the attention of the optical scientific 

community.[13,15,16] As photostriction depends on the light penetration depth, the response time 

and magnitude can be further improved in thin films;[17] for instance, the photostrictive response 

in BFO thin films was reported to be in the picoseconds range.[12] 
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Figure 30: Wavelength dependence of photostriction (brown) and photocurrent (green) in 

single crystal of BiFeO3.[8] 

 
 

Also in the case of BFO, the photostrictive effect showed an amonotonous dependence (figure 

30)[18] due to the combination of optical rectification[12] and light-induced charge generation[13]. 

Since BFO is multiferroic with antiferromagnetic order, this can potentially directly couple 

ferroelectric photostriction to its magnetic properties via elastic interactions. It has been reported 

that the photostriction of BFO single crystal decreases in presence of a magnetic field.[7] 

While PbTiO3 has also been reported to have fast photostrictive effect in tens on picoseconds 

scale,[19] Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT) resulted particularly interesting due to its 

endurance to polarization switching and relatively low cost.[20–22] PMN-xPT crystals exhibit 

variations in structural and electromechanical properties as a function of PT concentration. In the 

case of PMN-0.4PT, the structure lies near the morphotropic phase boundary, with a tetragonal 

structure at room temperature.[23] PT concentration impacts directly the optical properties of 

PMN-PT crystals,[24–26] with the refractive index increasing with the increase in PT content.[24,27] 

BPVE directly depends on the refractive index and hence on the band gap energy of FE 

substrates.[28] Very recently Liew et al.[29] used light illumination on a PMN-PT cantilever, 

showing a detectable deflection due to photostriction. Interestingly, the authors proposed a 

photostrictive model for which photostriction does not require BPVE and converse 

piezoelectricity to coexist globally in pristine PMN-PT, but only locally for each FE domain.  
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Since in FE the photo-ferroelectric properties are inherently a result of the coupling between its 

optical and mechanical functionalities, this opens an avenue for light-controlled applications in 

optical and magnetic straintronics if coupled with magnetostrictive elements. Specifically, in 

multiferroic heterostructures, light-induced FE strain modulation proved to be an effective way 

for tailoring the FM interfacial properties,[30–36] not being affected by aging and fatigue processes 

typical of voltage-controlled FE polarization switching.[37] For instance, in 2016 Iurchuk et al.[30] 

reported the optical writing and electrical erasing of the magnetic state for hybrid Au/BFO/Ni 

structure under 404 nm laser illumination, with the residual photostriction depending on BFO 

ferroelectric state. The ability of functional materials to recover to the initial state is of paramount 

importance, as the authors observed that ferroelectric or elastic orderings lead to values of residual 

states that depend on the history of the sample (spontaneous polarization). The observed photo-

polarization causes a strain induced distortion at the interface with Ni, optically modifying its 

magnetic properties with up to 75% change in coercive field under illumination. Concerning 

PMN-PT/FM heterostructures, state-of-the-art literature still presents very few experimental 

publications, with all characterizations of both FE and FM parts based on magnetometric and 

electric measurements only. Among them, it is worth citing  Zuo et al., which showed that UV 

illumination on PMN-0.3PT (011) reversibly switches the magnetization of interfacial Ni from 

easy to hard axis as a function of the FE polarization state.[31] Additionally, with electric field 

polarization, they reported that PMN-PT/Ni heterostructure exhibits controllable magnetization 

switching behaviors under the illumination of a proper light intensity.  

Many of these studies concerning multiferroic heterostructures involve 3d transition FM materials 

(Fe, Co, Ni and their alloys), being the most economic and device-oriented solution. Furthermore, 

they all present large Curie temperatures and can be deposited using industry-appropriate 

techniques.  

In this spirit, during the thesis several heterostructures were deposited and characterized with 

different FM materials, namely Fe, Ni and CoFeB, and PMN-xPT substrates with different 

compositions and crystallographic orientations, to determine which combination of substrates and 

thin films leads to a maximization of the interfacial coupling and light-induced inverse 

magnetostriction. Among them, Ni thin films as ferromagnetic layer and PMN-0.4PT as 

ferroelectric substrate proved to be the best combination in presence of light illumination.  
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The following paragraphs will describe the in-depth characterizations of PMN-0.4PT/Ni 

heterostructures, combining electrical, magnetic, photo-transport and spectroscopic analysis in 

the three polarization states of the substrate, in presence and absence of visible light illumination. 

 

3.2. Results and discussions 
 

As introduced in the previous paragraph, here we present the electrical, structural, magnetic and 

spectroscopic investigation on the light-induced photovoltaic/photostrictive properties of a PMN-

0.4PT (001) substrate and on their induced reversible effects on the magnetic properties of an 

interfacial Ni thin. This was done by combining several different experimental characterizations, 

which will be described step by step in the following of the chapter. 

 

3.2.1. Photocurrent measurements of PMN-PT substrate via Optical 

Parametric Amplifier (OPA) 
 

In order to determine the ideal illumination wavelength to maximize the photoinduced effects on 

PMN-PT, photocurrent measurements were performed as a function of photon energy by using 

an Optical Parametric Amplifier (OPA) setup at SPRINT (see paragraph 2.3.5 for technical 

details). The sample was placed on specifically designed sample holder enabling us to apply a 

voltage through the thickness of the sample, measuring the output current (figure 16c). The 

unpolished back side of the pristine PMN-PT substrate was glued to the holder by silver paint that 

acted as the bottom electrode; an AuRh film of 5 nm deposited on top of it acted as top electrode. 

The schematic representation of the setup is shown in figure 31. 
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Figure 31: A schematic representation of the photocurrent measurements of PMN-0.4PT (001) 

pristine substrate under variable wavelengths illumination (λ ranging from 360 to 660 nm), 

produced by OPA using the laser Yb:KGW integrated femtosecond laser source. 

 

The measurements were recorded by applying a steady voltage of 1 V through the thickness of 

the PMN-0.4PT (001) substrate, measuring the output current using a Keithley 6485 

picoammeter/voltage source while irradiating the sample with a collimated beam of the same size 

of the substrate (around 2.5 × 2.5 mm2) from the front side of the sample. The obtained 

photocurrent evolution upon 2 minutes illumination as a function of wavelengths (and 

corresponding photon energies) is shown in figure 32. The fluence was kept constant at 480 mW 

cm-2 for all wavelengths. Figure 32a shows the measured photocurrent after opening the shutter 

of the OPA setup for a selection of wavelengths. 
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Figure 32: (a) Photocurrent measurements under illumination at different wavelengths and (b) 

stable photocurrent values of PMN-0.4PT (001) substrate as a function of wavelength - photon 

energy. The vertical dotted line in (b) corresponds to the photocurrent at 405 nm, i.e. the 

wavelength used for continuous illumination in all the following characterizations. The 

horizontal line corresponds to the background photocurrent in the absence of light. 

 

By plotting the stable value of photocurrent for all the measured wavelengths, it is possible to 

determine the photocurrent - wavelength dependence. The maximum of photocurrent was found 

in correspondence to a wavelength of 412 nm, corresponding to approximately a photon energy 

of 3.01 eV, while a detectable photocurrent was observed over a fairly wide energy range of 

energies, spreading from 2.61 to 3.35 eV, consistently with the range of band gap reported for 

different crystals of PMN-xPT crystals.[24] 

Some important considerations should be done here.  

This measurement proves the variation of current passing through the sample under bias in 

presence of light illumination. It is therefore not a direct photovoltaic measure, neither a BPVE 

one, which require the measure of a photoinduced electric field in the sample. Nonetheless, a 

common definition of BPVE is the “generation of a steady photocurrent and above-bandgap 

photovoltage in a single-phase homogeneous material lacking inversion symmetry”,[38] in contrast 

with the standard photovoltaic effect on p-n junctions. The photocurrent measures done with OPA 

prove the first requirement, while the second one requires measures at zero voltage. This aspect 

will be better analyzed in voltage dependent measurements under continuous light illumination. 
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For the moment, we can consider the presence of a net stable photocurrent sufficient for implying 

the presence of BPVE.  

In second instance, the wavelength dependence of photocurrent does not correspond to the same 

trend of photostriction (see the discussion of the previous paragraph). Nonetheless, the presence 

of photon-generated charges is a mandatory required for photostriction. In lack of a direct 

wavelength dependence of the latter, we selected as wavelength for the following experiments a 

value close to the maximum of photocurrent. All the following light illuminations on PMN-PT/Ni 

heterostructures were done with a continuous 405 nm laser of tunable power, i.e. at a wavelength 

to the peak of observed photocurrent.  

Finally, all photocurrent measurements were taken under pulsed illumination. In FE materials, 

static measurements of BPVE have similar trends under both pulsed and continuous laser 

illuminations.[39] We therefore consider this wavelength dependence to be representative of the 

PMN-PT response also in the case of continuous illumination, as it will be shown in the following 

paragraphs. 

 

3.2.2. Magneto-optic Kerr effect (MOKE) and X-ray magnetic circular 

dichroism (XMCD) spectroscopy of pristine PMN-PT/Ni 

heterostructure 
 

From the result presented in the previous section, it is evident that visible light illumination of 

proper wavelength is modifying the ferroelectric properties of pristine PMN-PT substrate, 

showing a net photocurrent, pre-requirement for the photostrictive effect. Once selected the 

wavelength for light illumination as 405 nm, we moved to study the effects of photocurrent (and 

therefore photostriction) of PMN-PT on the interfacial Ni layer. This transition metal was chosen 

among all others available at the deposition chambers due to his large magnetostrictive value 

among 3d transition ferromagnets (see figure 11 in paragraph 1.2.2. for details). 

A 10 nm thick Ni layer was deposited by e-beam evaporation on top of an unpolarized one-sided 

polished (001) PMN-0.4PT 2.5 × 2.5 mm2 substrate of 0.5 mm thickness from SurfaceNet GmbH 

supplier, at a base pressure below 1 × 10-7 mbar. At the same pressure, the prepared sample was 

then capped with an 8 nm thick layer of Au to prevent Ni oxidation and to act as the top electrode 

for electrical measurements. Then, the unpolished backside of the substrate was coated with a 5 
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nm thick layer of gold-rhodium (AuRh) using magnetic field sputtering, acting as the backside 

electrode. All the depositions were performed at room temperature. 

After deposition, the samples were first characterized by MOKE magnetometry both with and 

without the illumination of 405 nm visible light. The magnetic hysteresis loops of pristine PMN-

PT/Ni heterostructure were measured by applying an in-plane magnetic field along four different 

directions according to the crystallographic axis of the ferroelectric substrate. The observed 

coercive field (HC) is almost isotropic, with HC values ranging from 19 Oe along the [100] PMN-

PT axis and 23 Oe along the [010] axis, while no changes were observed in the magnetic 

remanence (Mr/Ms). The recorded loops and polar plots for HC are shown in figure 33. 
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Figure 33: Hysteresis loop (a) and polar plot (b) of the pristine PMN-PT/Ni heterostructure. 

These measurements showed an in-plane isotropic behavior. 

 

The effects of visible light illumination were then measured by illuminating the sample from the 

front side, the schematics is shown in figure 34.  
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Figure 34: Schematic representation of the PMN-0.4PT/Ni heterostructure and experimental 

setup. A He-Ne laser is used for the MOKE measurements, while a continuous 405 nm laser is 

illuminating the whole sample surface. 

 

In literature, similar characterizations on multiferroic heterostructures are reported with the 

illumination being either on the backside electrode or on the side.[40] A comparison between 

illumination from frontside and backside will be shown later in this paragraph.  

Hysteresis loops were recorded as the function of increasing irradiance for the case of applied 

magnetic field H along the [100] and [010] directions. In both cases, a monotonous reduction of 

the coercive field was observed as a function of the light intensity, as shown in figure 35. 

 

Figure 35: Hysteresis loops measured with the magnetic field applied along the PMN-PT (100) 

and (010) axis under light illumination of variable power (0–800 mW cm−2). 
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The reductions of coercive field under 405 nm laser illumination were almost linearly linked to 

the fluence of light, although the modifications were different along [100] and [010] directions 

(see figure 35). This can be due to the fact that the effect of light is more sensitive to one particular 

direction when compared to others due to different magnetic anisotropy contributions of Ni and 

the effectiveness of photostriction of the substrate in a particular direction.  

The magnetic changes under laser illumination were fully reversible and reproducible, with the 

magnetic signal fully restored after switching the laser off. This can be clearly seen in figure 36, 

which shows the hysteresis loops both in absence and presence of laser illumination with the 

magnetic field applied along [010]. It is clearly visible how the coercive field, after being reduced 

of around 45% under 800 mW cm-2 illumination, comes back to its initial value after turning off 

the laser, proving the process to be a fully reversible. 
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Figure 36: Hysteresis loops of the PMN-PT/Ni heterostructure with no light and under 800 mW 

cm-2 light illumination. The coercive field reduction is fully reversible and reproducible after 

turning off the illumination. 

Finally, figure 37 shows the variation of coercive field as a function of the illuminated electrode 

in the case of magnetic field along (010) axis. It is quite evident that laser illumination from the 

backside electrode has less impact on the coercive field modification of Ni compared to the front 

electrode case, despite maintaining a similar trend. We attribute this to the fact that when the light 

is being illuminated on the top electrode, which is composed by 8 nm of Au and 10 nm of Ni, the 

absorption coefficients of Au and Ni are 6.0656 × 105 and 8.1604 × 105 cm-1, by using the 

formula,[24] 
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     𝛼 =
4𝜋𝑘

𝜆
 (28) 

where α is the absorption coefficient, k is the extinction coefficient and λ is the light wavelength, 

we calculate a transmittance percentage in the range of 40-50% for 405 nm illumination. Similar 

percentages are reported in the articles of N. Ahmad et al.[41] and DS Gosh et al.[42] Regarding the 

PMN-PT single crystals, they are considered light transparent in the range from 400 to 5800 nm 

at room temperature.[43] It is difficult to evaluate with precision the absorption coefficient of 

PMN-PT because it depends on several parameters, like doping concentration of PT in the 

material, presence of defects, the light illumination wavelength, etc. In literature one can find a 

value which ranges from 25 to 40 cm-1 for a wavelength of 400-410 nm.[44] With this value a 

transmittance percentage of roughly 60% [24,45] can be estimated for our crystal. While 

illuminating from the back, although there are no optical calculations reported for AuRh yet but 

as it is a metallic alloy, the most of the irradiance of light is expected to be stopped due to high 

reflectance and low transmittance, therefore giving less interfacial changes at Ni and PMN-PT 

that results less modification in the Ni magnetic properties. This was experimentally verified by 

comparing sample illumination from either front or backside, as shown in figure 37. The similar 

trend and slightly larger modification of coercive field in case of backside illumination confirm 

that both setups allow the laser illumination to shine the whole volume of the crystal, allowing 

BPVE to take place. 
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Figure 37: Plot showing the variation of coercive field as a function of irradiance of light 

impinging from the front electrode (full circles) and from the back one (empty circles). 



82 
 

After MOKE characterizations, absorption spectroscopic measurements were carried out at APE-

HE beamline in TEY detection mode, as described in section 2.2.1 of the previous chapter. XAS 

spectrum at the Ni L2,3 edges were recorded and then compared with reference metallic nickel[46] 

(brown) and NiO[47] (green) spectra (see figure 38). The spectrum of the sample was mostly 

metallic, but presented some features due to surface oxidation forming NiO, due to a non-ideal 

Au capping. The detailed features like double peaks of L2 edge and presence of a shoulder on the 

right side of L3 edge are the characteristic symbols of a partial oxidation of nickel.[48] 
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Figure 38: X-ray absorption spectra probed at Ni L2,3 edges compared with bulk metallic 

nickel[46] and NiO[47]. 

 

After this, the XAS and XMCD spectra were collected at several different zones of the sample 

surface, showing no variations of both chemical and magnetic properties, sign of a homogeneous 

Ni layer. The XMCD measurements were taken both in presence and absence of laser 

illumination, with the laser at maximum power illuminating through a UV transparent viewport 

placed in the endstation of the beamline. The resulting intensity on the sample (700 mW cm-2), 

with part of the intensity absorbed/reflected by the viewport, was evaluated via 3A broadband 10 

µW to 3 W thermopile sensor produced by Ophir Optronics. The spectra measured at three 

different zones of the sample are shown in figure 39. 
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Figure 39: (a,b,c) XMCD dichroic signal at Ni L2,3 edges for three zones of the sample as 

shown in figure (d). 

 

As it can be seen, for all the different probed areas a clear increase of the L3 edge was found under 

illumination, while no changes were recorded at the L2 edge. Figure 40 shows the XMCD spectra 

averaged over these three measurements.  
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Figure 40: XMCD dichroic signal at Ni L2,3 edges in case of pristine PMN-PT/Ni, in absence 

and presence of light of 700 mW cm-2, applying the magnetic field along [010]. 
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The spectrum shows an L3 edge XMCD intensity of (7.1 ± 0.1)% with no light and (7.9 ± 0.1)% 

under illumination, while the dichroic signal at L2 edge does not change. These signals have been 

corrected for the 75% degree of circular polarization of the incoming X-rays, as well as the 45° 

incidence angle. The change in the intensity of L3 edge and not in L2 under light illumination is 

an indication of a modification of the orbital properties of Ni in presence of illumination.[49] This 

can be quantified via XMCD sum rules calculation[50,51] in order to evaluate the spin (mspin) and 

orbital (morb) magnetic moments of Ni for the two cases. In the following, the procedure for sum 

rules calculation without illumination is quickly described. Sum rules require few steps of data 

treatment on the experimental curves, since they use three parameters obtained from the integral 

of the averaged XAS and XMCD spectra. Firstly, a two-step function is subtracted from the [0 to 

1] normalized XAS spectrum to remove the L3 and L2 edge jumps and to make the background 

flat for the integration and account for the background of 2p → 4(sp) transitions.[47] The thresholds 

for the two-step function are set in correspondence to the peak positions of the L3 and L2 edges. 

The end points of the spectrum were also not flat, so we have used an accordingly increasing 

values of step function to make it almost flat after subtraction. The two-step like function and the 

integration of the XAS spectra, after removal of edge-jump is shown in figure 41. 
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Figure 41: (a) XAS spectra acquired at Ni L2,3 edges along with two-step like function and the 

step function subtracted XAS. (b) Integral of subtracted XAS spectrum. 

 

The r value labeled in the figure is parameter needed in the sum rules. After this, the integration 

of magnetic dichroic signal was carried out (see figure 42) to obtain two more parameters, q and 

p.  
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Figure 42: Ni L2,3 edges XMCD spectrum and the integration for application in sum rule 

calculations 

 

Using the values of r, p, and q (see table 2) the orbital and magnetic moments are calculated as,[50] 

𝑚𝑜𝑟𝑏 =
−4𝑞(10 − 𝑛3𝑑)

3𝑟
 

(29) 

and 

𝑚𝑠𝑝𝑖𝑛 =
−(6𝑝 − 4𝑞)(10 − 𝑛3𝑑)

𝑟
 

(30) 

where n3d is the 3d electron occupation number of the Ni. By taking into account the partial 

oxidation and ab-initio calculations done by Linchtenstein and Katsnelson back in 1998,[52] a 

value of 8.4 was considered. The obtained values of individual spin and magnetic moments for 

the cases of light off and on are presented in the table below along with the total magnetic moment 

and their ratio. 

Light intensity r p q 𝒎𝒐𝒓𝒃 𝒎𝒔𝒑𝒊𝒏 𝒎𝒕𝒐𝒕 𝒎𝒐𝒓𝒃/𝒔𝒑𝒊𝒏 

0 mW cm-2 2.8104 -0.1064 -0.0351 0.0266  0.2835 0.3102 0.0940 

700 mW cm-2 2.6998 -0.1314 -0.0505 0.0399 0.3474 0.3873 0.1149 
 

 

Table 2: Table showing the values of the sum rules parameters (r, p, and q), and the calculated 

values of orbital and spin magnetic moments of Ni thin film with and without laser illumination. 

 

These numbers are comparable to those reported for Ni thin films[53,54] and smaller than those 

reported for bulk Ni;[55,56] this can be attributed to the partial oxidation of the Ni surface. Here, 
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the critical parameter is in any case the relative comparison of the ratio (𝑚𝑜𝑟𝑏/𝑚𝑠𝑝𝑖𝑛) in presence 

and absence of light illumination. The relativistic increase of this ratio in presence of light 

illumination represents the interfacial induced effect by the photostriction of PMN-PT substrate 

upon light exposure, which is fully reversible and reproducible after tuning off/on the light. The 

variation of Ni orbital moment upon illumination is a direct spectroscopic evidence of the light 

induced interfacial strain modifications, therefore connecting the effects of photostriction in 

PMN-PT substrate to the magnetostriction in Ni thin film. 

 

3.2.3. Photocurrent under continuous laser illumination on pristine and 

electrically polarized PMN-PT/Ni 
 

The PMN-PT/Ni heterostructure was polarized out-of-plane by sweeping an electric field up to 

±6 kV cm-1 through the thickness of the sample. The backside of PMN-PT was glued with silver 

paint and the Au capping acted as top electrode, connected with a thin gold wire. The I(E) curves 

were recorded by sweeping the electric field along the [001] crystallographic direction from −6 

to +6 kV cm−1 and then back to zero. The resulting curve is shown in figure 43a. Current-voltage 

characteristics show well pronounced peaks in correspondence of polarization switching of about 

±150 V (corresponding to an electric field of 1.5 kV cm−1), showing stable and reproducible 

ferroelectric transitions, consistently with what previously reported by our group on similar 

substrates.[20,57] In fact, the applied electric field causes the displacement of the ions in the 

ferroelectric and a consequent current flow (𝑗 =
𝛿𝑃

𝛿𝑡
). Once switched, the polarization remains 

stable, as it can be seen from the repeated curves Pup and Pdown in the inset of figure 43a, where 

no peak is found once the polarization is set. Then the integral, represented by the area under the 

I(E) curve, is proportional to the polarization P. The obtained strain v/s electric field curve for 

PMN-PT ferroelectric substrate (which resembles the shape of a butterfly) is shown in figure 43b, 

it originates generally from three types of effects; normal converse piezoelectric effect of the 

lattice, and other two comes from switching and movement of domain walls. The strain was found 

to be maximum near the coercive field values of ferroelectric domains switching for both the 

positive and negative polarities (84 ppm and 113 ppm for ±1.8 kV cm-1, respectively), and also 

the nature (compressive or tensile) was inverted at the same point.  
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Figure 43: (a) I(V) curves measured across the thickness of PMN-PT substrate. The peaks in 

the first positive and negative sweep cycles testify the switching of out-of-plane polarization. 

Repeating the same half cycles twice resulted in no peak, proving that the electrical polarization 

is remanent (inset). (b) Strain-electric field hysteresis loop for PMN-0.4PT (001) ferroelectric. 

 

The I(E) curves were then recorded in presence of 405 nm light illumination at different 

illumination intensities (figure 44a). The laser illumination induced significant changes in the 

curves. The most noticeable one is the presence of an additional linear slope as a function of the 

applied bias, whose intensity increases with illumination irradiance. The presence of this slope is 

a clear sign of free charge carrier generation in the sample, i.e., induction of BPVE. The light 

induced additional current under 800 mW cm−2 illumination, given by the difference between I(E) 

under illumination and no light, as the function of electric field is shown in the figure 44b. This 

difference helps in understanding the effects of light illumination on PMN-PT during the 

polarization switching. Specifically, two main effects can be noticed here: i) a linear contribution 

under bias due to BPVE, and ii) an increase of photogenerated current in correspondence to the 

polarization switching bias. This second point is in  agreement with recent photopolarization 

measurements on similar PMN-PT substrates,[58] where these combined effects were attributed to 

a net polarization increase when switching the FE state under illumination. 
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Figure 44: (a) Ferroelectric switching I(E) curves of the PMN-PT/Ni heterostructure under 

continuous 405 nm laser illumination of variable power (0–800 mW cm−2). (b) Photovoltaic 

current generated in PMN-0.4PT (001) substrate, obtained by subtracting the curve taken with no 

light from the one under 800 mW cm−2 illumination. 

 

To determine the electrical state of the substrate under illumination, photocurrent measurements 

were performed on both pristine and on the two polarization states of PMN-PT. The laser 

irradiance was set to 800 mW cm-2. The measurements were taken under 1 V of electric filed bias, 

starting in dark, then switching on the laser for 90 seconds, then switched off for 2 minutes. The 

resulting photocurrent curves are shown in figure 45a. 
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Figure 45: (a) Photocurrent evolution of the PMN-PT/Ni heterostructure as a function of time 

for three different polarization states (pristine, Pdown and Pup) under 1 V bias. After the 90 s with 

no light, the sample is illuminated by the 405 nm continuous laser at 800 mW cm−2 power (blue 

area) for 90 s. When the laser is switched off, the photocurrent was measured for additional 120 

s. (b) Schematic representation of the photocurrent measurements in the three PMN-PT 

ferroelectric configurations. In pristine state, randomly oriented ferroelectric domains give no 

net static charges, while for Pdown and Pup states net accumulated charges are present on the top 
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and bottom electrode of PMN-PT. Under illumination, the filling of the conduction band with 

photogenerated current induces a variation of the resistance and results, in the case of polarized 

PMN-PT, in the discharging of the accumulated charges. 

 

In the case of pristine sample, as the light was turned on, an increase in the sample current was 

observed, due to BPVE, with a value of around 0.7 nA. Once turned off the laser, the initial state 

was sharply restored. The reproducibility of the generation of a stable photocurrent in pristine 

PMN-PT was verified by switching on and off the laser several times, as shown in figure 46a. On 

the other hand, once the FE substrate is polarized, an additional slow dynamic with opposite 

trends was observed. As the light was turned on, a photocurrent peak of opposite sign (positive 

for Pdown, negative for Pup) appeared, exponentially decaying toward a steady value comparable 

to the pristine one. Once the light was switched off, a similar transient effect, but opposite in sign, 

was observed for both cases, with a relaxation time quite comparable to the one under 

illumination. These transient effects were observed for all different irradiances of illumination, 

whose stable current was proportional to the light intensity, and are signature of the presence of 

a net electric dipole after sample polarization. The case of Pdown is shown in figure 46b: as it can 

be seen, a positive peak of photocurrent was measured at each increase of illumination intensity. 

The steady state value of photocurrent maintained a linear trend for each illumination irradiance. 

Once the laser was turned off, a negative current was measured, which is the signature of a return 

to the initial state of charged capacitor due to the polarized state of the substrate. 

 

Figure 46: (a) Photocurrent measurement in pristine state of PMN-0.4PT (001) under continuous 

405 nm laser illumination testifying the reproducibility at 800 mW cm-2 and (b) Pdown state 

under illumination at variable illumination intensities. 

 

As it will be shown in the section 3.2.5 of XRD discussion, the majority of the ferroelectric 

domains in PMN-PT align along the [001] direction once polarized, with an electric dipole 
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pointing up or down according to the polarization state (figure 45b). This was not the case when 

the substrate as in pristine state, since the randomly distributed FE domains led to a zero 

macroscopic electric dipole. When the light illumination is off, no free charge carriers are present 

in the conduction band of PMN-PT, but only accumulated charges on the electrodes due to the 

presence of a net electric dipole. When light is switched on, the bulk photovoltaic effect induces 

the generation of free charge carriers in the conduction band, leading to a net photocurrent. In the 

pristine case, as the light was turned on, an increase in the sample current was observed due to 

BPVE, with a value of around 0.7 nA. Once turned off the laser, the initial state was sharply 

restored. In the polarized state, the charges accumulated at the top and bottom electrodes due to 

electrical poling effects attract the light induced photogenerated charge carriers, creating a 

depletion across the electrodes that further triggers the depolarization field in the material,[59] 

having opposite polarity with respect to the ferroelectric dipole. The transient effects between the 

two steady states (high resistance in the absence of light, lower resistance under illumination due 

to photocurrent) is an indication of the current flowing from the accumulated charges on the 

electrodes, whose sign depends on the direction of the dipole (Pup or Pdown). Once the light is 

turned off, the photovoltaic effect is stopped because of the non-availability of new 

photogenerated charge carriers. Therefore, a second transient peak of opposite sign takes place at 

this stage, with the recovery of the net electric dipole and its accumulated charges at the 

electrodes. For both polarization states of PMN-PT, the photocurrent reached its steady state after 

around 45 s, signature of a slow dynamic in the discharging of the substrate. This time dependence 

of polarized ferroelectrics under illumination is rarely reported in literature and is an additional 

proof of the structural order present in the polarized cases compared to the pristine case. 

Quite recently similar transient effects upon light illumination have been attributed to a coupled 

mechanism of photovoltaics and pyroelectric effect,[60–62] with the latter linked to the sudden 

increase of temperature in the substrate induced by laser illumination, depending on its variation 

in time dT/dt. In our case, we can exclude the presence of any relevant pyroelectric effect in our 

sample by combining two experimental results. Firstly, no current spikes were measured in the 

pristine case. Secondly, no current variation at all was observed when under illumination with 

below-energy gap light, (i.e. red laser illumination) even in the polarized case, as can be seen in 

figure 47. As a final note, it is worth mentioning that the choice of materials for top and bottom 

electrodes (in our case Au/Ni and AuRh) plays a role in the intensity of the built-in electric field 
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upon visible light illumination, with consequences on the intensity of both photocurrent and 

transient currents.[63] 

 

 

Figure 47: Photocurrent measurement in Pdown state of PMN-PT/Ni heterostructure under 

continuous 405 and 658 nm laser illumination of 128 mW cm-2 intensity. 

 

Finally, it can be seen from the photocurrent curves of figure 45a that the steady intensity of 

photocurrent under light illumination is almost identical in the three states of polarization. This is 

important because it means that the amount of BPVE is unmodified after electrically polarizing 

the PMN-PT substrate, and therefore from the photocurrent point of view the three states are 

equivalent.  

 

3.2.4. Visible light-induced effects on the magnetic properties of 

polarized PMN-PT/Ni 
 

Since the electrical polarization of ferroelectric materials can significantly modify the 

magnetoelectric coupling at the interface with a ferromagnetic material, it is crucial to analyze 

the effects of laser illumination on PMN-PT/Ni heterostructures once polarized. Similarly, to the 

pristine case, the magnetic response of Ni under laser illumination was measured by combining 

MOKE and XMCD characterizations for both PMN-PT polarizations. In case of spectroscopic 

measurements, the electrical switching was done in-operando at the beamline endstation chamber 

without removing the sample from the measurement position, assuring the measures to be taken 

on the same area of the sample. Similarly, in the case of MOKE magnetometry, the samples were 

electrically switched in air, with the sample fixed to the sample holder in the measurement 
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position. This was done by preparing a specific holder at the mechanical workshop of the institute, 

it can be seen in the picture 48. Two metallic plates were screwed on a plastic disc working as the 

top and bottom electrical connections that are attached to the sample using silver paint and Au 

wire, respectively for the bottom and top electrode. These metallic plates were isolated from the 

plastic sample holder using ceramic covering of the screws of the plates in order to avoid short-

circuit of the electrical connections. The wires for electrical connections were attached to the 

bottom of the screws using the crocodile connectors. This specific design allowed us to switch 

the polarization state of the sample and perform MOKE measurements along different 

crystallographic directions without touching the sample, in order to eliminate any experimental 

artifact. Also, this allowed us to illuminate the laser from the back and perform magnetic and 

electrical characterizations. 

 

Figure 48: Specifically, designed sample holder for applying bias and perform MOKE 

measurements while illuminating the sample by visible light from the front or back. 

 

The hysteresis loops recorded along [100] and [010] for the three ferroelectric states (pristine, 

Pdown and Pup) are shown in figure 49. 
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Figure 49: Ni hysteresis loops in the case of pristine and polarized (Pdown and Pup) PMN-PT/Ni 

heterostructure for magnetic field along (a) [100] and (b) [010] crystallographic axes of PMN-

PT substrate. 

The intensity of the loops has been normalized between 0 and 1. A modification in coercive field 

can be clearly noticed while passing from pristine to electrically polarized cases. This is proof of 

an important modification of the magnetic anisotropy of the ferromagnetic part of a multiferroic 

heterostructure induced via electrical biasing, consistent with that reported in literature.[64,65] The 

coercive field was found to be 44.2 and 40.5 Oe respectively for Pdown and Pup cases when the 

field was applied along [100] crystallographic axis of PMN-PT, while for the case of [010] the 

values were 43.4 and 40.9 Oe respectively. We attribute this increase of coercive field with respect 

to the pristine case to the structural modifications occurred in the PMN-PT due to electrical 

poling,[66] as it will be discussed and experimentally shown in the following section. This 

structural change led to a different distribution of lattice parameters at the interface with Ni, with 

an induced variation of interfacial strain, hence modifying the magnetocrystalline anisotropy. The 

sample was found to be still isotropic after electrical polarization for both Pdown and Pup states. 

The loops were then recorded in presence of laser illumination, can be seen in figure 50. 
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Figure 50: MOKE hysteresis loops of the electrically polarized Ni/PMN-PT heterostructure 

under dark and 800 mW cm-2 laser illumination. (a, b) Pdown and Pup loops in case of magnetic 

field being parallel to [100] and (c, d) [010] axis of the substrate, respectively. 

 

It can be seen from the above figure that the effects of light illumination were almost negligible 

on Ni for both polarization states and along different crystallographic directions of PMN-PT. The 

coercive field was found to be around 41 Oe for Pdown and 39 for Pup states along [010] axis, 

leading to a much lower reduction of HC under illumination as compared to the pristine case.  

As for the pristine case, XMCD measurements were carried for both polarizations of the sample 

under illumination. As a first result, we can notice that XAS spectra were not modified after 

polarizing the substrate, discarding the possibility of any ion migration from/to the substrate upon 

polarization, as can be seen in figure 51. Since no spectral evolution was observed along the whole 

set of measurements, we consider the Ni layer chemically stable in all the studied conditions. 
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Figure 51: XAS at Ni L2,3 edges for pristine and polarized PMN-PT/Ni heterostructure. 

Concerning XMCD spectra, almost no detectable changes were found in the dichroic signal under 

the light illumination for both polarized cases (figure 52), with negligible variations for both Pdown 

and Pup states. The relatively large noise of the measurements did not allow to properly evaluate 

the magnetic spin and orbital moments, whose variation, if any, was below our sensitivity.      
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Figure 52: XMCD signal at Ni L2,3 edges for the electrically polarized PMN-PT/Ni 

heterostructure (a – Pdown and b - Pup) under 0 and 700 mW cm-2 laser illumination with the 

magnetic field applied along [010] axis of the substrate. 

 

Both MOKE and XMCD characterizations show that polarized PMN-PT/Ni present much smaller 

light-induced modification of the magnetic properties compared to the pristine one, with no 

relevant differences between Pup and Pdown. Since from the electrical point of view the three states 

were equivalent, the origin of such different behavior has to be found in the structural differences 

between pristine and polarized PMN-PT. This will be shown in the following paragraph. 

 

3.2.5. Structural characterizations of PMN-PT substrate 
 

The structural properties of PMN-PT crystals are quite complex and linked to their multidomain 

nature and composition-dependent phase diagram. In PMN-PT, the concentration of 40% PT 

corresponds to a majoritarian tetragonal phase,[22] just few percentages over the so-called 

morphotropic phase boundary,  where tetragonal and rhombohedral phases coexist. These aspects 

will be discussed more in details in the following chapter. Here, a purely tetragonal structure of 

PMN-PT is used for simplicity, without affecting the analysis of the results. 

Figure 53 shows the θ-2θ scan of (002) PMN-PT peak for pristine and Pdown polarized state of the 

substrate.  
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Figure 53: XRD θ-2θ scans for pristine and electrically polarized (out-of-plane - Pdown) case of 

PMN-0.4PT (001) substrate. 

In the pristine state, two peaks are clearly visible, corresponding to the combination of in-plane 

(020/200) and out-of-plane (002) orientation of domains of the tetragonal unit cell. The difference 

in intensity between the two peaks is an indicator of a majoritarian population of out-of-plane 

domains before any voltage application, with nonetheless a non-negligible part of in-plane 

domains. After setting the polarization to Pdown, i.e. to out-of-plane, the in-plane peak becomes 

less intense, changing the ratio between the two peaks. Our group previously reported that both 

the Pup and Pdown states for the same PMN-PT composition are structurally identical.[22] This is 

consistent with the assumption of a tetragonal structure, since in this case switching from one 

polarization to the opposite one happens only via 180° rotations of the domains, with therefore 

no global changes in the in-plane strain. 

Finally, reciprocal space maps were recorded around the (013) skew-symmetric reflection for 

both pristine and polarized cases to better evaluate the variations of domain populations after 

polarization switching.  As it can be seen in figure 54a, the 2D map of pristine PMN-PT is very 

irregular, with a (013) peak quite broad and a second, less intense peak as satellite of the main 

one. On the other hand, the map of the Pdown case (figure 54b) appears more regular, exhibiting a 

more ordered arrangement and better alignment of the domains, sign of a more homogeneous out-

of-plane domain population. 
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Figure 54: 2D reciprocal space XRD maps for (a) pristine and (b) Pdown polarized PMN-0.4PT 

substrate. 

Two main conclusions can be drawn from these structural characterizations. Firstly, the 

modifications taking place in PMN-PT when passing from pristine to polarized state modify the 

interfacial structural parameters of the heterostructure, and therefore the strain of the thin Ni layer 

at the interface, with induced modifications in its magnetocrystalline anisotropy. Secondly, the 

variation of the domain composition between pristine and polarized substrate[68] is a fundamental 

information to properly understand the different behavior of magnetostrictive Ni layer under 

illumination. The pristine substrate presents a large portion of in-plane oriented domains, which 

on the other hand tends to vanish after setting the polarization. Our combination of magnetic, 

spectroscopic and structural characterizations for both pristine and polarized PMN-PT states 

shows that the in-plane portion of domains is the main responsible of the photostrictive response 

under illumination, whose effects propagate to the interfacial magnetostrictive Ni overlayer. 

 

3.3. Conclusions and perspectives 
 

The results presented in this study show visible light illumination as a promising additional 

stimulus to modify the magnetic and ferroelectric responses of PMN-PT (001) / ferromagnetic 

metal heterostructures. The effect of visible light illumination on pristine PMN-PT is a reduction 

of Ni coercive field, driven by the photostrictive contribution of the in-plain ferroelectric domains. 

Optical, non-thermal control of magnetism in multiferroic heterostructures is a novel and rarely 

investigated lever.  
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Our combined experimental analysis unambiguously shows the correlation between ferroelectric 

domain population and its sensitivity to photo-induced modifications on both ferroelectric and 

ferromagnetic components of the heterostructure.  These results shed light on the delicate energy 

balance that leads to sizeable light-induced effects in multiferroic heterostructures, while 

confirming the need of spectroscopic characterizations for identifying the physical origin of 

interface behavior. 

In light of the previous discussion, we can say that the findings of this study add a new lever in 

modifying the magnetoelectric coupling of multiferroic heterostructures. This paves the way 

towards using other photostrictive and magnetostrictive materials with optimized combined 

properties, for instance having faster response time and larger effects that can be suitable for 

technical applications. Among them, highly magnetostrictive FeGa layer could be one option to 

be deposited on top of a photo-ferroelectric material. Recently, I have been working and 

performing MOKE measurements on PMN-PT/FeGa heterostructures in collaboration with 

INRiM, Torino. The results under light illumination have to be still envisaged in details but shows 

one of the possibilities to use FeGa layer. In this study, we have used PMN-PT as it is a benchmark 

ferroelectric material due to high piezoelectric and electro-optic properties but from the 

panoramic perspective of the topic, people are also looking for lead free materials that can be 

used to induced photostrictive effects. We are also glancing at some of the possible substitutes 

like KNbO3, SRO, CdS etc. that have been reported as a highly photostrictive materials. The 

photostriction is also found in organic materials, that accounts for many prominent examples with 

larger effects, in which the core mechanism is either light-induced chemical structural changes or 

different kind of molecular orientations (motion and alignment) under laser irradiation. 

Hypothetically, one can look for materials that are ferroelectric-photovoltaic and organic-based 

at the same time in order to have fast time response and bigger effects. Some of the examples to 

address this issue has been reported for metal organic systems, indeed reported to be ferroelectric. 

Another promising candidate can be molecular crystals: that are highly light-sensitive and 

electrically polar at the same time. In these molecular systems, the photostriction is accompanied 

with a change in magnetic properties, thus could be interesting in studying the magnetostrictive-

photostrictive coupling. All this broaden the possibilities to be used for several technical aspects 

of light-controlled applications in both optics and magnetic straintronics using photostrictive 

effects. 
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Chapter 4 

 

Ferroelectric thermal treatments: an additional lever in 

PMN-PT/Fe heterostructure 
 

This chapter provides an insight on the effects of thermal annealing cycles across PMN-PT 

ferroelectric Curie temperature on the structural and magnetic properties of PMN-PT/Fe 

multiferroic heterostructures. The objective is to analyze the effects of different time span 

annealing processes on the ferroelectric domain population of PMN-PT substrate, specifically 

how the thermal treatments affect the global and local structural order of the ferroelectric substrate 

and how these changes modify the magnetic anisotropy of interfacial Fe thin film. Similar to the 

previous chapters, this chapter is organized in sections, as follows: a brief introduction on the 

state-of-the art literature, followed by the experimental details and results of the study, with a 

final section on conclusions and future prospects. 

 

4.1. Introduction 
 

As presented along the previous chapters, multidomain PMN-PT single crystals gained a 

privileged position among all FE materials due to their extraordinarily large electromechanical 

relaxor properties.[1–3] For this reason, they are applied in medical ultrasound transducers, 

actuators, micropositioners and other devices. Nonetheless, one of their main flaw for 

technological implementation is the degradation of ferroic properties and mechanical aging 

observed under application of an external stimulus.[4–6] The origin of giant piezoelectric 

phenomenon in PMN-PT is complex and still not fully understood till date; it was initially 

explained by first-principle calculations with a model based on polarization vector rotation.[7] 

Whenever the FE domains are uniformly oriented and aligned, the highest values of piezoelectric 

coefficient are reached, with electromechanical deformations one order of magnitude larger than 
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conventional PZT piezoelectric ceramics.[8,9] Therefore, an effective manipulation of FE domain 

size and direction can substantially modify the piezoelectric, dielectric, electromechanical and 

optical properties of these materials. As a result, many methods have been reported in last years 

to modify the FE domain structure and to play with domain wall engineering, including the use 

of electric polarization,[10–14] visible light illumination inducing photostriction effect,[15–21] and 

others. 

These exceptional electromechanical properties in lead oxide-based solid solutions are 

particularly marked when in presence of a phase boundary between the rhombohedral (R) and 

tetragonal (T) phases, known as the morphotropic phase boundary (MPB).[22–24] The structural 

phase diagram of PMN-PT as a function of PT concentration, first presented  in section 1.1.2 of 

chapter 1, is here presented in higher detail. Figure 55 presents the detailed phase diagram as 

shown by Noheda et al.[25] in 2002, where they characterized the structural phase diagram around 

the MPB region by means of x-ray synchrotron diffraction.  

 

Figure 55: Phase composition schematics of PMN-xPT system reported by Noheda et al.[25]  

Hangbo et al.[26] also performed Landau-like phenomenological theory and calculated free-energy 

expansion parameters for PMN-0.3PT using the temperature-dependent polarization curves along 

the out-of-plane [001] and in-plane [011] axis for the R and T phases. They found good agreement 
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with experimental data in the temperature regions near the T and R phases, but had deviations at 

higher temperatures, i.e. in the cubic phase region. This was attributed to the fact that the model 

did not take into account the contribution of polar nanoregions (PNRs). PNRs are small uniformly 

polarized regions over a local, nanometric scale, present in PMN-PT crystals, which have been 

proved to play a key role in both piezoelectric and electromechanical giant responses.[27–30] 

Although the Landau theory failed to fully describe diffusive dielectric properties in relaxor 

ferroelectrics due to the presence of PNRs, it can be still adopted to describe the behavior of 

relaxor-based ferroelectrics in the ferroelectric regime. As already discussed, the large effective 

piezoelectric response is attributed to the easy rotation of polarization vector in the MPB 

composition, in which R and T phases coexist and bridging monoclinic phases can appear.[22,31,32] 

The temperature variations of the in-plane and out-of-plane unit cell parameters for the specific 

case of PMN-0.36PT are presented in figure 56 as an example of the temperature dependent 

structural transitions that can take place in PMN-PT in presence of MPB.[32]    
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Figure 56: PMN-0.36PT lattice parameter evolution as the function of temperature as shown by 

A.K. Singh and D. Pandey.[32] 
 

Hangbo et al.[33] reported the PMN-0.36PT (001) phase transition from orthorhombic (O) to 

tetragonal (T) around -15°C and calculated the temperature-dependent polarization, spontaneous 

strains, and dielectric properties, confirming the co-existence of these two phases in a small 

temperature range; this was considered as an indication of the possible presence of sort of 
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metastable phases across the temperature transitions, here for instance the presence of a 

monoclinic phase as an adaptive one due to the interfacial mismatch between co-existing O and 

T phases. In addition, they reported a large value of temperature-dependent shear piezoelectric 

constant d15 = 1500 pC/N close to room temperature, indicating potential applications in 

transducer applications. Very recently, T. Rojac[34] discussed the implications of the polar 

structure on the piezoelectric response of PMN-PT ferroelectrics, including the role of PNRs, 

domain walls, and the effects of chemical composition as the function of varying temperature. 

The article shows the role of local polarization rotations and Pb-atom positional disorder, 

particularly when near the MPB, in explaining the large piezoelectric response.  

This brief overview on the temperature dependencies of PMN-PT shows how complex its phase 

diagram is once temperature variations are taken into account. The picture becomes even more 

complex when ferroelectric domain directions and polar nanoregions are considered. In this 

framework, such characterizations have usually been done on pure PMN-PT substrates or 

ceramics, i.e. without including a ferromagnetic layer at the interface. In other words, the 

possibility of modifying the magnetic properties of a multiferroic heterostructure by optimizing 

the structural properties of PMN-PT substrates via thermal treatments is at present a fairly 

unexplored route. This could result particularly interesting for applicative purposes, since thermal 

treatments are one of the possible methods to both tune the structure and ferroelectric domain 

orientation and to reduce the mechanical fractures and aging of PMN-PT[35–38] once crossing the 

FE Curie temperature TC. The transition from FE domains to a cubic structure and backward upon 

cooling is responsible for a re-organization of the domains, and can lead to modifications on the 

concentration of local defects or domain reorientation.[39–41] This can be used to good advantage 

in multiferroic heterostructures for tuning the FM interfacial properties via interfacial 

magnetoelastic coupling. This approach has been exploited in heterostructures with BaTiO3 

(BTO) as FE substrate. For instance, Motti et al. showed in the case of LSMO/BTO 

heterostructure that electric field cooling from cubic to T phase induces a substantial reorientation 

of the domains in the out-of-plane direction at room temperature.[42] Other systems including 

LSMO/BTO,[43] Fe3O4/BTO[44], SRO/BTO[45] and Ni/BTO[46–48] showed how temperature 

dependent structural transitions can tune the magnetization of the interfacial FM layer. Finally, 

regarding PMN-PT/FM system, in 2017, Y. Zhang et al.[49] showed the possibility of modifying 

the properties of Fe3O4 deposited on PMN-PT substrate showing strong interfacial mechanical 

coupling between the magnetic and ferroelectric phases.  
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In this framework, the work of this chapter focuses on how thermal treatments of PMN-0.4PT 

(001) substrates affect their structural and ferroelectric properties at room temperature, and how 

they modify the magnetic properties of interfacial Fe thin film. PMN-0.4PT composition is out of 

the MPB region, being in the T one (see figure 55), thus in theory with less complex structural 

characteristics. Nonetheless, here we show how different annealing times lead to variations in the 

domain direction and composition, together with improvements in the crystalline quality at both 

macroscopic and microscopic level. 

 

4.2. Results and discussions 
 

The characterization of the PMN-PT substrates was realized by combining XRD and micro-

Raman spectroscopy measurements along the different stages of annealing, whereas MOKE 

measurements were taken to characterize the in-plane magnetic anisotropy of Fe film. In the 

following paragraphs these steps will be presented and discussed. 

 

4.2.1. X-ray diffraction analysis of PMN-PT substrate 

 

 

Figure 57: (a) Schematics of thermal treatment setup of PMN-0.4PT/Fe heterostructure with 

heating in glovebox. (b) PMN-xPT phase diagram;[25] dashed arrows indicate the thermal 

treatment process, going from room temperature (RT) up to 473 K, crossing the structural 

transition (1) then back to RT (2). Horizontal dashed lines indicate the two critical temperatures 

of the thermal treatment. 

The structural properties of one-side polished bare PMN-0.4PT (001) FE substrate of 2.5 × 2.5 

mm2 with thickness of 0.5 mm were studied using XRD analysis. The measurements were 
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repeated for the pristine unannealed case and after two different time span annealing. The 

substrate underwent thermal treatments inside a N2 filled MBraun glovebox in inert atmosphere 

(O2, H2O < 0.5 ppm) (figure 57a). The heating was done in glovebox in order to minimize the 

interactions with oxygen upon heating and cooling cycles to avoid uncontrolled natural oxidation 

at the surface. PMN-PT was annealed on a heating plate up to 473 K with controlled heating and 

cooling ramps of 40 K/min and ~35 K/min respectively. 473 K is a temperature large enough to 

cross the first order phase transition point for PMN-0.4PT substrates, being its Curie temperature 

TC at ~ 460 K, as shown in figure 57b. The heating and cooling cycles were repeated twice on the 

same piece with different annealing time span, 15 min during the first one (from now on, 

annealing 1) and an additional 180 minutes for the second case (annealing 2). 

 

Figure 58: XRD (a) 2θ-ω and (b) rocking curves (ω-scan) for pristine, post annealing for 15 

and 180 minutes of bare PMN-0.4PT (001) substrate. 

The symmetric XRD 2θ-ω scans and rocking curves of (002) peak of a bare 2.5 x 2.5 mm2 PMN-

0.4PT substrate along the thermal processes are shown in figure 58. Two subsequent heating steps 

took place, with the sample left at 473 K first for 15 min (green curve) and then for additional 

180 min (violet curve). At RT (red curve), the profile shows two main peaks indicating the 

presence of a double domain orientation, one out-of-plane (002) and one in-plane (200/020) for 

the tetragonal phases at 45.07° and 45.25°, respectively. The rocking curves shown in Figure 58b 

taken at the (002) Bragg plane showed that, after the first round of 15’ of annealing, there was a 

decrease of the Full-width half maximum (FWHM) of the curves (0.147 ± 6 ×10-4) as compared 

to the pristine unannealed one (0.323 ± 9×10-4), indicating an improvement in the quality of the 

44.4 44.6 44.8 45.0 45.2 45.4 45.6

100

1000

10000

100000

In
te

n
s
it
y

2q-w (°)

                Pristine

 15'          annealing

 15'+180' annealing

(002) (020/200)

21.8 22.0 22.2 22.4 22.6 22.8 23.0 23.2

10

100

1000
In

te
n

s
it
y

w (°)

(002)



109 
 

crystalline structure. After the second round with additional 15’+180’ of annealing, the FWHM 

increases (0.269 ± 1×10-4), with an intermediate value in-between the previous two. These values 

of FWHM were obtained by fitting the rocking curves with cumulative Voigt fits and similar 

trend is observed in figure 58b for the bare PMN-0.4PT (001) substrate. 
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Figure 59: XRD 2θ-ω scans along with the fitting of (002) and (200)/(020) contributions for the 

pristine unannealed and after two thermal treatments. 

 

From these peaks, by using the Voigt fitting and a quantitative phase analysis of the relative 

intensities of the two peaks present in the symmetric 2theta-omega scans (figure 59), we have 

depicted the relative percentages of the amount of out-of-plane (T002) and in-plane domains 

(T020/200) of the tetragonal structure, which is found to be 87.7% and 12.3% respectively for the 

unannealed pristine case, and 43% and 57% after the first 15’ annealing treatment. Therefore, a 

substantial increase in the population of in-plane domains due to thermal treatment is reported. It 

is possible to evaluate the lattice parameters of the tetragonal structure, being (c)tet for (002) at 

45.07° equal to (4.022 ± 0.001) Å and (a=b)tet for (002/020) at 45.25° equal to (3.9936 ± 0.001) 

Å, in good agreement with what reported in literature.[50,51] Increasing the temperature up to 473 

K for 15 minutes, a switch of the two peak intensities takes place, with the in-plane component 

(200/020) becoming predominant compared to the out-of-plane component (002). In this case, 

the lattice parameters were found to be 4.0201 and 4.0025 Å, respectively, i.e. a reduction of c 

and increase of a lattice parameter with respect to the pristine unannealed case. After the 

additional 180’ annealing, the contribution of the in-plane component reduces, with the presence 

of out-of-plane dominant peak at 45.14° (i.e. c = 4.0146 Å) and in-plane peak at 45.27° with (a=b) 

= 4.002 Å. 
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This procedure was repeated for PMN-0.4PT/Fe heterostructure to verify of a similar trend of 

modification upon thermal treatments takes place. This was done to verify the reproducibility of 

the annealing treatment on the evolution of the ferroelectric domain populations and to discard 

any major role potentially played at the interface by Fe/MgO thin films. The results of the XRD 

measurements are shown in Figure 60. 

 
 

Figure 60: XRD (a) 2θ-ω, (b) rocking curve (ω-scan) for pristine, post annealing for 15’ 

(annealing 1) and 15+180 minutes (annealing 2) of PMN-0.4PT/Fe heterostructure along with the 

Voigt fitted curves (c-e). 

In this case, the calculated out of-plane (c)tet and in-plane (a = b)tet lattice parameters for both 

Bragg planes (200) and (002/020) are 4.022 and 3.993 Å, respectively. After increasing the 

temperature up to 473 K for 15 minutes, the reversal of the peak intensities is confirmed, with the 

in-plane component (200/020) becoming predominant compared to the out-of-plane component 

(002). After annealing 1, (c)tet and (a = b)tet lattice parameters were found to be 4.020 and 4.002 

Å, respectively. Once annealed at 473 K for additional 180 minutes, XRD scans confirm a 

recovery of the majoritarian out-of-plane main peak. This means that by keeping the sample five 
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times longer at a temperature of 473 K, the tetragonal structure of PMN-0.4PT reorients itself 

entirely out-of-plane following the (002) crystallographic direction.  

By using the quantitative phase analysis of the relative intensities of the two peaks present in the 

2θ-ω scans (figure 60c-e), we retrieved the relative percentages of the amount of (T002) and 

(T020/200) domains of the tetragonal structure, which is found to be 88% and 12% respectively for 

the unannealed pristine case, and 40% and 60% after the first 15’ annealing treatment. The system 

again went back to its initial state after an additional annealing of 180 minutes, showing a 

consistent control of annealing treatment on different pieces of PMN-PT. 

The 2-dimensional XRD reciprocal space maps (RSMs) recorded asymmetrically around the 

(103) reflection for the bare PMN-0.4PT (001) substrate in the three conditions is shown in (figure 

61).  
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Figure 61: Two-dimensional reciprocal space maps (2D-RSMs) of PMN-0.4PT for (a) pristine 

and after thermal treatments, i.e. (b) 15’annealed (annealing 1) and (c) 15’+180’ annealed 

(annealing 2). 

The reciprocal space map around (103) reflection of the unannealed pristine sample shows an 

inhomogeneous distribution of the diffracted intensities in both Qx and Qz directions of the 

reciprocal space. Furthermore, the presence of diffuse scattering around the maxima indicates the 

presence of crystalline disorder due to lattice defects such as clusters of point defects and/or linear 

defects such as dislocations. The latter are often associated with the coexistence of polar 

nanoregions (PNRs) and chemically ordered clusters, leading to intrinsic short- and long-range 

disorder.[52–54] 

The two annealed cases present different patterns of the diffracted intensity distribution, with 

common characteristics. Firstly, we can notice a sharp separation of two maxima, indicating the 
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formation of two well separated crystalline domains with a net reduction of the diffuse scattering 

all around them. All of these crystalline domains are characterized by a different status of lattice 

strain and tilt (i.e., overall structure) due to thermal treatment. Hence, this can modify the 

interfacial coupling when coupled with a FM layer in different manners. 

 

4.2.2. Micro-Raman Analysis on pristine and annealed PMN-PT/Fe 
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Figure 62: Raman spectrum of pristine unannealed PMN-0.4PT/Fe heterostructure along with 

the fitted Raman modes A2-A8 and fitting curve (red). 

The lattice modes at a local scale of PMN-0.4PT heterostructure were studied using micro-Raman 

analysis. Micro-Raman spectra were collected on the pristine PMN-0.4PT/Fe heterostructure in 

the spectral range from 10 to 410 cm-1, with a spectral resolution of 3 cm-1 and a probed area of 3 

μm2. An example of spectrum is shown in figure 62, with the fitting curve, obtained by combining 

eight Lorentzian peaks in correspondence to the main features of the spectrum. An index ‘Ai’ is 

attributed to each peak. The Raman shifts of the fitted peaks are consistent with what reported in 

literature.[55] The peaks labelled from A2-A8 are associated with the vibrational modes of the 

system. The modes at lower frequencies (A2 and A3, at 43 and 50 cm-1, respectively) are 

attributed to the lifting of degeneracy of the low wavenumber modes of PMN, associated to the 

variable elemental composition of the B site of perovskite structure of PMN-0.4PT. The other 

peaks A4 (88 cm-1) and A5 (137 cm-1) are attributed to the lattice modes while, the peaks A6 and 

A7 at 220 and 266 cm-1, respectively corresponds to the oxygen vibrations. 
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To completely analyze the local symmetry of PMN-PT sample, Raman spectra were collected by 

tuning the incident and scattered light polarization with a combination of polarizers and rotators. 

Several spectra were collected as a function of the sample crystallographic axis orientation and 

of the relative orientation between polarization and sample axes. By selecting the intensity of 

each peak as a function of the reflected conditions, polar plots are obtained, giving information 

on both the local level of crystalline order and on the isotropic or anisotropic response of the 

selected peaks. 

The spectra were observed for three different configurations (figure below): 

 

Figure 63: Three different setup configurations for collecting Raman measurements. 

a) the polarization of both incident and scattered beams was set to vertical; the spectra collected 

for the polar plot were taken while rotating the crystallographic sample direction φ (εinc = (φ), εscat 

= (φ)); 

b) the rotation of the sample axis was set at a selected φ* value, corresponding to a high symmetry 

direction defined from the trend measured with a) configuration; the incident beam polarization 

was rotated by a variable angle θ, while the scattered one was set to vertical, i.e., parallel to φ* 

direction (εinc = (φ) + φ*, εscat = φ*); 

c) the rotation of the sample axis was set at a selected φ* value; the incident beam polarization 

was rotated by a variable angle θ, while the scattered one was set to horizontal, i.e., orthogonal to 

φ* direction (εinc = (φ) + φ*, εscat = 90° + φ*).  

The combination of these three sets of angular dependent characterizations allows having a rather 

complete picture of the phononic modes present in the heterostructure, exploring all the elements 

of the polarizability tensor accessible in the adopted backscattering configuration. 
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The polarization angular dependent Raman spectra for pristine unannealed and after first 

annealing of PMN-0.4PT/Fe heterostructure in the three described configurations is shown in 

figure 64. 
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Figure 64: Comparative Raman study, spectra acquired in three different configurations at the 

frequency range of 10 to 410 cm-1 for PMN-0.4PT/Fe heterostructure for pristine unannealed and 

annealed cases. 
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For the pristine unannealed case, in the first εinc = (φ), εscat = (φ) configuration, no significant 

modifications of the spectra in the frequency range from 50 to 270 cm-1 was observed as the 

function of sample rotation. Similarly, also in the two other optical configurations the 

modifications of the spectra when changing the polarization orientation were not particularly 

marked. On the other hand, in the case of the annealed sample a shift in the peaks was noticed. 

To better underline the relative modifications of the Raman spectra as a function of the probed 

angles, we show in Figure 65 the variations of the Raman spectra to a chosen angle, together with 

the polar plots as a function of the angle for the A3 lattice mode. 
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Figure 65: Polarization angular dependent Raman spectra of PMN-0.4PT/Fe heterostructure for 

(top, a-f) pristine unannealed and (bottom, g-l) after annealing 1 case. Figures (a-c, g-i) show 

the spectral variations in the three configurations, while polar plots (d-f, j-l) present the A3 

mode as a function of the rotating angle. 
 

Raman peak intensity is expected to vary/shift as the function of cos2θ in accordance with the 

angle of rotation θ of the sample. It depicts the relation and dependence of light polarization with 

the crystallographic directions of ferroelectric domains. In the pristine state we observe almost no 

changes in the Raman modes as a function of both θ and φ, with polar plots almost perfectly 

isotropic. This means that the sample structure lacks a polarization dependence in the response of 

the phononic modes and it is an indication of a lack of order in the probed area. This can be 

ascribed to a large presence of local defects and an average randomly distribute lattice orientation 

in the three directions. The lack of feature variations is reported through the whole Raman 

spectrum, with differential curves which present faint features for the three optical configurations. 

Same cases were observed for the other two (εinc = (φ) + φ*, εscat = φ*) and (εinc = (φ) + φ*, εscat 

= 90° + φ*) configurations in the pristine sample, indicating that the ferroelectric domains in the 

pristine state are randomly distributed along both in-plane and out-of-plane directions. This is 

consistent with the highly dispersive 2D-RSM measured with XRD and shown the in previous 

section. It indicates a case of very weak polarization dependence, which is a hint of 

polycrystalline/highly disordered structure so that the scattering volume contains many 

orientations. 

On the other hand, a well-defined polarization dependence is observed for the annealed case. 

Differential curves present important variations, especially pronounced on the low Raman shift 

modes, as it can be seen in the differential curves of figure 65g-i. Once plotted as a function of 

the intensity of specific lattice modes, the anisotropic behavior of the annealed sample becomes 

evident. Figure 65j-l show the polar plots for the A3 lattice mode. A well-defined 2-fold and 4-

fold symmetries can be seen in the three configurations, indicating a well-defined symmetry of 

the mode, clearly responding to the polarization direction. Similar anisotropic angular 

dependences were observed also for lattice modes A2 and A5 and oxygen vibrational A7 mode 

(figure 66, 67, and 68 respectively). In this case again we find a good consistency with XRD 

measurements: the increased crystalline quality is reflected on a well-defined local phononic 

response of the heterostructure. 
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Figure 66: Polarization dependent polar plots PMN-0.4PT/Fe heterostructure (pristine and 

annealed 1) in the three micro-Raman configurations at A2 mode. 
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Figure 67: Polarization dependent polar plots PMN-0.4PT/Fe heterostructure (pristine and 

annealed 1) in the three micro-Raman configurations at A5 mode. 
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Figure 68: Polarization dependent polar plots PMN-0.4PT/Fe heterostructure (pristine and 

annealed 1) in the three micro-Raman configurations at A7 mode. 

Micro-Raman measurements were taken on freshly deposited samples, i.e. the measured 

substrates were not the same as those used for XRD and MOKE characterizations. To confirm 

the consistent effect of the thermal annealing on the structural properties of these sample, XRD 

symmetric scans were repeated on this set of samples. The fitted curves are shown in figure 69. 
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Figure 69: XRD 2θ-ω scans of pristine unannealed and after the first thermal treatment of 

PMN-0.4PT/Fe heterostructure used for Raman characterizations. 

Also, in this case a similar evolution of the ratios between the in-plane and out-of-plane domains 

was observed as a function of the thermal annealing treatments. The majority of domains shifted 
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from mostly out-of-plane (200) (83%) to the in-plane (002) domains (67%) for the pristine and 

annealed cases, respectively. 

 

4.2.3. MOKE Characterization of PMN-PT/Fe heterostructure 
 

As for the previous chapter, the characterization of the magnetic properties of PMN0.4-PT/Fe 

heterostructures were taken at room temperature by MOKE measurements. In figure 70 the 

schematic representation of the sample stack and measuring setup is shown. 

 

Figure 70: Schematic representation of the PMN-0.4PT/Fe heterostructure and experimental 

setup of Longitudinal MOKE. A He-Ne laser of 658 nm was used. 

The hysteresis loops were recorded in-plane along different crystallographic axis of the FE 

substrate. Polar plots showed an in-plane almost isotropic behavior for the unannealed as grown 

sample (figure 71a), with a coercive field of around 22.3 Oe along [100] and 20.5 Oe along [010] 

crystallographic axis. The measurements were then repeated after the 15’ annealing of the sample, 

always at room temperature (figure 71b). A drastic modification in the magnetic response was 

observed before and after thermal annealing. Specifically, the sample passed from a purely 

isotropic behavior to a uniaxial anisotropic one. The observed coercive field was found around 

31.5 Oe along [100] and 60.5 Oe along [010] crystallographic axis, while the remanence was 

found to be 0.4 and 0.87 respectively. The highest remanence and lowest coercive field, signature 

of the in plane easy axis, was observed at 120° with respect to [100] crystallographic axis. This 

modification of the in-plane anisotropy after 15’ annealing is fully consisted with the structural 

characterizations done via XRD, since we noticed a huge modification (increase) in the in-plane 

orientated ferroelectric domains of the PMN-PT substrate upon annealing. The larger presence of 
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in-plane oriented tetragonal domains leads to a non-uniform in-plane strain, since the interfacial 

lattice parameters are a and c (in the case of mostly out-of-plane domains the interfacial face has 

lattice parameters a=b). Therefore, the modification of the magnetocrystalline anisotropy driven 

by PMN-PT domain rearrangement, plus a lower level of structural disorder, as responsible of the 

transition from an isotropic to an anisotropic in-plane magnetic response. 

Polar plots measurements were then repeated after the second annealing (15’+180’), as shown in 

figure 71c; in this case, an almost isotropic behavior is restored, with coercive fields of 42 Oe 

along [100] and 40 Oe along [010] crystallographic axis, larger than those measured in the 

unannealed pristine case. Again, as observed by XRD measurements, longer annealing brings the 

structure back to a mostly out-of-plane domain population. This is reflected in MOKE, where the 

magnetic behavior goes back to an isotropic one. The combined polar plot of coercive field and 

remanence values for the unannealed and annealed stages of the heterostructure are shown in 

figure 71d and 71e. We underline that the loops are normalized to the magnetic saturation of each 

curve, so changes in the total magnetization due to annealing, if any, are here not visible. This 

series of MOKE measurements shows that thermal annealing modifies the magnetic anisotropy 

of the Fe thin film due to substantial FE structural modifications in the PMN-PT substrate. 

0

30

60

90

120

150

1800

20

40

60

80

0

30

60

90

120

150

1800.0

0.2

0.4

0.6

0.8

1.0

-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150

H
C
 (

O
e

)

               Pristine

 15'          annealed

 15'+180' annealed

(d)

[100]

M
re

m
/M

s
a
t

(e)

[100]

[010] [010]

Applied magnetic field (Oe)

N
o

rm
a

liz
e
d

 K
e
rr

 s
ig

n
a
l 
(a

rb
. 
u

n
it
s
)

(a)

Applied magnetic field (Oe)

(b)

 0° [100]

 30°

 60°

 90° [010]

 120°

 150°

 180°

Pristine 15' annealed 15'+180' annealed

Applied magnetic field (Oe)

(c)

 

Figure 71: MOKE hysteresis loops for (a) as-grown, (b) 15’ and (c) 15’+180’ annealed PMN-

0.4PT/Fe heterostructures a function of in-plane magnetic field direction with respect to PMN-PT 
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crystallographic axis. 0° and 90° azimuthal angles correspond to PMN-PT (001) and (010) axis. 

(d,e) Polar plots of coercive field and magnetic remanence. 

 

 

4.2.4. X-absorption spectroscopy of PMN-PT/Fe heterostructure 
 

Absorption spectroscopic measurements on PMN-0.4PT/Fe heterostructure were carried out APE-

HE beamline in TEY mode. The XAS spectra collected at Fe L2,3 edges for pristine, short-

annealed (15’) and long-annealed sample (15’+180’) are shown in figure 72, along with the 

comparison of reference metallic Fe signal (black).[56] 
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Figure 72: X-ray absorption spectra probed at Fe L2,3 edges for the pristine, 15’ annealed and 

15+180’ annealed PMN-0.4PT/Fe  heterostructure compared with bulk iron[56]. 

The spectra clearly show that Fe thin film remained metallic over the whole annealing procedure, 

with no changes in the spectrum and no sign of oxidation. This excludes the possibility of any 

kind of chemical changes (ion migration) or modification in the coordination geometry of Fe 

during annealing, which would have affected the magnetic response of the film. Therefore, we 

report that the modification in the magnetic response of Fe is fully linked to the structural 

modification of the PMN-PT substrate and not due to chemical modifications of the FM layer 

itself. 
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4.3. Conclusions and perspectives 
 

In this chapter, the effects of thermal treatment on PMN-0.4PT/Fe multiferroic heterostructure 

have been investigated by combining structural, magnetometric and spectroscopic 

characterizations, showing how the local and global properties of PMN-PT crystals can be 

improved (reduction of local defects and possibly of nanoclusters) and the ferroelectric domain 

population can pass through an intermediate state, where in-plane domains become majoritarian. 

Here we quickly sum up the main results of the study, and give some additional discussion and 

future prospects. 

In the case of the pristine unannealed substrate, XRD characterizations showed from a 

macroscopic point-of-view a larger presence of out-of-plane ferroelectric domains, with broad 

features in the 2D reciprocal space maps and large FWHM rocking curve, signature of an 

important presence of local defects and low crystalline quality. This aspect was confirmed locally 

by micro-Raman measures, where fully isotropic polar plots were found along all crystallographic 

directions. Once the heterostructure was treated thermally, the structural quality clearly evolved 

towards a more ordered and better-quality crystallographic properties. The short 15’ of annealing 

over PMN-0.4PT ferroelectric Curie temperature led to what results to be a “metastable” 

intermediate domain population configuration, in which the majority of the ferroelectric domains 

shifted towards the in-plane one. This modification of the domain population implies a change of 

the interfacial strain due to the different lattice parameter of the majoritarian PMN-PT tetragonal 

face in contact with the Fe thin film, leading to a modification of its anisotropic behavior, which 

moved from an isotropic to an anisotropic one, as observed by MOKE. After this, another 

annealing cycle was carried out but for a longer time span. This operation led to a modification 

of the ferroelectric domains, which maintained the improved crystallinity properties and reduced 

level of local defects, but shifted the main population back towards the out-of-plane direction. As 

a consequence, the Fe magnetic response went back to an isotropic one, consistently with a lack 

of preferential in-plane strain due to the out-of-plane FE domains. These results underline the 

important role of strain and FE structural properties as one of the major actors in the 

magnetoelectric interfacial coupling. In addition, they spread light on how thermal treatments of 

FE substrates can be used to optimize the structural properties and tune the domain population of 

the FE part in multiferroic heterostructures, with possible transitions between different FE domain 

distributions. 
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In prospective, these thermal treatments can be used to get advantage of several weaknesses and 

inconveniences present in FE substrate. For instance, the defects and disordered clusters present 

in FE’s leads to an inefficient magnetoelectric coupling in multiferroics, degrading the effects of 

external stimuli on the ferroic properties. Hence, a highly ordered structural state and pronounced 

crystalline quality, up to now mostly achieved by the aging and fatigue processes typical of 

voltage-controlled FE polarization switching, that I achieved by thermal annealing procedures is 

always anticipated for an effectual magnetoelectric coupling in multiferroic heterostructures for 

the optimum utilization in technological implementations. On the other hand, we still have some 

open question to be figured out.  

The first question remained open is the transition upon annealing between the three states 

measured at room temperature. An in-situ characterization of the structural modifications taking 

place during the thermal cycles would help in better understanding the energetic balances and 

transitions taking place from the unannealed pristine configuration to the “fully annealed” 

substrate. In this prospect, XRD measurements on a heating stage are planned, either with a 

laboratory source or via beamline measurement at XRD1 beamline (proposal under evaluation). 

Regarding the thermal process itself, one possibility is to perform thermal annealing with cooling 

cycles in presence of an external electric field, to see and compare the modifications in the 

heterostructure compared to the zero-field cooling case. Another aspect regards mechanical 

fatigue and loss of performances upon electrical switching. Our group has shown that all the 

different PMN-PT substrates have the tendency to break their surface into few hundreds nm height 

surface cracks during electric field induced polarization reversal,[57,58] with patterns in different 

directions according to the crystallographic growth orientation. These surface cracks, despite 

being in some case completely reversible, are symptomatic of mechanical fractures created during 

polarization switching. In the Master thesis of Paola Mantegazza,[59] done in 2019 in our group, 

preliminary heating studies showed that these surface cracks can be almost completely removed 

after an annealing over TC with electric field cooling. These first results, which in part inspired 

the work presented in this chapter, deserve further investigations. 
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Chapter 5 

 

Summary and outlook 
 

 

Objectives 

The main aim of my thesis was to study the interfacial coupling in multiferroic heterostructures 

and how it can be modified by external stimuli, by combining electrical, spectroscopic, structural 

and magnetic characterizations. Multiferroic systems were composed by a ferromagnetic layer 

deposited on top of a ferroelectric substrate. In this context, the choice of samples for this thesis 

were two prototypical heterostructures: PMN0.4-PT/Ni and PMN0.4-PT/Fe. In chapter 3, the 

modifications in the magnetic response of Ni and Fe thin films were analyzed as the function of 

visible light illumination and thermal treatment of the heterostructure, respectively. Visible light 

illumination induced photostriction effect in the PMN-PT substrate, which further modified the 

magnetization of Ni thin film via interfacial strain propagation. While, in chapter 4, the 

magnetism of Fe thin film was modified due to the structural evolution and change of domain 

population of PMN-PT substrate upon thermal treatments. In both the cases, the link between 

ferroelectric and ferromagnetic order parameters of the heterostructure was explored, exploiting 

the high sensitivity of PMN-PT to several different external stimuli, in particular focusing the 

attention on two parameters up to now poorly investigated compared to the more traditional ones. 

 

Methods and techniques used 

Multiferroic heterostructures were studied in depth by means of magnetic, electrical, structural 

and spectroscopic characterizations. 

For the deposition of heterostructures, one-sided polished (001) PMN-0.4PT substrates were first 

cleaned with standard acetone and ethanol procedures in ultrasonic bath and rinsed with N2 flow. 



128 
 

The substrates were then introduced in the growth chambers either at the MBE Cluster of APE-

HE beamline for depositing Fe thin films using MBE or at the clean room facility of NFFA-

Trieste for performing e-beam sputtering in order to deposit Ni layers. The capping layers were 

also deposited at the same time in order to prevent the oxidation of metallic films. All the 

depositions were carried out at the room temperature. After the deposition, various 

characterizations have been done. 

First of all, room temperature ex-situ MOKE magnetometry was performed in order to analyze 

the static macroscopic magnetic properties of Ni and Fe thin film, analyzing the in-plane polar 

plots for coercive field and magnetic remanence using the angular-dependent hysteresis loops. 

For the PMN-PT/Ni heterostructure, the MOKE measurements were recorded both in absence 

and presence of light illumination, comparing the magnetic behavior between unpolarized pristine 

case and electrically polarized ones. In the case of PMN-PT/Fe heterostructures, MOKE 

measurements were taken on the same samples after different thermal treatments, comparing the 

as-grown unpolarized pristine sample before and after thermal treatments. 

Regarding the electrical characterization, two main measurements were carried out on the 

heterostructures: photocurrent measurements and I(E) curves. The PMN-PT/FM heterostructures 

were polarized out-of-plane by sweeping an electric field up to ±6 kV cm-1 through the thickness 

of the sample, using AuRh thin films as backside electrode and the FM layer as front one. Current-

voltage curves showed well pronounced peaks in correspondence of out-of-plane polarization 

switching of ferroelectric domains, showing stable and reproducible ferroelectric transitions. 

The modification of FE domain populations and structural properties upon either electric field or 

thermal treatments of PMN-PT were by observed by means of XRD by performing θ-2θ scan and 

rocking curves, combined with 2D reciprocal space maps. These characterizations gave 

information on the macroscopic structural properties of the FE substrates along the study. Being 

the ferroelectric crystals highly inhomogeneous, a campaign of micro-Raman spectroscopic 

measurements was carried out on specific samples to analyze the crystalline quality of the 

substrates on a microscopic level. 

The main spectroscopic method used to analyze locally the chemical, electronic and magnetic 

properties of Fe and Ni thin films was X-ray absorption spectroscopy and X-ray magnetic circular 

dichroism at APE-HE beamline at Elettra synchrotron. By carrying out XMCD sum rules, it was 



129 
 

possible to quantify locally the spin and magnetic moment of the magnetic layer under external 

stimuli, giving the first spectroscopic evidence of light-induced interfacial magnetostriction. A 

set of these techniques and characterizations gives a complete analysis of the heterostructures 

being sensitive to external stimulus like light illumination, voltage and thermal annealing. 

By combining and examining these various characterization techniques on multiferroic 

heterostructures, the effects of two external stimuli: light excitation and thermal annealing have 

been explored for tuning the magnetoelectric coupling at the interface of adjoining of FE and FM 

materials. It has been shown from the structural characterizations that electrical poling and 

thermal treatments can substantially modify the structural properties of FE substrate by 

orientating the domain population from in-plane to out-of-plane direction or vice versa, while 

magnetometric and spectroscopic analysis helped in analyzing the modifications in the magnetism 

of FM layer affected by these FE structural changes. 

 

Summary and significance of the two case studies 

In the first study, presented in chapter 3, I observed the effects of visible light illumination on the 

magnetic response of magnetostrictive Ni layer due to light-induced photostriction mechanism of 

ferroelectric PMN-PT substrate. The main result that we found is a reduction of Ni coercive field 

upon illumination, as observed via MOKE, together with a modification in orbital magnetic 

moment, as seen via XMCD, proving the interfacial strain transfer between the Ni layer and PMN-

PT substrate when exposed to light. By comparing the effects of light illumination between 

pristine and polarized substrate, we concluded that the main cause for this finding can be 

attributed the photostrictive contribution coming from the in-plane ferroelectric domains, as the 

coercive field variation of Ni film strongly reduced after setting the PMN-PT polarization out-of-

plane. These results have been obtained after combining several combinations of ferromagnetic 

layers, PMN-PT compositions and choice of electrodes, which were not presented in the thesis 

for readability reasons. 

Regarding the second case of study, presented in chapter 4, I explored the possibility for 

modifying the magnetic functionalities of Fe thin films via optimizing the structural arrangement 

of PMN-PT substrate via thermal treatments. As written in the chapter, such approach is to our 

knowledge a fairly unexplored route in the state-of-the-art literature. Thermal treatments over 
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PMN-PT Curie temperatures resulted to be an efficient method to tune the orientation of 

ferroelectric domains without passing through voltage application, a method that generally leads 

to a degradation of the FE properties. Specifically, the transition from tetragonal to cubic phase 

above Curie temperature has two main effects: firstly, a substantial reduction of local disorder 

and defects, as seen via micro-Raman measurements, with an improvement of the crystallinity of 

the substrate. Secondly, a variation of the ferroelectric domain population, passing from a 

metastable mostly in-plane one to a majoritarian out-of-plane one after longer annealing. These 

variations in the structural properties influenced the magnetic anisotropy of Fe interfacial layer. 

MOKE magnetometry showed a passage from isotropic to anisotropic behavior at the 

intermediate annealing state, with huge changes in the coercive field and remanence according to 

the direction of applied magnetic field. 

 

Outlook 

What can be the use of these two explored effects for advanced applications involving multiferroic 

heterostructures? I believe both studies prove light illumination and thermal treatment as two 

additional levers for tailoring the functionalities of heterostructures, beyond the more classical 

approach of electric field controlled interfacial strain transfer. The work of this thesis goes beyond 

the modeled scenario of strain transfer across a defect-free interface, which results in uniform 

expansion or contraction of the magnetic layer. The multiferroic systems were intrinsically 

complicated to analyze: in our two case studies we studied the magnetoelectric coupling 

mechanisms between a relatively simple ferromagnetic layer deposited on a complicated 

ferroelectric material, that embeds different structural complexities resulting in involuted 

functionalities. For what concerns the technical applications although being not the main focus of 

this thesis, the results showed in the 1st chapter about light illumination-controlled PMN-PT/Ni 

heterostructure showed the potentialities to serve the heterostructure as convertor between light 

and mechanical energy, as we reported a direct coupling between optical and mechanical 

functionalities. Potentially, similar photostrictive/magnetostrictive heterostructures can be 

implemented to develop acoustic or electrical powered devices due to their relatively fast speed 

and smaller dimensions. Strain mediated magnetization control in low dimensional multiferroics 

can be a key aspect for magnetic memories. In spintronics, this is typically done by passing large 

currents to microstrips generating the magnetic fields but at a certain point this huge amount of 
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current give rise to heating effect that becomes a serious problem as the dimensions are reduced 

below few nanometers. This makes the approach particularly challenging for high-density 

magnetic devices. In such a case, photostriction can play a role and could be combined with 

magnetic layer resulting in inverse-magnetostriction effect making it an alternative wireless 

approach. The analogy of this approach is based on piezoelectric control of magnetic anisotropy 

via inverse magnetoelastic effect that leads to an additional degree of freedom in hybrid 

straintronics-spintronic devices, enabling us to maintain stable magnetization induced by light 

even at zero power. 

Another possible idea is to construct photoelastic-piezomagnetic magnetometers by putting a 

magnetoelastic layer on top of a photoelastic base. The light illumination of variable 

power/wavelength can induce photostrictive effect on the base being transferred to magnetoelastic 

layer. This strain dynamics can result in rotation in orientation of magnetization vector of the 

adlayer, which can yield to electromotive force in a pick-up coil. The low frequency signal can 

be then analyzed from the magnitude of modulation of emf force using phase sensitive detection 

techniques. Apart from this, the deposited multiferroics can be used in many other practical and 

short-term perspectives such as light-controlled gas storage, sonic-ultrasonic emission devices, 

etc. proving them a potential candidate for envisaging further in upcoming years (a general 

overview of multiferroic along with some application ideas is depicted in the figure below). 

 

Figure 73: Graphical overview of multiferroics (showing the linkage between ferroelectricity, 

ferromagnetism and ferroelasticity) with various application aspects.[1] 
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Regarding the fundamental perspectives, the main perspective will be the optimum utilization of 

freely-bounded piezoelectric expansion of PMN-PT substrate, as in our studies PMN-PT has been 

always glued to sample holder which precludes and hinders the optical-straintronics effect. The 

photostriction is a combination of both the expansion and contraction processes of the size of 

material at the adjacent directions, therefore a free bounded material will have the full 

convenience to show photostrictive efficiency at its maximum. Also, other highly photostrictive 

materials like KNbO3 or SrO should be envisaged in future with a deposition of highly 

magnetostrictive film on top, for instance FeGa. 

The role of electrodes on the top and bottom of ferroelectric substrate also plays a vital role as it 

can promote or hinder the generation and free flow of charge carriers in the thickness, which 

results in the photostriction phenomenon. In our study, we used a conductive layer of Au or AuRh 

to promote the built-in electric field of the PMN-PT affecting the internal electric fields at the 

interface. These electrodes led to a non-negligible amount of leakage current. The mechanism of 

manipulating the photovoltaic process deals with the internal electric field caused by the work 

function at interfaces and the depolarization field induced by the ferroelectric polarization, 

therefore one should look for right interfacial electrodes in order to boost the 

photovoltaic/photostrictive efficiency and control the polarization direction of the ferroelectric 

material. A comparative study of different electrodes with the one used in this study would be 

very useful in order to identify the ideal candidates. 

Finally, as, in the 4th chapter of thesis, we have shown that a short annealing treatment above the 

first order structural phase transition can subsequently increase the in-plane domain population 

of PMN-PT substrate, plus according to the fact that we showed in chapter 3rd that presence of in-

plane domains is the main responsible for light induced photostrictive effects on magnetostrictive 

Ni thin film, one should deposit Ni thin film on PMN-PT substrate and heat the heterostructure 

for 15 minutes in order to have majoritarian in-plane ferroelectric domain population that would 

affect the magnetic anisotropy of Ni overlayer. Then, one should carry out the magnetic 

characterizations in presence of light illumination and I expect the magnetic modifications to be 

huge in the interfacial Ni layer upon exposure to light compared to what we observed. 
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‘‘Insanity is doing the same thing over and over again,  

but expecting different results.’’ 

--------------------------------------------------------------------- 

- Albert Einstein 
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