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1 Introduction 

One crucial task of material science is to discover and develop innovative 

and applicable compounds which could improve everyday life quality. In concrete 

terms, this means that material scientists have to face several complex challenges, 

trying to master and manipulate fundamental science principles, explain and tune 

the emerging phenomena that occur, and hopefully fill the gap through the final 

implementation of a designed device.  

Functional materials represent one of the main characters of significant 

breakthroughs in many fields like engineering, electronics, and energy. Specifically, 

to cover such a wide range of applications, functional materials possess exotic 

properties for instance semiconductivity, thermoelectricity, ferroelectricity, 

piezoelectricity, magnetism, photovoltaic effect, photo/electrocatalytic effect or gas 

sensitivity. Moreover, starting from these promising compounds, material science 

is nowadays aiming to tune or merge more than one functionality, creating the so-

called multifunctional materials, such as the multiferroics or the ferro-

photovoltaics, in which coexistence of two properties makes them very useful for 

creating single devices able to satisfy simultaneously different requirements.  

In this framework, one of the most widespread and versatile systems which 

displays functional or multifunctional properties is represented by the inorganic 

perovskite oxides, with the general chemical formula ABO3. Thanks to their wide 

tolerance to chemical substitutions, particularly on the A or B sites, and structural 

distortions of BO6 octahedra in the crystal system, perovskite systems constitute a 

rich playground in which novel potential compounds suitable for application can be 

explored. 
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The current PhD thesis deals with the synthesis of new double perovskites 

in the form AA’BB’O6 under high pressure/high temperature conditions through the 

use of a Multi-anvil Walker-type press which allows reproducing the extreme 

thermodynamic conditions that can be found in the Earth’s crust in order to force 

and stabilize unusual phases that cannot be created in conventional ambient 

conditions. The aim is to obtain functional or multifunctional perovskites focusing 

on magnetic and electrical properties. Herein, the optimization of the synthesis 

conditions is discussed on the basis of several attempts that I have tried during my 

PhD, with the consequent characterization of physical properties of these new 

compounds focusing on the structural, magnetic and electric point of view, with the 

use of many different techniques that helped me fully understand the potential of 

my materials. Among them, I was particularly fascinated by crystallographic 

analysis, with its capability to predict, by first principle, the possible presence of 

specific macroscopic properties. For this reason, its investigation covers an 

extensive part of my Thesis, focusing on the combination of different kinds of probe 

sources in material science to highlight different features in my crystalline 

structures. 
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2 Perovskites 

2.1 Crystal structure 

The perovskite structure, one of the most abundant structural families and 

discovered for the first time in minerals of calcium titanium oxide in 1839, refers 

to all those crystalline materials that follow the general chemical formula ABX3. 

Specifically, the ideal form of the perovskite, reported in Figure 2-1, is 

characterized by a cubic structure with space group Pm-3m (no. 221). In this 

configuration, the A site corresponds to the (0,0,0) position, i.e. the vertices of the 

unit cell, and is usually occupied by a large cation. On the contrary, a smaller cation 

is located on the B site at the body-centre position (1/2,1/2,1/2). The type X ions 

are negatively charged, and sit at face-centred positions (1/2,1/2,0), (1/2,0,1/2), 

(0,1/2,1/2). Although the following discussion can be carried out also for the iodine, 

bromine, fluoride or chloride cases, in this work I will always refer to oxide 

perovskites, where the X position is reserved for oxygen. In this way, the B ion is 

in coordination 6 with X, forming the characteristic BX6 octahedra, while the A ion 

has a 12-fold coordination. The cubic perovskite structure is the densest phase of 

the ABX3 form and is preferentially stabilized by the pressure effect. It’s not 

surprising that in the Earth’s lower mantle, more than 660 km below the terrestrial 

surface where the pressure ranges between 24 GPa and 127 GPa, the major 

crystalline compounds that can be found are Mg-, Ca- and Si-based perovskites, 

which constitute ~80% of its volume. In fact, the pressure lowers the free energy of 

the compound with respect to that of the starting components, helping the formation 

of the perovskite phase. Unfortunately, (or not) the ideal cubic unit cell describes 

only a few numbers of compounds, and some examples are represented by SrTiO3 

[1], CsPbBr3 [2], and CsSnI3 [3]. Indeed, the majority of perovskites diffused in 

nature are characterized by lattice distortions which reduce the number of symmetry 
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elements needed to reproduce the unit cell, significantly deviating from the cubic 

structure. Coherently, the effect of high pressure forces an increase in the density of 

the crystalline phase, leading to more complex unit cells. This tendency to lower 

the crystal symmetry, while retaining the stoichiometry ABX3, is allowed by the 

wide versatility and stability of the perovskite structure, confirmed by values of 

Goldschmidt tolerance factor t [4] which can significantly deviate from the ideal 

case t = 1; t is defined by the following equation: 

𝑡 = (𝑟𝐴 + 𝑟𝑋)/√2(𝑟𝐵 + 𝑟𝑋)    (1) 

where rA, rB, and rX are the ionic radius of A, B and X species, respectively.  

Empirically, values of the tolerance factor 0.75≤t≤1.05 are necessary to form 

perovskite structures, as will be discussed in Paragraph 2.2, but not a sufficient 

condition. Besides, another important geometrical parameter should be considered, 

i.e. the octahedral factor µ defined as the ratio between rB and rX. Based on the 

literature, reasonable values for µ which allow retaining the perovskite structure 

stability are between 0.4 and 0.8, where the strong constraint of √2(rB+rX)<2rX, due 

to the octahedral coordination of B, is considered [5] [6] [7] [8] [9]. Consequently, 

the perovskite results to be highly adaptive to host different kinds of ions at specific 

sites, leading very often to BX6 polyhedral distortions or tilting and the off-centre 

of B from the coordination positions in order to balance differences in the ionic 

sizes. As a consequence, perovskites usually display interesting physical properties 

which are usually related to such notable lowering of the structural symmetry, for 

Figure 2-1. Perovskite structure with ABO3 chemical formula.   
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instance, the superposition of multiple ferroic orders (i.e. multiferroism) [10] [11] 

[12], magnetoelectricity [13] [14] [15], spin-polarized carriers [16], 

magnetostriction [17], magnetoresistance [18], photocatalytic and photovoltaic 

effect [19] [20]. These effects can be exploited in an extensive range of applications 

as innovative magnetic memory systems, in the field of spintronic, as catalysts in 

fuel cells, in energy storage or as core materials in electronic devices and sensors 

and energy photoconversion and harvesting technology. 

From these considerations, it comes out that the great potential of the 

perovskites can be extensively engineered by playing with the chemistry of their 

crystal structure. Specifically, by substituting different ions on the A and the B sites 

it is possible to tune and tailor exotic physical properties in a single crystalline 

phase. Taking into account geometrical and chemical constraints related to the A 

and B cations, like the atomic radius and the oxidation state, which are essential for 

the retention of structural stability, a widespread series of ionic combinations and 

partial substitutions on the two distinct sites can be investigated. Moreover, the type 

of cation introduced in these sites is pivotal and can induce a specific character 

itself, like magnetic or conductive tendency for ions with partially filled d shells, so 

high numbers of Bohr magnetons. Moreover, an important aspect is represented by 

the cationic ordering on the A or B site, as an additional symmetry-linked degree of 

freedom for modelling the physical properties. This condition pointed out two 

different configurations of ordering. Particularly, the two cations sitting at the A (or 

the B) site can have a relative periodic occupancy arrangement, like in the most 

Figure 2-2 Perovskites with rock-salt (left) and layered (right) B-cation ordering. 
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common rock-salt ordering or the layered pattern, where non-equivalent positions 

are then needed to describe the unit cell (Figure 2-2). Otherwise, random 

distribution can occur at the considered site, which is therefore characterized by the 

same occupancy probability respect with to the two species. In the first case, the 

system is referred to as a double perovskite, with chemical formula A2B’B’’O6 

considering B’ and B’’ cations ordered (or A’A’’B2O6 by introducing two different 

cations at the A site), while in the random occupancy case the simple perovskite 

structure is retained, and the compound is a disordered perovskite with formula 

AB’0.5B’’0.5O3.  

2.2 Chemistry of the A and the B site: stability conditions 

As previously mentioned, a wide range of ions’ combinations at the A and 

B sites can be found in the literature. In the vast majority of single or double 

perovskites, the A site is occupied by a large divalent or trivalent cation, although 

in some cases even alkali substitution is possible, like Na, K or Rb species [21] 

[22]. Specifically, in the A2+ case alkaline earth elements, like Ca, Sr, or Ba, are 

extensively studied [23] [24], but many works report on stable perovskites with Pb 

[25], Mn [26] or Cd [27] cations. On the other hand, A3+-based perovskites 

prevalently contain La, Bi or rare earth elements [28] [29] [30]. The relatively larger 

size of A2+ cations respect with to the A3+ ones allows to access a greater range of 

valency state combinations for B’ and B’’. In fact, for divalent A cations the average 

oxidation state for the B site is four, thus a combination of elements with variable 

states from 1+ to 7+ is allowed, covering all the elements of the periodic table, while 

for trivalent A ones the mean value for B-valency state is three, with the consequent 

exclusion of oxidations states higher than 5+. In many cases, the B position is filled 

by 3d, 4d, and 5d transition metals, but in some cases also by lanthanides and 

actinides [31] [32] [33]. 

Considering the large variety of atomic species that can fit the perovskite 

structure, the difference in the cationic size has to be taken into account as a 

fundamental parameter. By a judicious choice, it is possible to vary the size of the 

ionic radius of the A or B site until about 65% or 70% respectively, i.e from the 

smallest radius of Al3+ (0.53 Å) on A or of Be2+ (0.45 Å) on B to the larger one of 
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K1+ (1.52 Å) available on both the positions. As shown in the former paragraph, the 

dimension mismatch is described by the Goldschmidt factor, and some 

considerations on the changes vs. the ideal cubic structure can be pointed out. 

Particularly, for t values lower than 1, the radius of A cation is small and, to 

compensate for the discrepancy, the structure stabilizes itself with the BO6 

octahedra tilting, usually adopting a cubic (0.9<t<1.0) or orthorhombic (0.8<t<0.9) 

configuration. For lower t values, compounds usually lose the perovskite structure 

and turn into hexagonal ilmenite phases, like in the case of FeTiO3 [34]. On the 

contrary, when t is higher than 1, the A cation is large and typically precludes the 

retention of the perovskite structure, with the tendency to revert into a hexagonal 

symmetry. However, the double perovskite Ba2Bi0.1Sc0.2Co1.7O6-x still displays a 

cubic structure with one of the greatest limiting values for t, equal to 1.084 [35]. 

For double perovskites, the ionic radii difference of B’ or B’’ cations seems to be 

quite large without strictly affecting the stability of the perovskite, as in Ba2KIO6 

Figure 2-3 Possible A/B cations in perovskite structures (top) with predicted and explored possible 

combinations considering the valency states. [adapted from ref. [193] ] 
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in which the Δr between potassium and iodine ions is about 0.85 Å (or 160%), so 

the main condition for stability is represented by the different radii between A and 

B cations [36]. Although this empirical parameter condition may not always be very 

precise, based on the literature, we can consider a tolerance factor criterion of 

0.75≤t≤1.05 as a reasonable range for perovskite structure stability. Considering the 

restrictions the valence of the cation states at the A and B sites and the previous 

range for tolerance factor values, an extremely high number of new in principle 

stable perovskites has been predicted. The results depicted in Figure 2-3 show all 

the possible cations which can be selected to form a single or a double perovskite, 

with the already explored compounds and those that are just theoretically predicted. 

Moreover, recent studies reported on the possibility to evaluate and to predict, by 

the application of density functional theory (DFT) and other specific codes the 

crystal structure of around 60000 unexplored double perovskite oxides, as reported 

in Figure 2-4 [37]. It comes out that most of the ideally stable double perovskites 

have not yet been synthesized pushing material scientists to develop novel 

compounds. 

2.3 Lowering of crystal symmetry  

From a geometrical point of view, in accordance with the tolerance factor 

formula, all the perovskite lattice parameters can be described starting from the 

single cubic perovskite depending on the B-site cation ordering [38]. In fact, in the 

ideal condition, the A-O bond length is √2 times the B-O bond length, with the cell 

parameter of the standard cubic structure ABO3 around ap≈3.9Å (space group Pm-

Figure 2-4 (a) Periodic table plot showing A and B sites frequencies of different cations, with (b) the 

predicted crystal symmetry abundance from DFT. [adapted from ref. [37] ] 
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3m). If a rock-salt ordered sublattice is present, a doubling of the lattice parameter 

2ap is needed to describe the unit cell, with face-centred space group symmetry Fm-

3m [39] [40] [41]. Instead, it has been shown that many perovskites with random-

B cation distribution crystallize in an orthorhombic unit cell with lattice parameters 

close to a=b≈√2ap c=2ap and Pbnm symmetry [42] [43] [44], while in the rock-salt 

ordered case the as-obtained perovskite is preferentially monoclinic P21/n [45] [46] 

[47], whose stabilization is linked to small BO6 polyhedra distortions. In fact, as an 

additional degree of freedom, the perovskite can distort due to competing cationic 

bonding of A, B’, and B’’ species, leading to a displacement of cations [48], or the 

distortion [49] or, commonly, the tilting of octahedra [50]. It is usually difficult to 

discriminate octahedral modifications in order to solve the crystalline structure of a 

new perovskite because the main role is played by oxygen positions, which can 

generate superstructure features not easily detectable without for instance neutrons 

sources. However, based on chemical considerations of the involved cations, some 

analogies can be stated also for the type of displacements/distortion. One example 

is represented by disordered perovskites with a small A cation, where the BO6 tilt 

occurs to optimize the bond with A [51] [52]. These tilting phenomena can be 

described and identified by the Glazer notation [53], which links the octahedral 

Table 2-1 List of possible tilting by Glazer notation. [adapted from ref. [43]] 
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changes with space group representations. Such an elegant notation is used to 

describe the rotation of the oxygens octahedra around the [100], [010], and [001] 

axes, with possible in-phase (+) or anti-phase (-) tilting. The whole list of possible 

tilted systems is reported in Table 2-1, and some examples of ABX3 perovskite 

distorted lattices are shown in Figure 2-5. In real cases, it is difficult to predict the 

type of distortion which can occur, but, as for the crystallographic lattice, some 

correlations with the tolerance factor values can be found in the literature. 

Moreover, because of its non-completely ionic nature, the existing bonds of the 

perovskite cell also display a covalent character that should be considered. 

Specifically, observations reported in the literature highlights that highly charged A 

cation with small octahedral tilting is to stabilize primary a rhombohedral structure, 

because of its high electronegative tendency [54] [55]. On the contrary, regarding 

the covalent nature of the B cation, a switching to tetragonal and orthorhombic 

structures is more common. 

2.3.1 Physical and electrical origin of distortion mechanisms  

Lattice distortions and relative lowering of the crystal symmetry in 

perovskites are strongly associated with intriguing physical properties in such 

Figure 2-5 Examples of distorted perovskites with corresponding Glazer notation and space group.   

[adapted from ref. [96] ] 
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compounds. These distortions and structural modifications are in turn caused by 

physical and electronic mechanisms inside the crystal lattice that can vary by 

selecting specific kinds of cations.  

One important example is the Jahn-Teller (JT) distortion [56], a mechanism 

of spontaneous symmetry breaking which originates from the electric configuration 

of the cations. Particularly, this effect is common in octahedral complexes of 

transition metals, like for instance Mn3+ (d4 high spin), Co2+ (d7 low spin) or, even 

more significantly, for Cu2+ (d9) ions, in which a degenerated electronic ground state 

undergoes a geometrical distortion in order to remove the degeneracy, thus 

providing an energetic stabilization [57]. In perovskites, the B-site cation, with its 

intrinsic octahedral coordination, can be a JT active center, resulting in a 

cooperative phenomenon of global crystal distortions due to local degeneracies. 

Specifically, in octahedral coordination, the d-shell ground state degeneration of a 

transition metal leads to an energy splitting with the consequent formation of three 

t2g low energy orbitals and two eg orbitals with a higher energy of δ0 due to the 

crystal field acting on the cation. In the prominent case of Cu2+ species, thanks to 

Figure 2-6 Jahn-Teller effect of Cu2+ in octahedral coordination. When the unpaired electron resides 

in the dz2 orbital (left), the octahedra is compressed along the z direction. Alternatively, an unpaired electron 

in the dx2􀀀y2 orbital (right) elongates the octahedra. [adapted from ref. [194]] 
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its relatively strong electronegativity and more covalent bonding, the t2g shell is 

completely filled by six electrons, while the remaining three occupy the eg shell, as 

shown in Figure 2-6. The unpaired electron of the latter shell can occupy any of eg 

orbitals, specifically the dz2 or the dx2-y2 level. If the first orbital is occupied, the 

high energy electron and the oxygens in the octahedral configuration repulse each 

other, causing an elongation of the polyhedral along the apical z direction. On the 

contrary, the occupancy of the dx2-y2 orbital leads to an attractive interaction that 

ends with a compression of the octahedra with a consequential stretch along the 

basal plane. For instance, cuprate double perovskites A2CuB’’O6 with A=Ba, Sr and 

B’’=W, Te display tetragonal structure with elongation of CuO6 octahedra along the 

c-axis due to the JT effect of Cu2+ ions [58]. In these compounds, due to the presence 

of such the elongated octahedra, superexchange interactions between copper via 

non-magnetic ions occur predominantly in the ab plane, resulting in a two-

dimensional antiferromagnetic behaviour. This anisotropy in magnetic interactions 

is reported also with the presence of JT active Mn3+ cations, as in the family RMnO3 

(with R=rare earth) [59] or Dy(FeMn)O3 solid-solution [60]. Therefore, the 

cooperative JT effect in such compounds induces a strong coupling between orbital, 

charge and magnetic ordering, which in some systems leads to exotic properties like 

the colossal magnetoresistance displayed for example by the extensively studied 

LaMnO3 [61], in which cooperative JT distortions are present in both the 

compressed and elongated geometry [62].  

In many perovskites a reduction of the crystal symmetry has been observed 

related to the presence of stereochemically-active cations with lone-pair electrons, 

like Pb2+ or Bi3+ ions, at the A site. Namely, the 6s2 electronic shell of this species 

tends to hybridize with the oxygen 2p orbitals due to a comparable energy of the 

two orbitals. As a consequence, the stereochemically-active cation is shifted from 

the ideal position with respect to the surrounding nearest neighbour oxygens giving 

rise to high directional bonds and electronic cloud polarization.  From the structural 

point of view, this mechanism can cause and stabilize tilts and distortions of the 

octahedra which often determine non-centrosymmetric crystallographic structures, 

as displayed in many famous perovskites like the multiferroic BiFeO3 [63], whose 

electron localization is shown in Figure 2-7, BiMnO3 [64], PbTiO3 [65], 

BiFe0.5Mn0.5O3 [66], or the quadruple perovskite BiCu3Cr4O12, in which the Bi 
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lone-pair effect generates a charge disproportion of Cr4+/Cr3.5+ and an asymmetric 

distortion of BiO12 polyhedra [67]. The polarizability of lone-pair electrons has 

been demonstrated to produce a net electric dipole and thus a ferroelectric 

behaviour in some of the previously cited perovskites.  

In analogy with the case described above, a decrease of crystal symmetry is 

observed in many perovskites to occur due to mechanisms involving the B-site 

cation. Particularly, the insertion in this site of a d0 transition metal, like Ti4+, Zr4+, 

or Nb5+, can lead to a partial hybridization of its d orbital with the 2p ones of 

oxygens of the octahedral cage. Consequently, the off-centering of the B cation 

respect with the high symmetric position occurs. The most significant example is 

reported for BaTiO3, which displays a lowering of crystal symmetry from cubic 

centrosymmetric to tetragonal polar structure due to Ti4+ off-centering of about 0.1 

Å (see Figure 2-8), favouring the appearance of a non-zero electric dipole moment 

so ferroelectric state [68].  

Another example of crystallographic symmetry reduction is displayed in 

geometrically frustrated lattices, like the Kagome patterns, in which atoms tend to 

fit non-regular crystallographic sites, generally as a consequence of large 

differences in the size of cations. To this class belong the hexagonal perovskites 

Figure 2-7 BiFeO3 structure (a) with HAADF-STEM image (b) and dipole moment polarization (c). 

Electric map with the localizazion of lone-pair electrons (d, e, f). [adapted from ref. [195] ] 
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with chemical formula RMnO3 (R = Rear Earth or Y), where the low dimension of 

the R ion leads to significant deviations from the cubic structure till possible 

ferroelectric distortion. Additionally, the geometrically frustrated systems are 

usually characterized by complex spin arrangements, with consequent geometrical 

magnetic frustration of non-collinear spins.  

2.4 Electrical properties of perovskites  

The considerations reported so far underline the possibility of predicting the 

lattice and symmetry features in a perovskite in relation to the selected cationic 

species on the different sites, with special emphasis on the cationic ordering aspects. 

Moreover, as reported so far, the crystalline structure strongly affects the physical 

properties, and it is essential to correlate how to tune the observed micro- and 

Figure 2-8 BaTiO3 cubic perovskite structure with Ti off-centering across the structural/ferroelectric 

transition. [adapted from ref. [196] ] 
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macroscopic properties of the perovskites by playing with the chemistry of the A 

and B sites. As described before, the versatility and adaptability of this structure 

allow it to accommodate cations with several intrinsic tendencies, thus it is possible 

to obtain a wide variety of physical properties, particularly regarding electric 

behaviour and magnetism, and eventually combine them in unusual ways.  

Starting from the electrical point of view, as in perovskite systems it is 

possible to face different kinds of electrical transport mechanisms and intrinsic 

characters, I want to discuss some basic theoretical aspects related to dielectrics, 

semiconductors, and metals formulations that will be useful to better follow the 

analyses reported in the next experimental chapters.  

Considering the band theory of solids, fundamental treatment in order to 

describe the energy levels occupied by the electrons in solid materials, it is possible 

to discriminate different electrical behaviours taking into account the Fermi level 

[69]. This thermodynamic quantity, EF, is defined as the highest energy level 

occupied by an electron at 0 K, and its value enters the equation of the definition of 

the distribution function which describes the probability for an electron to occupy 

a particular energy level ε at the temperature T, following the Fermi-Dirac equation: 

𝑓(𝜀) =  
1

𝑒(𝜀−𝐸𝐹)/𝑘𝐵𝑇+1
     (2)  

Figure 2-9 Band width of different materials and Fermi level EF at the thermodynamic equilibrium 

following the Fermi-Dirac distribution of occupancy probability (black colour for fully occupied states, while 

white for empty energy levels). [adapted from ref [197] ] 
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where kB is the Boltzmann constant. The relative position of EF with respect to the 

possible energy levels for the electrons determines the material’s electrical character 

(Figure 2-9). Namely, for insulators the EF falls into a large band energy gap 

between the conduction and the valence band of the electrons (e.g. higher than 4 

eV), in a range far from any possible occupied levels. On the contrary, in 

semiconductor materials, EF is nearer to the conduction or valence bands, which are 

energetically spaced less than 4 eV, so it is probable for an electron (or hole, 

depending on the carrier type) to overcome this smaller energy gap with a thermal 

excitation or through solar photon absorption. On the other hand, in metallic 

materials the EF level crosses the continuum of possible states formed to the partial 

overlap between the bands and a considerable number of electrons can be involved 

in the electrical conduction. Perovskite metal oxides can be employed in energy 

conversion and storage, sensing and spintronics [70]. Another class of materials can 

be defined between semiconductors and metals, the so-called semimetals. In such 

compounds, there is no band gap (as in metals) but the valence and conduction 

bands do not cross the Fermi level at the same momentum space k, defined from 

the Bloch theory and Brillouin zone description of crystals [71]. Moreover, both 

electrons and holes can contribute to electronic transport, like in semiconductors, 

as highlighted in Figure 2-10.  

As in the experimental part of my Thesis, I have focussed the attention on 

dielectric and semiconductive perovskites, in which, in general, more than one 

functionality can be found (multifunctional perovskites), I will expand the 

theoretical discussion only for these two classes of electric behaviour.  

Figure 2-10  Representation of valence (red) and conduction (blue) bands in semimetal compounds. 

[adapted from ref. [198] ] 
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2.4.1 Dielectrics 

Dielectric perovskites represent a large class of functional materials, whose 

peculiar behaviour usually originates from the lowering of crystallographic 

symmetry, as described in the previous subchapters. A dielectric material is defined 

as an electrical insulator in which due to the application of an external electric field 

no/negligible flow of current is detected but electrical polarization is induced with 

a sign opposite to the applied electric field 𝐸⃗ . This static charge separation is defined 

by the so-called displacement vector 𝐷⃗⃗ :  

𝐷⃗⃗ = 𝜀0𝜀𝑟𝐸⃗      (3) 

where 𝜀0 is the vacuum permittivity and 𝜀𝑟 is the relative static permittivity. 

The removal of the external field for simple dielectrics causes the collapse 

of this electrical charge separation and the re-neutralization of the material. 

Dielectrics are divided into two main categories: apolar and polar dielectrics. Polar 

dielectrics, i.e. piezoelectrics (see Figure 2-11), are characterized by the lack of 

symmetry space inversion center. Among the 32 possible point groups, the non-

centrosymmetric ones are only 21. In piezoelectrics, the internal electrical 

polarization occurs and thus a voltage is generated by the material when it is 

subjected to a proper mechanical stress, as a compression, along the polar axis 

(direct piezoelectric effect) and, vice versa, mechanical energy is produced when 

Figure 2-11 Classes of dielectric, piezoelectric, pyroelectric, and ferroelectric materials (left) with 

the related crystal systems and point groups that allowed these properties. [adapted from ref. [199]] 
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the system undergoes and external bias application (indirect piezoelectric effect). 

Within the piezoelectric family material, a small subset of materials possesses 10 

non-centrosymmetric point groups from 21 which allow the presence of 

spontaneous electric polarization even without an external stimulus. These are the 

pyroelectric materials. In these materials electrical polarization can be permanently 

developed or suppressed by a specific cooling or heating thermal process, crossing 

the Curie Temperature of the electrical ordered phase. A sub-group of pyroelectrics, 

called ferroelectrics, gathers those polar materials in which electrical polarization 

can be switched by an external electric field, describing the so-called ferroelectric 

loop, analogously to ferro/ferrimagnets. Often, perovskites host dielectric 

properties. Indeed, insulator character is common in single or double perovskites, 

for example when d0 transition metals, like Ti4+ or Zr4+ are located at the B site. 

Even though there are many dielectric A2B’B’’O6 perovskites, with A = Ca, Sr, Ba, 

and B’ or B’’ = La, Nd, Sm, Yb, Nb, Ta, it’s more difficult to observe high-

temperature electronic properties. Small co-substitutions at the B sites can increase 

the working temperature, as demonstrated in Bi0.5Na0.5TiO3-based ceramic [72]. B-

ordering seems to favour the applicability of such systems by reducing the dielectric 

losses. As previously described in Paragraph 2.3, the ferroelectric behaviour can be 

induced by introducing a stereochemically-active cation at the A site, as Pb2+ or Bi3+ 

ions, where the 6s2 lone pair electrons allow ferroelectric distortions in the 

perovskite structure, as described in the previous paragraph. One extensively 

Table 2-2 Examples of dielectric perovskite oxides. [adapted from ref. [200] ] 
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studied example is represented by Pb(ZrxTi1-x)O3 perovskite family, in which the 

cationic order at the B site usually leads to ferro- or antiferroelectric structures A 

list of dielectric perovskites is reported in Table 2-2, specifying which kind of 

character they possess. 

2.4.2 Semiconductors  

Even though insulating character is the expected behaviour of oxide 

perovskites, many artificial perovskites display semiconductive behaviour due to a 

narrowing of the optical band gap, and some examples of such compounds are listed 

in Table 2-3, highlighting their applications. The majority of semiconductive 

perovskites with a band gap compatible with the visible range are employed as 

photovoltaics (PV), or optoelectronics and/or as catalysts or cathodes in photo-

electrochemistry (PEC) for oxygen reduction (ORR) or evolution reactions (OER) 

[73] [74] [75] [76] [77]. In the following, I am going to focus my attention only on 

the description of the main models of electrical transport which can be employed 

for disordered or complex perovskites, without considering any optical or 

photochemical properties.  

It is known that ideal semiconductors are characterized by a transport 

mechanism which follows the thermally activated model, in which the electrical 

Figure 2-12 Hysteresis loop of ferroelectric materials. [adapted from ref. [206] ] 
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Table 2-3 List of some semiconductive perovskites with their tolerance factors 

and the major applications. [adapted from ref. [193] ] 
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conductivity of the charge carriers is triggered as a function of a particular 

activation energy EA. Specifically, the resistivity ρ of this type of semiconductor is 

described with the temperature-dependent exponential Arrhenius law of the 

following equation:  

𝜌(𝑇) = 𝜌0 ∙ 𝑒𝑥𝑝 (
𝐸𝐴

𝑘𝐵𝑇
)    (4) 

where ρ0 is the value of resistivity at infinite temperature. In literature many 

examples of thermally-activated electrical transport in perovskites, can be found for 

instance in LaSrMnCoO6 [78], Ba2ErNbO6 [79], or Sr(La,Ce)Co(Fe)O3−x family 

[80]. 

A different common electronic transport mechanism which can be observed 

in perovskites is the one described by the Adiabatic nearest Neighbour Hopping of 

Small Polarons (ANHSP), in which the resistivity is modelled in the following 

equation: 

𝜌(𝑇) = 𝜌0𝑇 ∙ 𝑒𝑥𝑝 (
𝐸𝐻𝑂𝑃

𝑘𝐵𝑇
)    (5) 

where ρ0 = 2k/(3ne2a2ν) represents the effective resistivity, depending on the density 

of the carriers n, on the electronic charge e, on the hopping spatial distance a, and 

on the longitudinal optical phonon frequency v. Here, in the temperature-

exponential dependency of the resistivity enters the parameter EHOP as the hopping 

threshold energy, that allowed to start of the electronic transport.  The conductivity 

is in this way caused by the carriers’ hopping, driven by small polarons, resulting 

from the interaction between the charge carriers with the inhomogeneities that are 

present and localized in such polycrystalline materials [81]. Ln0.85Ca0.15MnO3 

(Ln=Nd, Pr and Sm) [82],  La1−xCaxMnO3 [81], or LaCoO3 [83] are some 

perovskites that belong to this category of electronic transport mechanism. 

Moreover, particularly for disordered-B perovskites or when oxygen 

vacancies occur, the hopping electronic transport is observed along a preferential 

direction, or more than one, as predicted in Mott’s 1D, 2D, or 3D variable-range 

hopping (VRH) model for the electrical resistivity: 
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𝜌(𝑇) ≈ 𝜌0 ∙ 𝑒𝑥𝑝 (
𝑇0

𝑇
)
1 (𝐷+1)⁄

    (6) 

where T0 is the characteristic temperature, while the D parameter specifies the 

dimensional degree of conductance, and it can assume values equal to 1, 2, or 3 if 

the transport is along one, two or three directions.  

A2MnReO6 with A= Ca, Sr, or Ba [84], Sr2MnRuO6 [85], or Pr2CrMnO6 

[86] are only a few examples of double perovskites in which VRH mechanisms of 

the electronic transport have been observed. 

2.5 Magnetic properties of perovskites 

Perovskites constitute an even richer playground from the magnetic point of 

view. Indeed, in these systems a large variety of different and sometimes very 

complex behaviour can be found. As said before, magnetism in perovskites is 

brought by introducing magnetic ions both at the A and B sites. The presence of 

unpaired electrons on the valence shell leads to localized magnetic dipole moments 

that can interact with each other in a cooperative or competitive way. Due to the 

oxygen presence as a non-magnetic anion, super-exchange interaction usually is the 

main order mechanism taking place in such structures. For only one paramagnetic 

cation inserted at the B site, like in Ba2CoWO6, there are two possible 

configurations of the super-exchange interaction: the 90° nearest-neighbour 

interaction and/or 180° next-nearest neighbour interaction. The resultant of these 

interactions strongly varies with the system considered, with the type of ion, and 

with its structure and crystal field. By the insertion at B’ and B’’ of two different 

paramagnetic cations, B’-O-B’’ and B’-O-B’’-O-B’ interactions usually occur 

whether no cationic order in the octahedral is established. Generally, the former 

type is stronger, but it depends also on the degree of B ordering. In these systems, 

collinear spin lattices can be found, showing antiferromagnetic (AFM) [87], 

ferromagnetic (FM) [88] or ferrimagnetic (FiM) [89] ordering and several works 

reported in literature highlight the possibility of tuning the ordering temperature 

(Curie temperature TC in FM or Néel temperature TN in AFM or FiM) of these 

magnetic perovskites by cations substitution at the B sites. 
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From a fundamental theoretical study by Goodenough-Kanamori-Anderson 

(GKA) [90] [91] [92], the type of interactions that take place in magnetic 

compounds can be predicted by considering the symmetry of electronic orbitals. 

Specifically, from the cation-anion orbital overlap and its symmetry, additionally to 

the mutual geometrical arrangement of the two species, i.e. the octahedral 

coordination in perovskites, it is possible to determine the sign of the exchange 

integral J of the (partially) occupied orbitals, from the Heisenberg-Dirac-van Vleck 

operator [93]:  

𝐻̂𝐻𝐷𝑉 = −𝐽 𝑆1̂ ∙ 𝑆2̂    (7) 

By evaluating these features, GKA rules state that the interaction arising 

between two spins S1 S2 of the two paramagnetic B’/B’’ cations, mediated by virtual 

electron transfer processes via oxygen is linked to the electronic occupancy of the 

external atomic shells. Namely, an antiferromagnetic (AFM) interaction is predicted 

to take place whether both considered species have half-filled orbitals (i.e., negative 

values of J). On the contrary, positive J values and a ferromagnetic (FM) interaction 

appear when the exchange is from a half-filled orbital to an empty orbital, or from 

a full orbital to a half-filled one. For interactions that arise in the exchange from a 

fully occupied orbital to an empty one, the sign of J cannot be determined in 

advance [94]. Examples of super-exchange interactions with AFM coupling can be 

found in the case of Mn4+-O-Mn4+, Cr3+-O-Cr3+, Ni2+-O-Ni2+, Fe3+-O-Fe3+ 

interactions, while for the interacting species Fe3+-O-Cr3+, Ni2+-O-V2+ a FM 

behaviour have been experimentally reported [95] [96] [97]. In the case of a 90° 

interaction between cations in octahedral sites, different type of magnetism can be 

observed and predicted, following GKA theory, by considering the number of 3d 

electrons of the interacting cations involved. For instance, Ni2+ (d8) interacting 

cations, as Cr3+ (d3) ones, results in FM super-exchange mechanism, while Ni2+ (d8) 

-V2+ (d3) leads to AFM interaction. [91] 

Although GKA rules can be very helpful in understanding what kind of 

interactions can result by mixing different cations, from an experimental point of 

view, in real systems, its application is usually not so effective, as for the case of 

tolerance factor analysis discussed in Paragraph 2.2. In fact, the flexibility of the 

perovskite structure allows it to bear significant structural distortions of oxygen 
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octahedra which, as a countereffect, cause bonds angle between the paramagnetic 

cations deviating from 180° (a symmetry constraint required for GKA prediction). 

As mentioned before, these distortions, described by the Glazer notation, modify 

the orbital overlap between the species and, as a consequence, lead to more complex 

non-collinear spin arrangements driven for example by the so-called 

Dzyaloshinskii–Moriya (DM) interaction [98] [99] or Single Ion Anisotropy (SIA) 

[100]. In the first mentioned interaction antisymmetric exchange due to spin-orbit 

coupling favours a spin canting of the magnetic moments that usually leads to an 

incommensurate magnetic structure [101] [102] [103], where spins are not collinear 

to each other but irrational values for propagation vector are needed to reproduce 

their order along the crystalline cell. The expression for the Hamiltonian term of 

DM, which is induced by inversion symmetry breaking in non-centrosymmetric 

lattices, is reported here below:  

Figure 2-13 Spin alignment with (a) parallel (FM) or (b) antiparallel (AFM) configuration. In (c) 

the combination of Heisenberg and DM interactions leads to a non-collinear spiral state. [adapted from ref.  

[201]] 
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𝐻𝑖,𝑗
𝐷𝑀 = 𝐷𝑖𝑗 ∙ (𝑆𝑖 × 𝑆𝑗)     (8) 

Where 𝐷𝑖𝑗 is the atomic DM vector, whose direction depends on the particular 

crystal symmetry, and it has a null contribution if the two neighbouring magnetic 

ions i and j are in line with the single third ion responsible for the super-exchange 

mechanism. As a consequence, non-collinear antiferromagnetic perovskites show 

weak ferromagnetic character even with large macroscopic resultants. 

Moreover, the cation ordering, thus the crystalline arrangement, is crucial in 

the strength of the final interaction to allow the generation of a specific magnetic 

structure, collinear or more complex. When B-disorder occurs, perovskites more 

commonly display magnetic frustration, which usually ends in a spin-glass state, 

where the spins have a random arrangement but behave in a cooperative way, able 

to align in an ordered magnetic state at the freezing temperature [104] [105] [106]. 

Additionally, it should be noted that in double/quadruple perovskites it is common 

to observe the presence of one particular cation with mixed-valence state 

configuration. A great example is represented by manganese, which can be inserted 

both at the A and B sites with 2+, 3+ or 4+ oxidation states, leading to variable 

competing interactions between the other species, as in the cases of MnCu3Mn4O12 

quadruple perovskite [107], (La,Ca)MnO3 solid solution [108] or Ca3Mn2NbO9  

[109].   

Besides Mn2+ [110], other paramagnetic cations can be introduced at the A 

site, namely several syntheses have been reported with A= Nd3+ [111], Gd3+ [112], 

Sc3+ [113], In3+ [114]. The magnetic tendency of these cations can sometimes cause 

a magnetic spin coupling with the B site cations [115] or other interesting properties 

like the magnetocaloric effect [116]. Additionally, by playing with the size of the A 

cation, it is possible to induce the tilting of oxygen octahedra, with the consequent 

modification of B-O orbital overlap and thus a change in the character of the 

magnetic interactions [117].  



C h i a r a  C o p p i   

38 

 

2.6 Multifunctional perovskites 

As described in the previous paragraphs, there are several advantages of 

working with perovskites, primarily due to their versatile character. Indeed, this 

family of chemical compounds displays a wide range of physical properties that can 

be merged together, in order to obtain the so-called multifunctional materials. From 

the general definition, a multifunctional material can merge simultaneously more 

than one functionality in a single crystallographic phase. For this reason, it is 

required to invest time and energies in the development of new materials like these 

to advance in technological applications. 

Many multifunctional perovskites have been reported in a large number of 

intriguing research fields and, particularly, much progress has been done in energy 

conversion applications, a critical subject of recent years. Namely, an interesting 

combination of the right electrical and catalytic properties in single or double 

perovskites allows their development in solid oxide fuel-cells as anodes, cathodes 

or electrolyte components, like (LaSrCa)TiO3 [118] or LaNiO3 [119]. ATiO3 

perovskites have extensively been reported to show piezo-photocatalytic properties, 

applied for the purification of air and water from organic and inorganic pollutants. 

In these high-polarizable crystalline systems, external ultrasonic, heat or/and light 

irradiation leads to the tilting of the valence and conduction bands with the final 

formation of reactive oxygen species. Their efficiency and selectivity can be tuned 

by controlling the morphology, the oxygen vacancies or the doping cations content. 

Some examples are constituted by BaTiO3-, SrTiO3-, PbTiO3-based perovskites 

with substitutions at the A site. Moreover, a subgroup of these materials, like SrxCa1-

xTiO3 [120], displays antibacterial activity for specific microbial species. By also 

considering the thermal properties of perovskites, some thermoelectric and 

photothermal applications have been reported for (Sr,La)(Co,Ti)O3 and 

(La,Sr)CoO3, respectively.  

From the magnetic point of view, an intriguing class of multifunctional 

perovskites is constituted by those reporting half-metallicity. Namely, these 

compounds, mostly ferro- or ferrimagnets, display a conductor behaviour only for 

a specific spin orientation, while the other spin channel acts as a quasi-insulator. 
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The most studied family of half-metal perovskites is A2FeMoO6 with A = Ca, Sr, 

Ba, in which this character is a consequence of orbital hybridization [121] [122]. 

Moreover, these compounds usually present tunnelling (and even giant or colossal) 

magnetoresistance effects, enhanced by the presence of grain boundaries and 

ordering of B cations.  

One of the most promising applications of multifunctional perovskites is 

represented by the ferro-photovoltaics or ferro-photocatalysts, in which the 

ferroelectricity plays a central role as a driving force for the additional functionality, 

as already discussed in the previous paragraphs. For the latter behaviour, 

PbSrBiNbO3 has been reported, while one of the most famous ferro-photovoltaic 

materials is Bi2FeCrO6 double perovskite. This compound, by a proper design of 

the multilayer cell, can reach a photoconversion efficiency of close to 8% [123]. 

Besides its ferroelectric and photovoltaic properties, Bi2FeCrO6 is also a proper 

multiferroic material.  

2.6.1 Multiferroic perovskites 

Multiferroics are characterized by the coexistence of two or more primary 

ferroic orders in a single phase, such as ferromagnetism, ferroelectricity, 

ferroelasticity or ferrotoroidicity. These orders are in principle incompatible 

because magnetism is usually induced by the presence of unpaired electrons, i.e. a 

partially filled d-shell, whereas d0 cations help the occurrence of ferroelectric 

distortions. Therefore, the simultaneous presence is not so common in chemical 

compounds, making multiferroics a rich and stimulating playground for 

fundamental material science [124]. Particularly, the simultaneous breaking of both 

spatial and time inversion symmetry is required to accommodate multiferroicity in 

a single phase. This strong symmetry constraint is proper of only 13 Shubnikov 

magnetic groups over 122 (1, 2, 2’, m, m’, 3, 3m’, 4, 4m’m’, m’m2’, m’m2’, 6, and 

6m’m’), according to Landau-Lifschitz theory applied to the magnetic crystals 

[125]. In order to retain both magnetism and ferroelectricity in perovskites, a 

possible solution is to assign these two fundamental properties to the B and A sites 

of the perovskites, respectively, by introducing magnetic B cations and 

stereochemically active cations, like Pb2+ or Bi3+ at the A site. For instance, 
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Bi2NiMnO6 double perovskite has been addressed to be ferroelectric below 470 K, 

but its FM state arises only at a relatively low temperature (around 140 K) [126].   

Among these exotic materials, the magnetoelectric multiferroics are 

characterized by the magnetoelectric (ME) effect, which is any coupling between 

the electric and magnetic properties [127]. The analytical description of the linear 

ME effect is expressed by the ME susceptibility tensor αij, which derives from the 

power series expansion of the component of Helmholtz free energy F dependent on 

magnetic H and electrical E fields: 

𝐹(𝐸,𝐻) = 𝐹0 − 𝑃𝑖
𝑆𝐸𝑖 − 𝜇0𝑀𝑖

𝑆𝐻𝑖 −
1

2
𝜖0𝜒𝑖𝑗

𝑒 𝐸𝑖𝐸𝑗 −
1

2
𝜇0𝜒𝑖𝑗

𝜐 𝐻𝑖𝐻𝑗 − 𝛼𝑖𝑗𝐸𝑖𝐻𝑗 −

1

2
𝛽𝑖𝑗𝑘𝐸𝑖𝐻𝑗𝐻𝑘 −

1

2
𝛾𝑖𝑗𝑘𝐻𝑖𝐸𝑗𝐸𝑘 + ⋯   (9) 

where β and γ coefficients represent fourth power order effects. Pi and Mi are 

respectively the electrical polarization and the magnetization, differentials of the 

free energy and in terms of electrical χe and magnetic χυ susceptibility: 

𝑃𝑖 = ∑ 𝜀0𝜒𝑖𝑗
𝑒 𝐸𝑗 + ∑ 𝛼𝑖𝑗𝐻𝑗𝑗𝑗     (10) 

𝜇0𝑀𝑖 = ∑ 𝜇0𝜒𝑖𝑗
𝜐 𝐻𝑗 + ∑ 𝛼𝑖𝑗𝐸𝑗𝑗𝑗    (11) 

In order to display a non-zero contribution, the αij tensor must be 

antisymmetric under time-inversion symmetry, as previously described in terms of 

point groups, and this condition is quite rare [128]. Moreover, the ME coupling 

between magnetic and electrical properties is very intriguing also from the point of 

view of technological applications, but many of the known magnetoelectric 

multiferroics are characterized by low ordering temperatures, and this prevents their 

use in technology. 

Starting from this background, during my PhD activity I have dealt with the 

synthesis of novel double perovskites with the aim of tuning physical properties and 

trying to merge multiple functionalities related to magnetism and electrical 

properties.  
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3 High Pressure/High Temperature synthesis 

3.1 Learning from nature: perovskites under pressure 

As underlined in the previous chapter, the perovskite structure offers a rich 

playground in material science, by playing with the chemistry at the A and the B 

sites in order to merge and control several functionalities in a single crystallographic 

phase. Since these kinds of compounds are naturally formed under the terrestrial 

crust, where extreme conditions of temperature and pressure are present, it is 

reasonable to explore the synthesis of novel perovskites by reproducing such exotic 

geological conditions in research laboratories. Indeed, it has been demonstrated that 

performing solid-state reactions under High pressure/High temperature (HP/HT) 

conditions represents a tool to stabilize metastable perovskite structures that cannot 

be obtained with any other techniques. In this way, a wider range of possible 

chemical substitutions can be investigated by forcing some cations to fit the 

perovskite A or B sites, exploring novel compositions and rarer physical properties.    

Although the effect of a very high temperature (more than 1000°C) is a 

standard experimental practice, for instance with the use of chamber furnaces, high 

pressure conditions in the GPa regime are definitely more tricky to reproduce since 

common hydraulic presses reach “only” hundreds of bars (order of 0.01 GPa).  

Extremely high pressures, from 100 GPa to around 400 GPa, can be achieved in the 

so-called Diamond anvil cells (DAC), compact devices of ~60 mm in diameter 

constituted by a pair of opposite diamonds compressed. Between the two 

components, the applied pressure is thus very high but confined in a narrow space, 

limited to a volume around 10-5 mm3, preventing the use of such devices for 

synthesis processes while useful and catchy for in-situ studies under pressure. On 

the contrary, large volume presses (LVP) allow performing solid-state reactions in 
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a larger volume, on the order of hundreds of mm3, by sacrificing the magnitude of 

DAC achievable pressures. For instance, with the piston-cylinder press it is possible 

to produce pressures between around 1 GPa and 3 GPa.  

An additional key consideration is that it is quite complex to recreate an 

isotropic force acting on a certain volume, unless considering a vapour/fluid 

compression as for the hydrothermal syntheses, the usual method to grow synthetic 

single crystal for commercial value. Nevertheless, this technique is not safe since 

dangerous solvents such as ammonium chloride are generally required and isotropic 

pressures of up to 3-4 kbars (i.e. fractions of GPa) can be obtained.  

In this scenario, multi-anvil LVP presses constitute an optimal solution to 

reproduce a static isotropic pressure condition in the GPa regime, combining the 

heating effect. There are many devices and geometry variants reported in the 

literature about different LVP apparati, such as the Belt [129], Kawaii-type [130], 

or Cubic anvil press [131], but I will extend the discussion only to my Walker-type 

multi-anvil press with which I worked in the years of my doctorate. 

Figure 3-1 Temperatures and pressures achievable in different HP/HT apparati for solid-state 

chemistry. [adapted from ref. [202] ] 
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3.2 Walker-type Multianvil press 

During my PhD research activity, I’ve personally carried out many solid-

state reactions with the Walker-type multi-anvil press, available in our HP/HT 

laboratories at IMEM-CNR. This geometry module was first proposed in 1990 by 

the geologist Dr. David Walker, who modified the well-established octahedron-

within-cubes geometry with a simpler and compact design, in order to be adapted 

to the more conventional oil presses used in piston-cylinder laboratories [132] 

[133].  

In this system it is possible to explore the pressure range between 2 GPa and 

22 GPa by following the principle of intensification. Namely, the unidirectional 

pressure, applied vertically by a cylindrical piston of an oleodynamic press, is 

Figure 3-2 Walker-type multianvil press at IMEM-CNR (Parma, Italy). 
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decomposed and amplified thanks to different solid modules (i.e. the anvils) with 

increasing hardness, leading to a final quasi-isostatic pressure acting on the reaction 

cell. The pressure decomposition can be described following the scheme of the 

anvils’ configuration reported in Figure 3-3. Firstly, the axial pressure is applied to 

the upper circular surface of a quite large cylindrical case (Figure 3-3, section of 

this case in the right panel, light blue). This modulus hosts inside six tempered steel 

wedges which are placed in a cylindrical geometry and pushed by the main piston 

ramp. The action of these wedges is to amplify and split the external unidirectional 

pressure along three orthogonal directions and apply the load in its inner internal 

cubic cavity. In this cavity is filled by eight tungsten carbide cubes packed together, 

visible in the central panel of the previous figure, each one designed with a 

truncated edge. The cubes are spaced to each other with pyrophyllite gaskets, 

positioned at the truncated boundary in order to reduce the load dissipation to 

friction. The cubes’ truncation leaves an octahedral cavity at the centre of the as-

assembled cube where the force is again distributed along 4-fold octahedral 

geometry. This is the place in which the octahedral reaction cell is located (Figure 

3-3, left panel). This element, that constitute the core of the solid-state reaction, is 

made by porous MgO doped with 5% of Cr2O3, which exhibits a plastic to elastic 

deformation in the GPa regime, allowing in this way an almost isotropic effect of 

pressure on the sample, which is introduced inside the octahedral cell by a tricky 

cylindrical assembly. Specifically, as shown in Figure 3-4, the cell is drilled along 

two opposite octahedral faces, allowing the insertion of a hollow cylindrical 

Figure 3-3 Pressure decomposition elements in the Walker-type Multianvil press: (from right to the 

left) wedges, cubes, and octahedral cell. 
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graphite oven as the furnace of the synthesis process. Inside the graphite, three MgO 

components are finely shaped in order to protect the central gold or platinum thin 

foil capsule where at the end the reagents’ powdered mixture is introduced. The 

heating procedure is then performed by the Joule effect, by providing an external 

AC current to two opposite tempered steel wedges, which are insulated from the 

others while they are put in direct contact with those two cubes which act on the 

top and the bottom side of the octahedra where the graphite furnace emerges. The 

electrical insulation from the other anvils and cubes allows an efficient heat 

conductivity without dispersions in the whole system. A small thermocouple 

(generally an S-type made by wires of Pt and Pt 90%-Rh 10%) enters through one 

of the two graphite disks, passes through the top MgO sleeve and it is positioned in 

contact with the upper layer of the reagents’ capsule, enabling the control of the 

temperature during the entire reaction process with precision around 0.1°C. Along 

the whole capsule dimensions, a maximum temperature gradient of ΔT of about 

1°C/mm, while the pressure gradient ΔP=0.1 GPa/mm can be estimated.  

Due to the fact that the Walker-type multianvil press can cover a very 

extended range of pressure, from 3 GPa to 22 GPa as previously said, different sizes 

of the octahedral cell, and consequently different sizes of truncated tungsten carbide 

cubes must be used to achieve a specific pressure regime. Particularly, three 

different sets of cubes (and cells) are available in our press. A fundamental size 

parameter to consider is the truncated edge length (TEL) of the cube with respect 

Figure 3-4 (left) Cylindrical assembly inside the octahedral cell, with MgO elements surrounding 

the capsule in the middle part. On the top of the capsule, a thermocouple provides temperature control. (right) 

Vertical view of the upper part of the capsule, with cut in half graphite disk. 
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to the length of the non-truncated one. In this way, we can distinguish TEL of 17 

mm, 11 mm, and 8 mm, commonly identified as 25/17 (range 2-6 GPa), 18/11 

(range 6-15 GPa), and 14/8 (range 15-22 GPa) cubes. Each set of cubes hosts an 

octahedral cavity increasingly smaller by lowering the TEL, as pictured in Figure 

3-5. Therefore, all the assembly components are proportionally modelled to fit 

inside the octahedral cell. The most relevant ultimate size is the one of the reagents’ 

capsule, which determines the mass/volume amount of the final sample. As visible 

in Figure 3-5, the cylindric capsules are around 5-3 mm in diameter, and for the 

bigger assembly, 25/17, through which pressures up to 6 GPa can be reached, 

samples with a mass of around 700 mg can be obtained, a relatively large amount 

considering the extreme conditions applied during the synthesis.  

The HP/HT solid-state reactions performed with our Walker-type multianvil 

apparatus follow a specific and got up to speed protocol which is reported below.  

1) The first step involves the gradual increase of the pressure applied to the 

whole system, up to the selected set-point pressure that acts on the 

sample. This pressure ramp is slow, typically with a rate of around 600 

Pa/min, in order to prevent damages and even breaking of anvils due to 

high mechanical stress, and to give the system the right time to adapt to 

the stress condition.  

2) When the P set-point is achieved, the heating process can start via Joule 

effect from room temperature up to the selected T set-point, with a 

temperature ramp of 25°C/min or 50°C/min. After the stabilization of 

the system at the selected final temperature, those PT conditions are kept 

for a certain reaction time t.  

Figure 3-5 Octahedral cells related to 25/17, 18/11, and 14/8 assemblies, with the relative sample 

capsule. 
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3) Once the solid-state reaction is concluded after t, the system temperature 

is abruptly quenched down to room temperature by interrupting the 

power supply unit. When also the external system of anvils is 

significantly cooled, not so far from room temperature, it is possible to 

start releasing the pressure to ambient conditions. As in the first step, 

this process must be slow (about 300 Pa/min) to safely keep all the 

components.  

The thermal quenching constitutes the key step of the procedure since it 

allows to freezing of the HP/HT metastable phase and keeps it stable at ambient 

conditions.  

However, the best solid-state synthesis conditions (i.e. pressure, 

temperature, and duration time) required to get a pure single crystalline phase of a 

novel compound are a priori unknown. Some hypotheses on the starting P, T, and t 

values to try can be provided by considering similar compounds previously 

synthesized, but having the possibility to vary three different parameters 

considerably amplify the phase-diagram regions to be studied. Additionally, 

working with such exotic conditions a completely new science can be found, so 

even undesired spurious phases are not easily identified because of the lack of 

information on such uncharted impurities in scientific databases. Considering all 

these aspects, without in-situ studies and considering the requested time for one 

synthesis, the synthesis conditions’ optimization of a new compound is mandatory 

for its premier presentation to the scientific community, making this kind of 

research quite hard and laborious. Moreover, it must be underlined the efforts 

required to perform every single HP/HT synthesis which somehow compensate for 

the unique potentialities of this apparatus. The preparation of all the components, 

as the shaping of MgO/graphite pieces with CNC micro-lathe, the covering of cubes 

with gaskets and insulating elements, the self-manufactured thermocouple, the 

capsule closing and cold-welding, and of course the assembly of all these elements 

together require around two days of steady work. Usually, the pressure ramp is done 

overnight, while the heating and the synthesis process can be concluded the next 

day. So, in approximately three days, an HP/HT solid-state reaction can be carried 

out. Unfortunately, excluding anvils, all the manually made and assembled 
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components are destroyed in each synthesis, highlighting the energy, costs and 

time-consuming character of this technique.  

Nevertheless, I have to say that the multianvil press evokes in me conflicting 

emotions, typical features of the best love-hate relationships, since each of the 

sweaty dirty forty-six syntheses that I have performed during my PhD leaves me a 

sense of pride for my ability to dominate such extreme conditions, ending with a 

tiny polycrystalline cylinder of something unknown. Several synthesis attempts 

miserably failed with high impurity levels or even worst the breaking of cubes or 

losing of thermocouple control, but some successful results, that I will present you 

in the experimental part, have definitely balanced and rewarded my efforts. It has 

required great dedication. The artistic side of my personality has been quite satisfied 

by this act of creativity. 

Before entering the description of my HP/HT new perovskite compounds, 

in the following chapter I will describe the characterization techniques that I have 

employed for their physical properties investigation. Like the synthesis process, the 

physical characterizations also represented a consistent part of my experimental 

work, mandatory facing novel materials. Particularly, I had the chance to personally 

perform the majority of the measurements that I will report later. Spending my time 

on such techniques really helps me to acquire quite good knowledge, particularly 

from the structural point of view, on how to solve complex challenges related to my 

materials. 
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4 Characterization techniques 

4.1 Introduction to structural characterization 

When you have in your hands a new material, with not so much prior 

knowledge about it, the characterization of its structural properties is primarily 

fundamental. Specifically, by performing my HP/HT solid-state reactions, I ended 

up with a bulk polycrystalline perovskite material which differs significantly in its 

physical and chemical properties from the starting powder reagents that I initially 

selected. Additionally, the extreme HP/HT conditions employed intrinsically lead 

to highly defective polycrystalline products, characterized by the twinning of the 

crystals [134] [135], while the growth of quite big single crystals (~1 mm) is not so 

common. Thus, most of the time, the as-obtained defective small grains (generally 

of the order of tens micrometres) prevent the use of conventional single crystal 

characterization techniques. Moreover, since the polycrystallinity of HP/HT highly 

defective compounds leads to intrinsic challenges and possible non-unique or trivial 

structure solutions, I exploited the benefits of using different kinds of matter probes, 

such as electrons, X-rays, and neutrons. The combination of such diffraction 

techniques (i.e. selected-area electron diffraction mode of transmission electron 

microscopy, X-ray powder diffraction, and neutron powder diffraction) represents 

a robust strategy to extract complementary crystallographic information with the 

aim to properly solve the crystal structure and the space-time symmetry of novel 

complex compounds.  

Since I have extensively characterized the crystallographic-structural 

properties, and also learned how to perform data analysis of such results by 

exploiting such distinctive kinds of matter-probe interactions, I want to discuss and 
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examine in detail the employed diffraction techniques and their potentialities, while 

a shorter discussion on the other characterization techniques will follow.   

4.2 X-rays Powder Diffraction 

Powder Diffraction (PD) is one of the most important methods to investigate 

the structural, and even morphological, properties of crystalline solid materials, 

especially when single crystals cannot be employed. Namely, PD is nowadays a 

standard technique for compositional and microstructural analyses, such as for the 

detection of crystalline phases in mixed composition samples, with the possibility 

to perform quantitative analysis in order to evaluate the volume fractions of each 

component. Nevertheless, PD constitutes an even more powerful tool for 

crystallographers in providing essential information to solve and refine the 

structural symmetry of crystals, especially by using high-resolution sources and 

high-performance data analysis methods. These structural information are enclosed 

within the diffraction pattern, as the result of the scattering process between a 

specific probe, characterized by a wavelength comparable with the interatomic 

distances, and the crystal lattice of the large number of randomly oriented 

crystallites.  

I have performed powder X-rays diffraction (PXRD) experiments with a 

Rigaku Smartlab XE diffractometer, available at the Department of Chemistry, 

Life-Science, and Environmental Sustainability of the University of Parma. This 

instrument, shown in Figure 4-1, works in the Bragg-Brentano geometry, making 

use of Cu Kα wavelength (λ = 1.5406 Å), and it is equipped with an Anton Paar 

TTK 600 chamber which allows the vacuum control and temperature-dependent 

PXRD measurements from 80 K to around 900 K. For standard acquisitions, such 

as those that I will report in the experimental section, a Ni filter is used to suppress 

the Kβ contribution, while soller slits (commonly 5.0°) are used both on the incident 

and diffracted beam, whose signal is collected using a HyPix3000 detector. 

Measurements can be performed in the 10–150° 2θ range with 0.01 step size, 

0.5° min−1 speed, acquiring in continuous 1D mode.  
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In general, a monochromatic X-rays beam undergoes a diffraction process 

with the crystal lattice of the crystallites, describable by Bragg’s law: 

λ = 2𝑑ℎ𝑘𝑙 sin 𝜃ℎ𝑘𝑙     (12) 

where a series of crystallographic d-spacing, associated with a particular set of 

Miller indices (hkl), can be measured by moving the detector at different angular 

positions. The recorded diffraction pattern contains information regarding: 

- the unit cell symmetry and size from the peak positions; 

- the atomic distribution in the unit cell from the peak intensities; 

- the particle size and defects from the peak shapes; 

- the diffuse scattering of matrix or amorphous phases, as well as the 

sample holder, from the background. 

Particularly, different contributions are involved in the peak intensities of a 

powder pattern, which can be summarized in the following equation: 

𝐼ℎ𝑘𝑙 = 𝐾 · 𝐿𝑃(𝜃ℎ𝑘𝑙) · 𝐴 · 𝑦 · 𝑚ℎ𝑘𝑙 ∙  |𝐹ℎ𝑘𝑙|
2   (13) 

Figure 4-1 Rigaku Smartlab XE diffractometer of the Chemistry Department of University of Parma. 
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where K is a scale factor due to the kind of probe (i.e. incident beam intensity and 

wavelength) and the set-up geometry (i.e. slits, sample to detector distance), LP is 

the combination of Lorentz and polarization factors θ-dependent, A and y are the 

absorption and the preferential orientation extinction factor respectively, m is the 

(hkl) reflection multiplicity, while Fhkl is the structure factor of the (hkl) reflection. 

Moreover, the diffraction lines of real patterns are strongly affected by the particle 

size, local disorder and microstrain, which contribute to a broadening effect of the 

δ function that theoretically represents each non-extinguished reflection. The real 

diffraction peaks are thus characterized by a profile function, whose shape can be 

mathematically described with a Gaussian, Lorentzian, or Pseudo-Voigt function, 

which brings these morphological features. 

The structure factor F gives a fundamental contribution from the 

crystallographic point of view, as it correlates the intensity of the diffraction peaks 

to the N atomic species arrangement in the unit cell as follows: 

𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑖
𝑁
𝑖=1 ∙ exp (2𝜋𝑖(ℎ, 𝑘, 𝑙) ∙ (𝑥𝑖, 𝑦𝑖, 𝑧𝑖))   (14) 

where fi is the atomic scattering factor for the atom i, while xi, yi, zi are its 

coordinates in the cell. The correlation between the appearance of the diffraction 

pattern with the crystal lattice motif starts to become clearer. Besides, the X-ray 

photons, characterized by wavelengths around ~0.1 nm and a corresponding initial 

wave vector 𝑘𝑖
⃗⃗  ⃗, interact with a specific atom undergoing a scattering process, 

schematically reported in Figure 4-2, by its atomic charges, particularly by the 

electronic cloud. The f factor differs significantly varying the atomic species charge, 

Figure 4-2 Elastic scattering process between X-rays and matter. The transfer momentum q is equal 

to the difference between the final and the initial radiation wave vector. [adapted from ref. [204]] 
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as it is deeply correlated with the number of electrons. Namely, as shown in Figure 

4-3, the f value of a certain species is effectively proportional to its atomic number 

Z, making low Z elements such as H not visible, and decreases from the maximum 

value f(𝑞 =0)=Z if the scattering angle (or the momentum transfer in the scattering 

process 𝑞  = 𝑘𝑓
⃗⃗⃗⃗ -𝑘𝑖

⃗⃗  ⃗ ∝ (sin 𝜃)/λ) becomes larger.  

4.3 Neutron powder diffraction 

An analogous discussion can be done in the case of neutron scattering. 

However, as neutrons have different characteristics from X-rays, some essential 

observations are needed. 

Neutrons, first discovered by J. Chadwick in 1932 [136], are neutral 

subatomic particles with wave-particle duality characterized by a non-zero spin, 

equal to 1/2, carrying out a magnetic dipole moment, making them interactive with 

magnetic species. The interaction of the neutron spin with the magnetic field of 

unpaired electrons generates an effective magnetic scattering, which intrinsically 

Figure 4-3 Scattering factor for different atomic species with its θ-dependence. [adapted from ref. 

[203]] 
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unveils the magnetic moment arrangement in crystallographic systems.  Moreover, 

in contrast to X-rays, neutrons interact with the nucleus of the atom. For this reason, 

a different parameter respect with to the atomic form factor f for X-rays must be 

considered during the scattering process, which is the neutron scattering length b. 

This parameter, connected to the cross-section σ of a certain atom, is independent 

of the transfer momentum 𝑞 , while it changes with the isotope because of the change 

in nuclear structure and may be positive or negative. Actually, b can be expressed 

as the combination of two distinct contributions, related with the coherent or 

incoherent scattering respectively, but only the former bc is of interest in order to 

obtain structural information at the atomic level, as neutron diffraction, while the 

latter bi primarily contributes to the background signal. Examples of coherent 

neutron scattering lengths are reported in Figure 4-4. In this way, neutrons constitute 

a complementary probe to X-rays in terms of the atomic contrasts by different 

scattering cross sections.  

As previously mentioned, the magnetic interaction of the neutron spin with 

each spin of the nuclei leads to magnetic neutron scattering, in analogy to the 

nuclear one. Indeed, different spin states are associated with a particular magnetic 

form factor, which is 𝑞  dependent and must be considered. However, it must be 

underlined that, from magnetic cross-section considerations, only the components 

Figure 4-4 Coherent neutron scattering lengths for different atomic species as a function of the 

atomic mass. [adapted from ref. [205] ] 
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of the sample magnetization that are perpendicular to the neutron’s momentum 

transfer contribute to magnetic scattering. If the interacting sample displays a 

magnetic spin arrangement (i.e. a long-range magnetic structure), the magnetic ions 

will produce a diffraction pattern constituted by magnetic reflections. By 

associating the magnetic peaks with the nuclear ones, it is possible to reconstruct 

the magnetic structure in relation to the crystallographic unit cell and symmetry. 

The capability of neutrons to probe both the nuclear and magnetic structure makes 

neutron diffraction a key technique for the characterization of crystalline magnetic 

compounds. 

In order to perform diffraction experiments, the neutron source, which can 

be continuous and generated in a nuclear reactor (for instance at ILL facility, 

Grenoble, FR), or pulsed from a spallation process (as at ISIS facility, Didcot, UK), 

must be properly tuned to obtain a characteristic neutron wavelength comparable to 

the lattice distances. For nuclear and magnetic diffraction experiments, eventually 

characterized by long-range ordering, the requested λ can vary between 1 Å and 30 

Å, thus with energies from 100 to 0.1 meV. This energy range corresponds to the 

so-called cold or thermal neutrons, that can be selected with proper moderating 

mediums and a monochromator if on continuous source where monochromatic 

beams are used. 

Contrarily to more standard constant-wavelength (CW) diffractometers, 

many neutron diffractometers take advantage of the wave-duality De Broglie’s 

equation which connects the neutron wavelength to its velocity, and can be 

expressed in terms of energy: 

𝐸 (𝑚𝑒𝑉) = 5.227 ∙ 𝑣2 (𝑘𝑚 ∙ 𝑠−1)    (15) 

By exploiting this relation, neutrons with different wavelengths produced 

by a pulsed source can be discriminated by the characteristic time required for the 

diffracted neutron to travel from the source to the detector, which is called the time-

of-flight (TOF) of neutrons. The d-spacings are thus proportional to TOF values 

considering the diffraction geometry (i.e. source-sample and sample detector 

distance) and the entire diffraction pattern is recorded in a single fixed detector. The 

main advantage of TOF diffractometers with respect to the CW ones is to provide 
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patterns with a nearly constant resolution (largely determined by the pulse shape, 

the source-sample and sample detector distances) in a wide range of d-spacing, 

despite an angular contribution is also present. 

I have performed neutron powder diffraction experiments on the TOF 

diffractometer WISH [137], at the ISIS facility, Didcot, UK, via proposal 

acceptance (n. RB2320119). This instrument, schematically pictured in Figure 4-5, 

works with high-brilliance cold neutrons (λ range is 1.5 – 15 Å) tuned by a solid 

methane moderator, operating at 40 K. A series of choppers are used as bandwidth-

selectors, avoiding possible frame-overlaps. After following a 40 m flight path, the 

neutrons impact the sample, which is placed at the centre of a blockhouse (Figure 

4-5, right). The detector system is constituted by 3He gas position-sensitive tubes 

(diameter of 8 mm, active length of 1 m) located on a cylinder at the same distance 

of 2.2 m from the sample. In this geometry, the detector array, divided into ten banks 

grouped two by two symmetrically, covers a broad 2θ range (from 10° to 160°) with 

a resolution of 0.2°, allowing the investigation of a large d-spacing region (0.7-50 

Å). Moreover, the instrument is equipped with many sample environments, for 

instance, cryostats, furnaces, and pressure cells, in addition to a 14 T vertical magnet 

to perform measurements in very high magnetic field conditions. These features 

make WISH a very powerful instrument for magnetic and nuclear structure 

determination and refinement. 

Figure 4-5 Schematic layout of WISH diffractometer, with the top view in the TS2 (right) and the 3He 

detector array inside the blockhouse. [adapted from ref. [137]] 
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The powder diffraction data from my HP/HT perovskites were collected 

varying the temperature condition, in heating with a CCR furnace while in cooling 

with a helium cryostat, covering a T range from 5 K to 370 K. The powdered sample 

is inserted in a thin vanadium can as a sample holder, since this material displays 

only an incoherent scattering signal. Part of the sample holder, not containing the 

sample, is shielded with gadolinium thin foils as a good neutron absorber, and it is 

mounted at the end of a long stick, which is then inserted in the desired sample 

environment at the centre of the instrument blockhouse, as shown in Figure 4-6.  

4.4 Handling powder diffraction data: structure determination and 

refinement 

Treating with novel compounds from HP/HT, the main advantage of 

combining powder diffraction experiments is the possibility of extracting all the 

necessary information to determine their crystal and magnetic structure. As 

mentioned in Paragraph 4.2, many crystallographic information can be provided by 

analysing the diffraction pattern, i.e. evaluating the relative intensities and angular 

position of each reflection. In general, it is possible to list a sequence of steps to 

follow in order to solve a diffraction pattern, in an analogous way for neutrons, X-

rays, or in general photons probes [138] [139]. Since I personally carried out these 

Figure 4-6 WISH sample holder, constituted by a long metallic bar (a) where at one end the sample 

is located (b), with the adjacent elements (i.e. thermocouple) shielded by a Gd foil. The bar is inserted in 

the sample environment (c). 
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operations, schematically reported in Figure 4-7, I want to discuss more about how 

to face these steps, explicitly underline some peculiar aspects specifically related to 

my HP/HT samples. 

1) Peak search 

Firstly, it is necessary to carefully determine the peak 2theta-position of 

each reflection. Despite this process would seem quite easy, also using 

peak-hunting software, this is not often the case for HP/HT samples, due 

to the usual presence of undesired spurious phases and to pretty complex 

and in some cases dense set of crystallographic reflections. As a result, 

generally, the powder diffraction pattern includes the contribution of all 

the involved phases. The discrimination between the wanted and the 

unwanted phases is tricky since many spurious phases produced by the 

effects of HP/HT are not indexed in the majority of the crystallographic 

databases. Typically, a manual peak selection is thus more suitable for 

HP/HT new phases, paying particular attention to low-intensity peaks 

that can be addressed or not to the main expected crystal phase by 

considering possible kinds of impurities. Moreover, due to the low 

crystallinity of HP/HT samples, the diffraction peaks are usually quite 

broad in 2θ, making the exact estimation of the angular position 

Figure 4-7 Flowchart illustrating crystal structure determination from PD data. [adapted 

from ref. [138] ] 



C h a r a c t e r i z a t i o n  t e c h n i q u e s  

59 

 

challenging. After this process, all the chosen reflections will be 

associated with a 2θ-position, corresponding to specific d-spacing 

values.  

 

2) Peak indexing 

Subsequently, all the reflections must be indexed with a triad of Miller 

indices (hkl). Namely, the indexing step enables to reconstruct the unit 

cell (i.e. all the lattice parameters a, b, c, α, β, γ) by the information on 

the d-spacing values extracted from the experimental 1D pattern. Many 

software allow the automatic solution for the indexing with several 

mathematical algorithms, by consequently returning candidates for the 

cell parameters. If more than one solution is proposed by the software, 

all the cell parameters combinations suggested are ranked according to 

the relative figure of merit, a marker of their reliability. Luckily, working 

with perovskite structures, the cell parameter of my HP/HT compounds 

should be approximately multiple of the simple cubic perovskite lattice 

parameter asp, unless structural distortions are present (see Chapter 2). 

 

3) Space group determination 

One of the most complex steps consists of the space group 

determination. Indeed, the diffraction pattern from a powdered sample 

suffers from peak overlap information due to the projection into the 1D 

space. Consequently, the evaluation of systematic extinctions, whose 

mathematical conditions are peculiar for each space group symmetry, is 

not obvious. By considering all the indexed peaks and providing 

information about the expected unit cell content, it is possible to 

manually evaluate the presence/absence of reflections by using the 

crystallographic tables [140], where all the space groups are listed for 

each crystallographic system with the relative reflection conditions on 

the h, k, and l indexes. To skip this time-consuming procedure, some 

software can be used to calculate the probability of each extinction 

symbol that could be compatible with the suggested crystal system. 

Generally, Le Bail [141] or Pawley [142] algorithms are used in this 

step, providing the fitting of individual reflection with the so-called full 
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pattern decomposition (or deconvolution), based on the non-linear least 

squares minimization of the differences between observed and 

calculated profiles. Again, particular care must be reserved for complex 

samples like those from HP/HT syntheses, because of the problems 

related to the hunting and indexing. However, good starting space 

groups to be tested should be those of similar perovskite compounds. 

 

4) Crystallographic model 

By combining all the crystallographic information previously extracted, 

a model for the crystal structure is created by using direct (as trial-and-

error methods) or reciprocal space (as Patterson techniques) approaches, 

or a mixture of them. During this step, a fundamental support is again 

given by the information reported on the crystallographic tables [140], 

in which, for each space group, special symmetry positions (i.e. Wyckoff 

positions) are listed as preferential sites which can be occupied by the 

atomic species, considering the multiplicity of each site. In this way, a 

solution for the crystal structure is proposed, considering the pattern 

deconvolution with the structure factors for each atom included in the 

unit cell volume.  

 

5) Profile fitting structure refinement 

At the final step, several structural and profile parameters (i.e. atomic 

position, site occupancy, thermal parameters, etc.) must be refined in 

order to achieve the best agreement between the calculated and observed 

patterns, by improving the diffraction peaks fitting. Additionally, the 

chemical and physical information included in the structure solution, 

such as the interatomic distances or the coordination polyhedra, must be 

reasonable and consistent. Rietveld refinement [143] is the most 

widespread method to validate and improve the structural model, based, 

as Le Bail, on nonlinear least squares minimization. The quality of the 

refinement is quantified by several calculated parameters such as profile 

residual Rp, weighted profile residual Rwp, Bragg residual RB, expected 

residual Rexp, and goodness of fit χ2, which are of course affected by the 

initial quality of the acquired data.  
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The described procedure for nuclear structure resolution can be extended to 

determine the magnetic structure and symmetry of ordered-magnetic materials, as 

many HP/HT perovskites. As a good starting point, all the knowledge gathered 

about the crystalline space would be necessary, in order to index and evaluate the 

magnetic diffraction peaks. However, the magnetic structure (cell and symmetry) 

can significantly differ from the nuclear one. The relation between the two 

structures is expressed by the propagation vector 𝑘⃗ . Sometimes more than one 

propagation vector is required to describe the magnetic-nuclear structure relation. 

If the components of k are rational, then the magnetic structure is commensurate, 

as for FM or AFM systems, while for irrational k components the structure is 

incommensurate, typically displaying helical, sinusoidal, or conical spin 

arrangements. The solution for the magnetic space group, all listed in the magnetic 

group tables [144] requires the knowledge of with magnetic species of the unit cell 

that contributes to each type of magnetism and the time inversion symmetry. 

Conventionally, the magnetic symmetry solution can be performed by deriving all 

the spin transformations on the basis of irreducible representation group theory, 

available via several data analysing software, such as FullProf [145]. 

As deducible, the structure determination and solution, especially from 

powder diffraction, is thus quite difficult and not immediate, so combining different 

probes is helpful. In this process, I have employed many software, particularly I 

have spent many hours (rather than days) on Expo14 [146] (steps 1-2 and attempts 

for 3-4), PowderCell [147] (for manual steps 3-4), GSAS-II [148] and Jana2020 

[149] (steps 4-5). From my experience, sometimes it is more fruitful to sleep and 

come back a few days later with another solution attempt, tuning in to the unit cell.  

4.5 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is a very powerful instrument 

because of its large versatility for the investigation of electron transparent 

specimens, like nanometric powder samples or properly designed thin films [150], 

also from the crystallographic point of view. Particularly, it can provide important 
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information when the samples are not perfect from a crystallographic point of view, 

as in the case of my HP/HT perovskites. 

Although the TEM results related to my perovskites have been performed 

on a Philips TECNAI F20 TEM at the CNR-IMM UOS (Bologna, Italy), I 

personally practised for the entire first year of my PhD activity with JEOL JEM-

2200FS TEM, having the chance to work in contact with the Structural 

Characterization research group of IMEM-CNR (Parma). In this standard, the probe 

is constituted by a high-energy electron beam generated by a Schottky field-

emission tungsten gun and subsequently accelerated reaching the working voltage 

of 200 kV (or 80 kV for more fragile samples). A complex system of sequential 

electromagnetic lenses, constituted by one or two polepieces of soft iron in which 

a coil of copper wires is inserted, can control the electronic beam focus, position, 

and magnification, by tuning their magnetic field induced through an electric 

current. The divergence or convergence of the beam is instead managed by 

apertures in the lenses. The whole TEM columnar apparatus is closed into a vacuum 

chamber, with a peculiar refrigeration system to prevent damages due to the several 

currents involved in the lenses system. The combination of lenses and aperture 

allows it to work in different modes by focusing the electronic beam on different 

planes, as in a more conventional optical microscope, and investigate the several 

generated signals with different kinds of detectors. Indeed, one of the advantages 

Figure 4-8 Signals generated from the electron-specimen interaction. [adapted from ref. [150] ] 
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of using highly energetic electrons as ionizing radiation is the large number of 

secondary signals generated from the interaction process with the sample, as shown 

in Figure 4-8. Each of them constitutes a fingerprint of particular properties of the 

specimen.  

Besides the morphological details that can be highlighted in the imaging 

modes of TEM, like with the scanning transmission electron microscopy (STEM) 

or the extremely powerful high-resolution TEM (HRTEM), essential to determine 

atoms’ position and observe structural defects highlighting details finer than 0.2 nm, 

also physical and chemical information of the specimen are revealed. For the latter 

case, quantitative analysis of the chemical elements, their valence states on confined 

Figure 4-9 Simplified TEM scheme of lenses and apertures for the diffraction (left) or imaging 

(right) mode. [adapted from ref. [150] ] 
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areas, or even their distribution on an extended area of the specimen, are provided 

by energy-dispersive X-rays spectroscopy (EDXS) and electron energy-loss 

spectroscopy (EELS). One of the most significant TEM modes, surely for my case 

studies, is the Selected-area electron diffraction (SAED), by which crystallographic 

information can be extracted.   

As previously mentioned, the lenses and apertures system allow to switch 

between different TEM operation modes. Particularly, in order to bring to light the 

inner diffraction pattern (DP) of the sample, with SAED, or its related image two 

basic configurations of lenses/apertures are required, by moving these elements as 

shown with a simplified scheme in Figure 4-9. The main role is given by the 

intermediate lens, which can select, by changing its strength, its object between the 

back focal plane and the image plane of the objective lens. Satisfying one of these 

two conditions, the DP or the image of the specimen, respectively, is projected at 

the CCD camera. In order to acquire good DP or images, the finest alignment of the 

whole elements (many more imaging lenses, for improving magnification and focus 

range, are present in real TEM respect with to the schemes of Figure 4-9) and the 

corrections from spherical aberration, chromatic aberration, and astigmatism, 

intrinsic defects of all standard lenses, is mandatory. This process constitutes a quite 

time-consuming step for TEM users, although a lot of work has been done in recent 

years in order to automatize this process by using machine learning methods [151] 

[152]. 

In the SAED mode, specifically for small particles investigation, electron 

diffraction occurs by illuminating with the accelerated electrons beam a portion of 

the crystallite, and it can be described in the context of Fraunhofer diffraction. 

Additionally, thanks to the wave-particle duality, the electron wavelength is around 

2.5 pm (considering an accelerating voltage of 200 kV), thus able to probe 

interatomic distances in the crystal lattice, which acts as a diffraction grating. 

Particularly, the geometrical construction of the Ewald sphere, which represents the 

Laue condition, can be considered flat in the case of electron diffraction, as its 

radius is inversely proportional to λ, and many more points of the reciprocal lattice 

can be intersected. This is why the DP in TEM consists of many spots- when the 

sample is oriented along a high-symmetry axis -as a result a two-dimensional 
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section of the reciprocal crystal lattice perpendicular to the direction of the incident 

electrons. Consequently, the DP can be very useful to extract lattice constants, by 

evaluating the relative angles and distances between crystallographic planes (i.e. 

between the bright spots). In this analysis, it is fundamental to refer the acquired 

DP to a specific zone axis [u k w], which corresponds to the direction lying in all 

the planes visible in the DP (i.e. parallel to the beam).  

Indeed, I have specifically employed SAED-TEM as an additional 

technique for the evaluation of crystal lattice parameters of my HP/HT perovskites, 

besides also morphological and quantitative measurements have been carried out in 

HRTEM and EDXS modes. The sample preparation for such measurements consists 

of depositing a few drops of a nano- or micrometric powder of the ground sample, 

suspended in isopropyl alcohol and sonicated for several hours, on a standard 

copper or gold mesh grid of diameter around 3 mm, coated with a plastic layer of 

formvar and a thin film of amorphous carbon, that is then mounted on a customised 

sample holder. The analysis of DP patterns has been carried out with diffraction 

packages on the software Gatan Digital Micrograph [153]. 

4.6 Morphology, magnetism, and electrical properties  

Further investigations of the physical/chemical properties of the HP/HT 

novel perovskites have been carried out. Since the behaviour of such compounds is 

not known in advance, the choice of each characterization technique has been made 

in progress, by considering previous results, always starting from the structural 

investigations extensively described before. Herein, I will briefly summarize all the 

methods employed in the study of my compounds. 

- Scanning Electron Microscopy (SEM) has been employed to investigate 

the morphology and composition of the samples, both in polycrystalline bulk and 

powder form. Two analogous instruments have been used. The first one, available 

at IMEM-CNR Institute of Parma, is a Zeiss Auriga Compact Field-Emission SEM 

equipped with an Oxford Xplore 30 Energy Dispersive Spectroscopy (EDS) system. 

SEM images were acquired by using 20 kV acceleration voltage of the primary 

electron beam. EDS analyses were conducted by exciting the powdered samples 
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with a 20 kV accelerated electron beam. The second microscope, available at the 

Chemistry Department of University of Parma, is the ESEM Quanta 250 FEG by 

FEI part of Thermo Fischer Scientific, with relative EDS system by Bruker XFlash 

6/30 and Esprit 1.9 software. 

- Magnetic measurements were performed with a Quantum Design MPMS 

3 SQUID magnetometer located at the material characterization laboratory at the 

ISIS facility (UK) in the 2-400K temperature range.  A small fragment of the sample 

pellet (m=36.87(5) mg) was used for the measurements. The sample holder was a 

plastic straw, and the pellet was kept in a gelatine capsule and fixed in place using 

Teflon tape. DC ZFC (zero-field cooling), FCC (field cooling), and FCW (field 

cooling-warming), measurements were performed with selected applied field 

values in the range 0.001-1 T. Magnetization versus field measurements were 

performed with the same sample set up at different temperatures in the field 

range ±5 T. AC measurements were performed at selected frequencies and 

amplitude of 1Oe. Further AC magnetization measurements have been performed 

in a Quantum Design Physical Property Measurement System-9 (PPMS) in the 10-

350K temperature range at fixed frequencies of 1 and 10kHz and various field 

amplitudes in the range 1 to 10 Oe. In order to complete some missing 

characterizations, especially for powdered samples, additional magnetization 

measurements have been carried out on a Quantum Design MPMS-XL 5 T SQUID 

magnetometer in DC mode (at the Physics Department, University of Parma (IT)), 

investigating the magnetic field-dependence of the magnetization from 6 up to −6 

T after a field cooling in low magnetic field. 

- Solid-state Nuclear Magnetic Resonance (NMR) spectroscopy has been 

extensively used to detect local magnetic order and to clarify the electronic 

configuration of the NMR active species, specifically 55Mn. In ZF 55Mn NMR, it is 

possible to follow as a function of temperature the NMR signal of the 55Mn nucleus, 

that resonates in a hyperfine field proportional to the thermal average of its 

electronic moment. The experiments, both in ZF mode or by applying a perturbative 

external magnetic field (up to 2 T), were performed by means of a home-built 

phase-coherent spectrometer, the ‘HyReSpect’ [154], at Physics Department, 

University of Parma. It allows T-dependent measurements thanks to a heater for 
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temperatures higher than RT. For low T, a helium flow allows to cover the thermal 

range of 2–70 K, while a nitrogen-flow cryostat has been used above 70 K. 

Powdered samples of about 20 mg were placed in an untuned probe-head consisting 

of a small coil, as described in ref. [155]. The spectra were recorded point by point 

by exciting spin echoes at discrete frequencies by means of a standard P−τ−P pulse 

sequence. The digitized echo signals were analysed by the fast Fourier transform 

(FFT).  

- Electrical transport measurements were performed at IMEM-CNR using 

a Keithley 2182A nanovoltmeter and a Keithley 2400 sourcemeter. The measured 

sample was an as-synthesized pellet disk (with radius around r=2 mm, thinned down 

to thickness around t=0.3 mm), double-side polished to reduce the surface 

roughness below a few µm. Two different configurations have been employed for 

resistivity measurements: two-contact and van der Pauw four-contacts. In the two-

contact configuration, platinum contacts (thickness ~100 nm) have been sputtered 

on both faces of a planar-plate disk, and resistivity was calculated by the Ohm's law. 

In the four-contact configuration, four silver paste contacts have been deposited 

manually on one disk side and van der Pauw technique has been applied with an 

injected DC current of 2 mA, measuring all the permutations of contact pairs and 

current polarity in order to cancel possible instrumental bias. 

- Dielectric measurements have been carried out on the same metallized 

samples prepared for the above mentioned two-contacts resistivity measurements. 

In this case, an Agilent 4824A LCR meter has been used to measure impedance in 

four-contacts configuration. A frequency of 1 MHz has been selected with a signal 

amplitude of 100 mV. 

- Magnetoresistance measurements have been carried out by exploiting the 

magnet and the cryostat of a commercial Quantum Design superconducting 

quantum interference device (SQUID) magnetometer at IMEM-CNR (IT). The bulk 

sample was brought to a selected temperature condition applying both ZFC and FC 

protocols starting from RT, the latter in an applied field of ±40 kOe. Once the set-

point temperature had been reached, the electrical resistance was measured as a 

function of the external magnetic field spanning from –40 kOe to +40 kOe.
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5 Experimental results and discussion 

5.1 My novel perovskites: the starting idea 

As extensively discussed in Chapter 2, single (AB’0.5B’’0.5O3) or double 

perovskites (A2B’B’’O6) display a wide tolerance to chemical substitutions and 

structural distortions, induced by the broad range of their possible tolerance factors. 

In this context, the high pressure/high temperature synthesis techniques represent a 

useful tool to stabilize metastable phases at ambient conditions, amplifying the 

ensemble of possible cationic combinations. In particular, it has been shown that is 

possible to explore the versatility of such perovskites by playing with the chemistry 

of this crystal structure, with the potential lowering of crystallographic symmetries 

by introducing different ions on the A and the B sites. These substitutions lead to 

the occurrence and tuning of many different functionalities, eventually the 

superposition of multiple ferroic orders, thus multiferroism. The coexistence of 

usually competing phenomena, like magnetism and ferroelectricity, in a single 

crystalline phase is quite difficult to obtain [156], but distortion mechanisms which 

occur in perovskites (described in Paragraph 2.3) could be helpful to merge these 

functionalities.  

My experimental research activity starts here. Indeed, I have considered 

already known families of perovskites, extensively characterized in literature, with 

physical properties, displaying intriguing magnetic, electrical or even multiferroic 

behaviours. Specifically, I have considered already studied systems of Bi-based or 

Pb-based perovskites, in which the ferroelectricity is mostly associated with the 

stereochemical effect of such cations (see Paragraph 2.3.1). The aim of my work 

has been to tune their physical properties by trying partial or complete chemical 

substitutions on the A or B site of their perovskite structure. Considerable work has 
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been done in order to find the right synthesis conditions for high-purity level 

compounds, a mandatory step before any physical properties’ characterization.  

The first compound that I have synthesized in pure phase is the novel 

BiCu0.5Mn0.5O3 perovskite. I have studied its synthesis stability diagram, structural, 

magnetic, and electrical properties, thus covering a quite complete spectrum of 

characterizations. Moreover, I have already explored the BiCu1-xMnxO3 solid-

solution with different synthesis attempts by varying the stoichiometry ratio 

between copper and manganese. Despite the optimal synthesis conditions having 

not yet been found, preventing high-purity perovskite samples preparation, 

preliminary results have verified that playing with the Cu/Mn amount increases the 

tunability of, at least, the magnetic properties. 

Secondly, I have focused my attention on Pb2FeMoO6 double perovskite, 

already known in the literature, extending its characterization by deeply 

investigating its magnetoelectric behaviour in relation to the cationic order at the B 

site. Starting from this Pb-based perovskite, I have tried to tune its electric/dielectric 

properties by the partial substitution of lead cation at the A site with potassium, 

ending with the successful synthesis of the novel KPbFeMoO6. As you will see, 

further investigations are needed to fully characterize this compound, but I think 

that the obtained results constitute a quite good starting point for future related 

research. 

The following paragraphs deal with all the results and discussion about these 

compounds.  

5.2 BiCu0.5Mn0.5O3 (BCMO) 

Bi-based double perovskites (Bi2B’B’’O6) constitute a large group of 

studied systems showing exotic properties. Specifically, the insertion of Bi3+ ion on 

the A site, owing to its stereochemical effect, can induce local distortions/lone pairs, 

and in some cases promote the formation of a net electric dipole in the structure 

[31] [157], as reported for instance in BiCr0.95Fe0.05O3 [158]. On the contrary, the 

B’ or B’’ sites are usually occupied by different transition metals with an incomplete 
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d-shell (belonging to the III, IV, or V period) giving rise to various exchange 

interaction mechanisms, thus inducing different types of magnetic orderings in 

according to Goodenough-Kanamori-Anderson (GKA) rules for super-exchange 

coupling (see Paragraph 2.5). A great example of this magnetic properties interplay 

is constituted by the highly distorted double perovskite Bi2NiMnO6, in which Ni2+ 

and Mn4+ ions are ordered in a rock-salt configuration and the Ni2+-O-Mn4+-O-Ni2+ 

magnetic path leads to a ferromagnetism with Tc=140 K [126]. In this way, by 

properly tailoring the ions on both B’ and B’’ sites, it is possible to merge and control 

multiple functionalities, opening a wide variety of new applications, like in 

spintronic or energy storage devices. However, the potential effective use of many 

promising multifunctional perovskites is significantly limited by the low ordering 

thermal threshold of coexistence of a functional state. 

BiFe1-xMnxO3 solid-solution represents a double perovskite family 

displaying many different and tuneable properties by varying the stoichiometry 

ratio between Fe and Mn [159]. Namely, the endmember with iron, BiFeO3, is the 

most studied multiferroic perovskite, with several intriguing properties [160] [161] 

[162] [163]. This compound crystallizes in a rhombohedral non-centrosymmetric 

R3c space symmetry, and it shows both magnetic and ferroelectric long-range order 

well above room temperature. Specifically, the system undergoes a transition to a 

Figure 5-1 Structural and magnetic phase diagram of the solid solution BiMnO3-BiFeO3 depending 

on temperature and chemical composition. [adapted from ref. [159] ] 
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polar state close to 1100 K and becomes antiferromagnetic, with a G-type spin 

configuration and a superimposed incommensurate cycloid spin structure, in a 

reported range between 595 K and 650 K. On the other hand, BiMnO3 displays a 

ferromagnetic state with an ordering temperature of around 100 K. A ferroelectric 

behaviour has been observed in some thin films, but this effect in bulk form is 

forbidden by the centrosymmetric space group C2/c. Further studies pointed out a 

possible relationship between the oxygen content, with possible space group 

modification, and consequently a change of the properties of such perovskite. 

However, the presence of ferroelectricity is still debated [29] [134] [164]. Instead, 

the x=0.5 member, BiFe0.5Mn0.5O3 crystallizes in an orthorhombic structure, 

described with Pnam space group symmetry and characterized by a high octahedral 

distortion and tilting, which lead to an antiferroelectric arrangement. Although the 

system does not usually exhibit cationic ordering at the B site, the magnetic 

properties are linked to inhomogeneity in the concentration of Mn or Fe ions, which 

determines clusters highly rich in one of the two species, with different magnetic 

arrangements and critical temperatures. Particularly, it displays a weak 

ferromagnetic state at 420 K ascribable to a second-order mechanism allowed by 

the low symmetry of the system and producing spin canting [66], while the main 

magnetic transition is described with a G-type AFM structure with TN=288 K. 

Additionally, this mixed Fe/Mn system, similarly to the solid-solution members 

with x=0.3 or x=0.4, displays magnetization reversal phenomena at lower 

temperatures and poling induced ferroelectricity [66] [165] [166] [167] [168]. 

Starting from BiFe0.5Mn0.5O3 (BFMO), I will present, for the first time to 

the best of my knowledge, the effective synthesis of a novel compound, specifically 

BiCu0.5Mn0.5O3 (BCMO), characterized by the successful substitution of Fe3+ ion 

with Cu2+ ion at the B’ site of the already studied perovskite BFMO. Indeed, the 

choice of Cu2+ is not accidental and requires some argumentation by comparing 

BFMO and BCMO systems.  

Specifically, it is not surprising that all the strong competing super exchange 

interactions between Fe3+ (d5) and Mn3+ (d4) (i.e Fe-O-Mn, Fe-O-Fe, and Mn-O-

Mn), both in an approximately half-filled d-shell configuration, lead to complex 

AFM in BFMO, coherently with the previously reported GKA rules to predict the 
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magnetism occurring between two magnetic species in perovskite systems. 

Noteworthy, standing to GKA rules for the 180° interaction between cations in 

octahedral site, the ion Cu2+ has a d9 configuration, thus an almost complete shell 

which can, in principle, be helpful in the formation of a FM state by interacting with 

the Mn4+ cation in d3 configuration of BCMO perovskite. In this way, the insertion 

of copper ion instead of iron should promote the ferromagnetism of BFMO, by 

enhancing this ordered magnetic state with a spontaneous magnetization at room 

temperature, an essential feature for technological perspectives, while hopefully 

retaining its ferroelectric behaviour. 

However, as carefully remarked in Paragraph 2.2, the perovskite system 

must fulfil geometrical constraints, such as the tolerance factor or the octahedral 

factor, in order to ensure structural stability. By comparing the two considered ions 

in six-fold coordination at the B’ site of the perovskite, Cu2+ is characterized by a 

tabulated ionic radius of 0.73 Å, while Fe3+ ionic radius value slightly varies 

between 0.55 Å and 0.645 Å, depending on its low or high spin configuration, 

respectively [169]. The values tolerance factor t and octahedral factor µ for BCMO 

and BFMO are reported in Table 5-1. The reported values have been calculated by 

evaluating the Shannon tables of ionic radii for all the species involved (also Bi, 

Mn4+ or Mn3+, and O) by Shannon [169], with a mean value for rB by taking into 

account the chemical substitutions at B’ and B’’ sites and, eventually, a mean value 

of the ionic radii depending on the possible low/high spin configurations. As 

noticeable, the calculated values for t and µ are quite similar in the two considered 

perovskites and consistent with the estimated stability ranges reported in Paragraph 

2.2. From this consideration, a similar crystal symmetry and an orthorhombic unit 

cell should be in principle predictable also for the BCMO perovskite. Moreover, 

since the oxidation state of Cu2+ is lower respect with Fe3+ one, the insertion of 

 BCMO BFMO 

Tolerance factor t 0.8360 0.8464 

Octahedral factor µ 0.4500 0.4321 

Table 5-1 Calculated tolerance and octahedra factors for BCMO and BFMO perovskites. 
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copper cation inside the octahedral cavity of BCMO perovskite motif should require 

a slightly lower pressure compared to BFMO, which has been synthesized at 6 GPa 

[66].  

In the following paragraph, I will discuss about the effective synthesis of 

this new compound, BCMO, whose stability and purity level have revealed a crucial 

and unconventional dependency on the synthesis conditions, particularly on the 

duration time of the solid-state reaction.  

5.2.1 Synthesis conditions  

The solid-state reactions for the synthesis of BCMO have been carried out 

in the Walker-type multi anvil press (see Paragraph 3.2). The starting powder of the 

binary oxides of each element, specifically Bi2O3 (99.999 %, Alfa Aesar 

Puratronic), CuO (99.99 %, Fluka), and MnO2 (99.9 %, Alfa Aesar), has been mixed 

and ground together in agate mortar (Figure 5-2a). The resulting powder has been 

closed in a Pt thin foil capsule for the attempts with a temperature set-point higher 

than 1000°C, otherwise Au capsules have been preferred (Figure 5-2b,c). The 

cylindrical bulk polycrystalline sample of BCMO obtained in each synthesis, of 

weight around 600 mg, is pictured in Figure 5-2d observed with the optical 

microscope. Indeed, several pressure, thermal, and reaction time conditions have 

been explored, mainly between 3-5 GPa and 800-1000°C respectively, keeping 

these conditions for various duration times (from 10 minutes to 2 hours). All these 

attempts are reported in Table 5-2. The best synthesis conditions observed for 

BCMO solid-state reaction have been determined to be 4 GPa of pressure and 

1000°C of temperature. The duration time of the synthesis plays a crucial role in  

Figure 5-2 BCMO synthesis: reagents mixing (a), tools for the hand-made preparation (b) of the 

reagents' capsule (c) and the final sample at the optical microscope, on a graph paper as size reference (d). 



C h i a r a  C o p p i   

74 

 

obtaining a high purity level of this compound. Particularly, the purer sample has 

been obtained keeping the P and T conditions during the reaction for half an hour, 

and it seems that longer durations lead to the degradation of this metastable phase, 

contrarily to the conventional protocol in which longer reaction times should 

support the formation of bigger crystals. In Figure 5-3 different PXRD patterns of 

Pressure (GPa) Temperature (°C) Reaction time (hours) 

3 650 2 

3 900 2 

3 975 2 

3 1250 1.6 

4 885 0.25 

4 975 0.5 

4 1000 0.2 

4 1000 0.5 

4 1000 0.75 

4 1000 2 

5 990 0.5 

5 1000 0.25 

Table 5-2 Tested BCMO synthesis conditions. The best conditions are highlighted in red. 
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ground BCMO samples synthesized with various reaction times (i.e. from 0.1 hours 

to 2 hours) at the same P-T synthesis conditions (4 GPa, 1000°C), are compared. In 

the normalized patterns, the reflections related to identified spurious phases (mainly 

copper and manganese oxide compounds) are labelled with green triangles, while 

the more intense peaks are associated with a desired perovskite phase. Despite the 

non-ideal signal-to-noise ratio of such spectra, a quantitative estimation for the 

weight fraction values of the perovskite phase has been evaluated by performing a 

Rietveld refinement of each dataset (considering the structural model of the purer 

BCMO that will be presented in the following paragraph). The results, reported in 

the inset of Figure 5-3, confirmed that the majority of the product mass is 

constituted by a perovskite phase with values close to 95 % for the sample 

Figure 5-3 Normalized PXRD patterns for BCMO samples synthesized at 4 GPa, 1000°C, at 

various reaction times. Identified spurious phases are highlighted with green triangles. Inset: Estimated 

weight fraction of the perovskite phase in each sample from Rietveld refinement (despite high average Rwp 

≈19). 
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synthesized with a reaction time of 0.5 hours. By varying the reaction time, spurious 

phases arise. Probably, for shorter durations, unwanted reaction intermediates are 

still present, while for durations longer than 0.5 hours, degradation effects of the 

perovskite system occur.  

Considering this crucial aspect of the synthesis condition for BCMO, P-T 

conditions could be tuned in order to increase the reaction yield and obtain a purer 

sample. However, since performing each HP/HT synthesis requires a discrete 

amount of time, I did not explore further the stability diagram of BCMO. Indeed, a 

purity level of around 95 % is good enough to allow an effective characterization 

of the structural, magnetic, and electrical properties of the samples synthesized 

under the best synthesis conditions, i.e. at 4 GPa, 1000°C for 0.5 hours.  

Figure 5-4 SEM images at various magnifications (a, b, c) and EDX microanalysis (d) on bulk BCMO. 
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5.2.2 Preliminary structural investigation and morphology 

In order to investigate the morphology and the stoichiometry of the BCMO 

obtained via HP/HT synthesis, preliminary SEM investigations, in imaging and 

qualitative EDX analysis modes, have been conducted, both on bulk (Figure 5-4) 

and powdered samples (Figure 5-5). From the bulk analyses, the polycrystallinity 

of BCMO is clearly visible for different magnifications (Figure 5-4a, b, c), with 

small grains of size around 30 µm. By performing EDXS microanalysis on several 

grains, atomic percentages relative to the heavy elements contained in BCMO have 

been calculated from the spectra analysis, as reported in Figure 5-4d. The estimated 

stoichiometry ratio between Cu and Mn of around 0.84:1 slightly differs from the 

1:1 expected, but it could be coherent with the presence of possible intra-grains 

inhomogeneities, where different and more rough morphologies seem to be present 

(Figure 5-4c), or more reasonably for the presence of CuO as spurious phase. The 

SEM analyses on the powdered samples are in agreement with those on the bulk, 

as reported in Figure 5-5. Quite big multi-faceted grains are visible (Figure 5-5a, 

b), while on the surface of the larger crystallites small sub-micrometric components 

are present, probably of the same nature as the intra-grains inhomogeneities 

Figure 5-5 SEM images (a-b) and EDXS analysis with image (c) and spectrum (d) of a powder of 

BCMO. 
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reported also for the bulk form (Figure 5-4c). Punctual EDX measurements pointed 

out a higher discrepancy between the calculated Cu/Mn stoichiometry ratio and the 

predicted one, confirming the hypothesis of impurities mainly attributed to copper 

compounds. The reported carbon content is due to the SEM vacuum-chamber 

contamination. 

Subsequently, TEM analyses on BCMO powders have been performed and 

the related results are reported in Figure 5-6. Crystalline sub-micrometric grains are 

visible in STEM (Figure 5-6 a) and STEM-High-angle annular dark-field (Figure 

5-6b) imaging modes. The single fragments contain more than one phase, detected 

as a high contrast displayed in specific zones inside a single grain, not attributed to 

different thicknesses of the sample. Coherently with SEM-EDXS analyses, 

impurities, again probably related to bismuth and/or copper oxide compounds, are 

thus present also at the micrometric level. Focusing on the homogeneous areas 

(Figure 5-6f), EDS microanalyses have been performed (Figure 5-6g), and the 

stoichiometry ratio of Bi:Cu:Mn has been verified to be in agreement with the one 

expected 2:1:1. Here, SAED patterns have been collected from different zone axes 

of small grains and reported in Figure 5-6c and d. All the observed spot reflections 

can be indexed with an orthorhombic cell with lattice parameters a = 5.58 Å, b = 

11.23 Å, c = 7.66 Å. These values can be considered as a result of a distortion from 

the ideal simple cubic perovskite lattice parameter asp ≈ 3.8 Å, particularly with a ≈ 

√2asp, b ≈ 2√2asp, c ≈ 2asp. By performing the Fourier-transform of HRTEM image 

reported in Figure 5-6e, in which single atomic layers are clearly visible, a 

simulated electron diffraction pattern is obtained, which confirms the lattice 

parameters previously estimated via SAED. 
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Figure 5-6 TEM analysis on BCMO in different modes: STEM (a), HAADF (b), SAED 

(c-d), HRTEM and relative FT (e), HAADF (f) and relative EDS (g). 
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5.2.3 Room temperature nuclear structural resolution  

The first steps toward the structural resolution of BCMO have been carried 

out by performing PXRD. The diffraction pattern acquired at ambient conditions 

from 10° to 150° is reported in Figure 5-7a. The collected reflections are 

characterized by a quite large profile shape, with a FWHM of around 0.22° for the 

most intense reflection, a feature related to the polycrystalline defective nature of 

the sample, often observed in HP/HT samples. Considering the crystallographic 

information on the cell parameters obtained with SAED-TEM previously presented, 

I have analysed the diffraction patterns following the structure determination and 

refinement process schematically listed in Paragraph 4.4. Specifically, I have started 

my analysis by considering the simple cubic perovskite structure. By comparing its 

Figure 5-7 (a) Powder X-ray diffraction of BCMO. (b) Zoom on main indexed reflections, considering 

as spurious phases CuO and Bi2O2CO3, whose intense reflections are marked with orange and yellow triangles, 

respectively. 
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reflections with those observed in BCMO diffraction pattern, I have been able to 

evaluate if, for instance, by doubling certain crystallographic lattice parameters, the 

visible diffraction peaks were better indexed. The cell parameters obtained from 

TEM-SAED were coherent with the superstructure reflections observed in the 

diffraction pattern. In principle, more than one space group is compatible with this 

proposed unit cell. To find a suitable starting model for the refinement perovskite 

compounds with similar unit cell parameters were considered. One of them is the 

PbZrO3 perovskite, which crystallizes in an orthorhombic cell with a = 5.884(1), b 

= 11.787(3), and c = 8.231(2), and space group Pbam [170]. The latter space group 

is consistent with the systematic extinction rules and possible spurious phases 

observed in the diffraction pattern. Figure 5-7b shows the indexation of the powder 

pattern with the Pbam (n. 55) space group. As said before, this solution takes into 

account two main spurious phases, related to the bismuth carbonate oxide 

Bi2O2CO3 (ICSD cod. 202767) and copper oxide CuO (ICSD cod. 16025), whose 

major peaks are marked in Figure 5-7b. The latter impurity derives directly from 

the incorrect stoichiometry of one reagent, while the former spurious phase could 

be present due to bismuth oxide reagent’s contamination with carbon coming from 

the close graphite heater of the assembly, or a possible pre-existing contamination 

of the starting reagent. One very small reflection, at around 28° in the XRD pattern, 

has not been indexed by taking into account the results from crystallographic 

databases, but probably unknown mixed oxides can be found under these extreme 

conditions of HP/HT. However, the relative intensity with respect to the main peak 

of BCMO perovskite phase suggests that the impurities level is reasonably low, 

allowing a feasible refinement process.  

A key aspect related to the structural refinement of perovskite systems is the 

fine determination of all the atomic positions, especially those of the oxygens, an 

essential feature to determine the octahedra distortions, which strongly affect the 

resulting physical properties of this class of compounds (see Paragraph 2.3.1). To 

highlight more the contribution of oxygens, hidden below the XRD signal of heavy 

elements of BCMO, neutron diffraction experiments at room temperature have been 

performed. The refinement of the previously built crystallographic file has been 

carried out with the Rietveld approach in Jana2020 considering both XRD and ND 

patterns. Figure 5-8 shows the Rietveld plot of the XRD and ND data, while the 
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obtained structural parameters for BCMO are reported in Table 5-3. Figure 5-9 

shows the obtained crystal structure. 

Comparing the lattice parameters of BCMO, refined to be a=5.5796(2) Å, 

b=11.2374(4) Å, c=7.6603(2) Å, with those of the parent compound BFMO, in the 

latter case the primitive cell is doubled along the c axis, with c≈4ap, with Pnam (62) 

as space group. Unfortunately, the presence of ferroelectricity is excluded by the 

centrosymmetric nature of the BCMO space group. The nuclear structure of BCMO 

possesses a Lead Zirconate-type distortion with the bismuth shifted along the 111  

Figure 5-8 Rietveld refinement of BCMO nuclear structure from XRD (a) and ND (b). The 

Rwp=5.22. Rp=3.61 and GOF=2.42 values for XRD, while for ND are Rwp=5.14. Rp=3.81 and 

GOF=3.03. 
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pseudocubic direction in an up-up-down-down fashion with a a-a-c0 tilting in 

Glazer notation. From the Rietveld refinement, no cation ordering on the B site 

between manganese and copper has been observed, coherently with the selected 

space group in which only one independent B site is allowed. However, a notable 

deficiency of Cu has been pointed out (see Table 5-3), which is compatible with the 

detected CuO impurity. The octahedral arrangement of the oxygens surrounding the 

transition metals (TM) at the B sites is highly distorted, as shown in Figure 5-9. 

This feature is coherent with the presence of disorder at the B site. The purity level 

of the perovskite phase has been calculated from the refinement at around 94% of 

phase volume fraction, with an estimated content of the previously mentioned 

bismuth oxycarbonate and copper oxide impurities of about 1% and 5%, 

respectively.  

Atoms x y z Occ. Uiso Site 

Bi1 0.7487(3) 0.6194(2) 0 1 0.01870(18) 4g 

Bi2 0.7741(3) 0.6283(2) 0.5 1 0.01870(18) 4h 

Mn 0.2317(7) 0.6325(5) 0.2482(13) 0.6162(14) 0.0077(6) 8i 

Cu 0.2317(7) 0.6325(5) 0.2482(13) 0.3838(14) 0.0077(6) 8i 

O1 0 0.5 0.2005(12) 1 0.066(9) 4f 

O2 0 0 0.2131(14) 1 0.066(9) 4e 

O3 0.4352(7) 0.7594(3) 0.2904(8) 1 0.066(9) 8i 

O4 0.2386(14) 0.6683(9) 0 1 0.066(9) 4g 

O5 0.1805(11) 0.5897(6) 0.5 1 0.066(9) 4h 

Table 5-3 Structure parameters for BCMO from Rietveld refinement analysis of both PXRD and ND 

data. 
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To reduce the number of free parameters during the refinement process, 

some constraints have been considered. Specifically, the occupancy of both the 

bismuth and oxygen species have been fixed to 1, as the sum between the relative 

occupancy of the transition metals at the B site. Moreover, an isotropic thermal 

displacement Uiso has been considered for all the atomic species, and fixed to be 

identical for Bi, O and TM atoms respectively. The value for the Rwp parameter, 

around 5, confirms a reliable model obtained for BCMO. 

5.2.4 Thermal stability of BCMO phase 

The thermal stability of BCMO perovskite has been evaluated by 

performing PXRD measurements as a function of temperature, covering the whole 

temperature range between 85 K and 870 K. To optimize the measurement time, the 

2θ-range explored for the measurement between 85 K and 300 K (cooling mode) 

Figure 5-9 BCMO crystal unit cell from different crystallographic orientations. 
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has been set to 10° to 80°, while for the 300 K-870 K range (heating mode) it has 

been reduced to 15°-41°. Based on the results shown in the “waterfall” plots of 

Figure 5-10a (heating) and Figure 5-10b (cooling), the BCMO PXRD reflection 

pattern does not display any significant changes in the explored temperature range. 

Consequently, it is possible to exclude the occurrence of nuclear phase transitions 

in this temperature range. This observation is also confirmed by the evolution of 

the lattice parameters reported in Figure 5-10c. However, it should be stressed that 

the cell parameters have been evaluated with a Rietveld refinement of the low 

statistic data, thus their estimated values are affected by a not negligible error bar. 

This is clearly visible in the small artefact gap of all the lattice parameters displayed 

at room temperature, due to the different set-up and sample holder employed in the 

two distinct thermal ranges. Despite improved temperature-dependent PXRD 

measurements could be performed to better evaluate the lattice constants, it is 

possible to state that BCMO perovskite phase is stable at least up to the maximum 

temperature set, a feature not so common for similar metastable compounds from 

HP/HT synthesis and extremely important for technological applications.  

Figure 5-10 Waterfall plot of BCMO PXRD pattern collected in the high temperature (a) and in the 

low temperature (b) range. Lattice parameters’ evolution with temperature in the low (blue) and high (red) 

temperature range. (c) 
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5.2.5 Magnetization  

The magnetic properties of BCMO were investigated firstly by performing 

SQUID magnetometry measurements as a function of the temperature or the 

external DC magnetic field. In Figure 5-11 the ZFC-FC magnetization vs 

temperature curves are shown at 100 Oe (a), 1000 Oe (b), and 10000 Oe (c). Two 

magnetic transitions are visible in the explored thermal range, which vary their 

relative intensity with the magnitude of the magnetic field applied. Specifically, at 

high temperatures the system sharply switches from the paramagnetic state to an 

ordered magnetic state with an onset temperature of about 330 K (Figure 5-11a), 

which is completely overlapped with ZFC and FC, suggesting the ferromagnetic-

like nature of such transition. As the temperature is decreased the compound 

undergoes a stabilization of the magnetic resultant below 250 K. At lower 

temperatures, below 100 K the magnetization starts to increase again with different 

trends for ZFC and FC, displaying around TN=50 K the feature of an AFM cusp in 

ZFC mode, which is flattened during the FC protocol. This behaviour is typical of 

weak FM canting of AFM states, in which the domains can be oriented along the 

magnetic field applied in FC mode [171]. This AFM is an independent character 

with respect to the high-T ferromagnetic-like ordering. As the field is increased, 

two main features must be underlined: (1) the high-T ferromagnetic-like state is less 

visible respect with to the AFM one, underling the weak and/or local character of 

such magnetic order (Figure 5-11c); (2) the high polarizability of the AFM state as 

detected by the significant reduction of the fork between FC and ZFC, in which the 

domains are completely oriented with the H applied as it becomes greater than the 

coercive field (Figure 5-11b).  

The characterization of the paramagnetic state was performed by analysing 

the Curie-Weiss plot reported in Figure 5-12, in which the inverse of susceptibility 

χ-1 has been calculated from SQUID M(T) data collected in ZFC mode with an 

applied magnetic field of 10 Oe. In the paramagnetic region, the plot returns a linear 

trend of the 1/χ that has been modelled with the Curie law: 

1/𝜒(𝑇)  =  (1/𝐶) · 𝑇 + 𝜃𝐶𝑊/𝐶   (16) 
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where C and θCW are the Curie and the Weiss constant, respectively. From the linear 

regression, considering data collected at temperatures higher than 360 K, the 

parameters have been estimated to be C = (1.95±0.07)·10-3 emu·K/(g·Oe) and θCW 

= (260±10) K. The reliability of the linear fit is confirmed by the R2 value equal to 

0.9979.  

The effective Bohr magnetons per formula unit value can be estimated 

considering the C constant previously obtained with the following equation: 

µ𝑒𝑓𝑓 = √
3000∙𝑘𝐵

µ𝐵
2 ∙𝑁𝐴

∙ 𝑀𝑊 ∙ 𝐶   (17) 

Figure 5-11 ZFC (orange) and FC (blue) magnetization of BCMO as a function of temperature 

measured at 100 Oe (a), 1000 Oe (b), and 10000 Oe (c). 
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where kB is the Boltzmann’s constant, NA is the Avogadro’s number, µB is the Bohr 

magneton value, and MW is the molecular weight of BCMO. The value for θCW 

suggests that the mean sign of the interaction is positive (ferro-type), while the 

observed magnetic moment per f.u. as µobs = (3.17±0.06) µB. This calculated value 

is well consistent with the theoretical value of Bohr magnetons in the high spin 

configuration, which for the unit cell is equal to 3.21 µB. In this evaluation I have 

considered a perovskite with a compositional Mn4+ and Cu2+ ratio species in the 

atomic ratio of 61 % to 39 % respectively, as experimentally evaluated from 

Rietveld refinement of PXRD-NPD patterns, and their relative mean value for the 

magnetic moment. Despite also the small spurious phase related to CuO can 

partially affect the observed magnetic moment, this contribution has been 

considered as negligible with respect to the major BCMO one, and this is reasonable 

since CuO is paramagnetic in this thermal region [172] [173]. 

M(H) measurements have been carried out at specific temperatures in order 

to better analyse the magnetic regimes identified in BCMO by the previously 

reported M(T) curves. The results are reported in Figure 5-13. The paramagnetic 

state was confirmed by the linear trend of the M(H) curve recorded at 370 K. As the 

system is brought down to the hypothesized AFM thermal threshold at 50 K, a non-

hysteretic magnetic loop forms even though its intrinsic character sets clearly up 

Figure 5-12 Curie-Weiss plot of data collected for BCMO in ZFC mode at 10 Oe applied. 
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only at 5 K with the completion of the AFM order, showing a complex-shaped 

hysteresis loop, with Hc about 1200 Oe and non-saturated trend of the magnetization 

in the high field regime. The presence of such complexity in the loop suggests the 

superposition of different magnetic arrangements or, at least, a magnetic disordered 

system, while the non-saturated loop marks the predominance of the AFM 

components with respect to the high temperature FM-like components. Moreover, 

the detection of a considerable number of Bohr magnetons, around over 1 µB in the 

regime in which the branches of the loop are superimposed, seems to enforce the 

thesis of the presence of a weak FM signal (underlined by subtracting the linear 

background of the M(H) curve recorded at 200 K, where the FM state saturates) 

Figure 5-13 Magnetization vs. applied magnetic field measurement acquired in ZFC at different 

temperatures (a). Zoom of the data at low H (b). 
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coming from a giant spin canting effect probably in the AFM order, as highlighted 

by the M(H) shape in Figure 5-13b.  

Magnetic features related to the presence of compositional inhomogeneities 

and, mainly, cationic disorder, are not new in perovskite systems. Similar 

behaviours have been observed in the parent compound BFMO, where the 

hypothesized presence of different clusters with a concentration of more iron or 

manganese ions has been pointed out to induce competing exchange interaction 

mechanisms [66]. Similarly, in BCMO the hypothetical presence of clusters with 

more copper or manganese, or with different concentrations of various oxidation 

states of copper and manganese at the B site of the perovskite, could contribute to 

the overall magnetization with different magnetic resultants, according to GKA 

rules, and ordering temperatures due to the competition of Cu-O-Cu, Mn-O-Mn, 

and Mn-O-Cu super exchange interaction mechanisms. 

5.2.6 Nuclear Magnetic Resonance 

To verify the possible presence of different oxidation states of the magnetic 

cations at the local level, several NMR characterizations have been carried out in a 

wide range of temperatures, namely from 260 K to 1.4 K.  

In the low temperature regime, ZF 55Mn spectra have been acquired at 1.4 

K, 8.4 K, and 77 K and reported in Figure 5-14, where the NMR peaks of different 

species, analysed with the deconvolution in Gaussian signals, are clearly visible. 

Considering at first the 1.4 K spectrum, the two main narrow peaks around 305-340 

MHz are ascribable to Mn4+ ion, in accordance with its isotropic character. The 

splitting in two distinct lines is due to a different magnetic environment with 

nearest-neighbours ions. On the contrary, a larger peak with low intensity around 

360 MHz is related to the anisotropic Mn3+ ion. The arising of Mn in two distinct 

valency states is reasonable when using HP synthesis techniques. At lower 

frequencies, the resonance emerging around 100 MHz is compatible with 209Bi, 

despite the experimental conditions are not optimized to observe its spectrum. The 

fingerprint of 209Bi species has been already measured in similar perovskites such 

as BiMnO3 from HP/HT. However, the broad peak centred at 200 MHz is more 

cryptic and not easily ascribable to a particular ion. The partial change of the 
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oxidation state of Mn from 4+ to 3+ can also suggest the presence of Cu in both the 

2+ and the unusual 3+ valency states. Nevertheless, the stoichiometric amount of 

around 40% for copper to around 60% for manganese cations pointed out from 

SEM-EDX and XRD/ND refinement ensure the charge neutrality of the system by 

just considering Cu2+, Mn4+, and Mn3+ populations. In this framework, this broad 

peak could be related to this variation of Cu oxidation state, sometimes observed in 

Bi-based perovskites but, to my knowledge, never investigated before in literature 

through solid-state NMR.  

The spectrum recorded at 1.4 K evolves significantly by increasing the 

temperature. The only detectable NMR signal is related to the 55Mn, but with 

considerable deviations in the spectra acquired at 8.4 K and at 77 K (Figure 5-14). 

Specifically, the resonance peak attributed to Mn3+ population lowers its intensity 

by increasing T, and completely disappears at 77 K. On the other hand, the relative 

intensity of the two NMR peaks related to Mn4+ species evolves. Namely, the one 

at around 340 MHz, the smaller at 1.4 K, increases its intensity till 77 K, where the 

originally highest resonance peak at 305 Hz almost totally relaxes, losing the 

Figure 5-14 NMR spectroscopy of BCMO in the low temperature regime, with Gaussian fit of the 

resonance peaks. 
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Gaussian shape towards a narrow lower peak at the liquid nitrogen. The temperature 

evolution of BCMO NMR spectra suggests that, while at low temperatures both 

Mn3+ and Mn4+ species are present, the latter with different coordination and 

hyperfine interaction with the nearest neighbours, the electron localization on Mn 

sites decreasing by increasing T and the Mn4+, the only surviving manganese 

population, almost loses one atomic coordination with the surrounding 

environment. This behaviour could be related to the AFM ordering, arising at 

Figure 5-15 ZF 55Mn spectra of BCMO at different high temperatures. 
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around 50 K, detected with SQUID magnetometry (Figure 5-11), as mainly related 

to the presence of Mn3+ in the system. 

To better evaluate the populations’ thermal evolution in BCMO, ZF 55Mn 

spectra have been acquired also in the high temperature regime, from liquid 

nitrogen to 260 K. In Figure 5-15 some NMR signals recorded at specific 

temperatures in this range are reported as an example. The resonance peak mainly 

visible is the highest frequency one of Mn4+, occurring around 325 MHz at 100 K. 

However, the asymmetric peak shape is due to a bimodal ascription in two 

Gaussians, despite the progressive loss of the lower frequency Mn4+ coordination, 

in analogy to the low temperature behaviour, which contribution can be fitted by 

considering a very bread Gaussian function (see Figure 5-15, 100 K). The bimodal 

Mn4+ peak evolves raising the temperature by lowering its resonance frequency and 

of course its intensity, up to 240 MHz at 230 K. Despite the NMR signal being ever 

more suppressed at high temperatures, in Figure 5-16 the mean resonance frequency 

of Mn NMR contribution has been evaluated as a function of temperature. The data 

seems to reproduce quite well the trend of a conventional order parameter, and the 

curve can be exponentially fitted with a resulting TC* of around 285 K, not too far 

Figure 5-16 Mean resonance frequency of Mn NMR signal as a function of temperature, 

with exponential fitting. 
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from the thermal threshold detected by magnetometry measurements at low 

magnetic field previously reported. Indeed, TC* is smaller than the macroscopic TC 

of the ferromagnetic-like high temperature state of BCMO, supporting the 

hypothesis of a second order character of this magnetic transition, since it arises 

from a very weak NMR signal involving Mn4+. The results obtained by solid-state 

NMR analysis of BCMO at high temperatures suggest that the high temperature 

ordered state of this novel perovskite is mainly due to the interaction between Mn4+ 

cations, probably mediated by the presence of Cu2+.  

Further NMR measurements have been performed at 1.4 K by perturbating 

the system with an applied magnetic field up to 2 T, whose results are reported in 

Figure 5-17a. The consequence of this perturbation is to induce a shift of the 

resonance peaks due to the hyperfine coupling. In this case, it is possible to evaluate 

for each ion the magnetic moment alignment with respect to the external magnetic 

field. Starting from the stronger NMR signals, the Mn4+ peaks frequency (305-340 

MHz) evolves vs. field intensity with a negative slope, but with a different rate (blue 

and red slope of Figure 5-17b). This means that, by increasing the magnitude of the 

magnetic field, the two peaks get closer and closer in frequency. Since the hyperfine 

Figure 5-17 NMR spectra of BCMO with different applied magnetic fields at 1.4 K (a). Evolution of 

marked resonance peaks (blue circle and red square for Mn4+, green triangle for possible Cu3+) with respect to 

the classic FM or AFM arrangement (black dashed lines) (b). 
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field is negative due to the sign of this trend (Figure 5-17b), this feature suggests 

that all the Mn4+ at 1.4 K are interacting in concordance with the field (ferro-like 

interaction). Moreover, the observation of two different trends of the frequency as 

a function of the field behaviour seems to indicate that two different magnetic 

populations of Mn4+ are present. Specifically, the Mn4+ site at the high frequency 

resonance has a parallel alignment of its magnetic moment with respect to the 

applied magnetic field, close to the theoretical value of -γ/2π=-10.5 MHz/T for 

55Mn, with the trend of a ferromagnetic-like order (black dashed line in Figure 

5-17b). On the other side the Mn4+ site, corresponding to a lower frequency 

resonance peak, follows a trend with a reduced slope rate compatible with a non-

collinear ordering of the moments. Finally, considering the peak at 200 MHz, which 

is not clearly attributed to a particular species but can be addressed to an increasing 

population of Cu3+ as hypnotized from the ZF 55Mn NMR investigations, its 

resonance shifts with the external perturbative field to slightly higher frequencies, 

showing an opposite behaviour with respect to the previous cases as a non collinear 

antiparallel system. 

All the observations highlighted by solid-state NMR confirm a very 

complex magnetism in BCMO, in which probably the nature of competing 

magnetic interactions between copper and manganese, in their different oxidation 

states, evolves with temperature leading to the macroscopic magnetic transitions 

detected with SQUID.  

5.2.7 Temperature-dependent analysis of nuclear and magnetic structure 

To clarify the tricky magnetism of BCMO underlined via the combined 

approach of SQUID magnetometry and NMR characterizations, PND experiments 

have been performed at different temperatures, namely at 370 K, 300 K, 200 K, 75 

K, and 7K, investigating the key thermal regimes in which BCMO macroscopically 

displays magnetic ordering variations. Each diffraction pattern has been acquired 

for around 3 hours on a 103 mg sample. 

From these measurements, the nuclear structure modelled for BCMO and 

shown in Paragraph 5.2.3 has been confirmed, without any structural transition in 

the explored thermal range.  
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Regarding the possibility of magnetic long-range ordering, no magnetic 

diffraction peaks have been revealed in correspondence with the FM-like state 

ordering at high temperatures. This absence can be associated with a possible spin-

glass phase of BCMO or, at least, with a short or local-ranged magnetic ordering, 

coherent with the detected disorder at the B site of the perovskite and the 

hypothesized presence of clusters with different concentrations of copper and 

manganese cations. 

On the contrary, crossing the AFM transition at around TN=50 K, in the low-

temperature regime, only a small broad peak arises at a d-spacing of ~7.9 Å of d-

spacing, as highlighted in the inset of Figure 5-18. The presence of just one 

magnetic reflection, with a very small intensity and a broad shape in the d-range, 

suggests that the AFM state is characterized by a very small magnetic moment, or 

that not all the sample contributes to the ordering. Nevertheless, this visible 

magnetic peak is compatible with the propagation vector 𝑘⃗ =(0.5, 0, 0). Considering  

Figure 5-18 Neutron powder diffraction data of BCMO acquired at 7 K (black dots) and 75 K (orange 

dots). In red the calculated intensities for the dataset at 7 K are reported. For CuO both magnetic and nuclear 

reflections are reported in green. Inset: A small magnetic peak arises at low temperatures at around 7.9 Å, 

ascribable to BMCO magnetic structure, visible by comparing 75 K and 7 K datasets. 
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Table 5-4 List of possible magnetic space groups compatible with the detected magnetic peak of 

BCMO. 

such propagation vector as reliable for the description of BCMO AFM 

commensurate state, symmetry analysis has been performed with the ISOTROPY 

software [174] to investigate possible magnetic space groups compatible with the 

observed magnetic peak. It is worth stressing that a refinement of the magnetic 

model is not possible due to the observation of a single magnetic peak, but this 

exercise can give a small number of candidates for which the observed peak is the 

expected most intense reflection. Indeed, considering the magnetic moment on 

manganese/copper site, only the magnetic space groups compatible with the major 

magnetic peak displayed at 7.9 Å have been selected and listed in Table 5-4, as 

suitable for the magnetic description of BCMO. In the whole analysis, the magnetic 

contribution of CuO phase has been considered, whose magnetic peaks arise from 

a AFM commensurate state characterized by the propagation vector 𝑘⃗ =(0.5, 0, -

0.5),  around TN~213 K, when the system undergoes an incommensurate-to-

commensurate AFM transition, and thus contributes to the acquired neutron 

diffraction patterns at 200 K, 75 K, and 7 K [175]. 

The results shown by neutron diffraction experiments suggest the lack of a 

large long-range magnetic ordered component in BCMO. Indeed, the local 

magnetic ordering of the magnetic species verified with NMR measurements (see 

Paragraph 5.2.6) is not extended on the structure as a long-range magnetic ordering. 

The only fingerprint of weak long range magnetic ordering is constituted by the 

small broad magnetic peak at 7.9 Å.  

P[c]2/m - type IV P2/m [#10] 

P[c]2/c - type IV P2/c [#13] 

P[a]ca21 (type IV) Pca21 [#29] 



C h i a r a  C o p p i   

98 

 

5.2.8 Local magnetic ordering in BCMO 

As pointed out with ND, the magnetism of BCMO is not characterized by a 

long-range ordering. To better understand this feature, AC SQUID magnetometry 

measurements have been carried out, and the real and imaginary components of the 

susceptibility curves, acquired with an applied magnetic field of 1 Oe with different 

frequencies, are reported in Figure 5-19  a and b, respectively.  

The in-phase χ’ part shape reproduces in temperature the M(T) trend of 

BCMO previously reported (see Paragraph 5.2.5), with the two detected magnetic 

transitions at around 320 K and 30 K. By varying the frequency of the applied 

magnetic field, the AFM transition slightly varies in T and magnitude, proper 

feature of spin-glass systems in which the freezing temperature is frequency-

Figure 5-19 Real (a) and imaginary (b) part of susceptibility vs T of BCMO measured at 1 Oe and 

various AC frequencies. Inset of (a): zoom on the AFM transition with the slight deviation in T and magnitude. 



E x p e r i m e n t a l  r e s u l t s  a n d  d i s c u s s i o n  

99 

 

dependent, as for instance it has been detected in Cu1-xMnx alloys [176]. However, 

this effect is very small, as highlighted in the inset of Figure 5-19a. On the contrary, 

the out-of-phase component χ’’, which indicates dissipative processes in the 

sample, displays non-zero values below the freezing temperature (Figure 5-19b), 

indicating a possible spin-glass behaviour. Moreover, an anomaly seems to occur at 

999 Hz, when the χ’’ component assumes negative values in correspondence with 

the arising of the FM-like state (Figure 5-19b, orange curve). This phenomenology 

has already been detected in Nd0.5Sr0.5MnO3 perovskite, in which this anomaly has 

been explained from considerations about the magnetic free energy and 

thermodynamic potentials of metastable phases near its magnetic first order 

transition  [177]. Indeed, by looking carefully at the M(T) curves, BCMO FM-like 

transition seems to be a “two-steps” transition, in which a minor phase orders at 

around 320 K, while the major magnetic phase is responsible for the following 

stronger increase in magnetization with an inflection point at around 310 K. 

However, since the recorded values display a quite high uncertainty error around 

the zero values, additional AC measurements, using a PPMS (see Paragraph 4.6) 

have been performed by varying the applied magnetic field at 999 Hz and 9999 Hz, 

shown in Figure 5-20a and b, respectively. χ’’ vs T assumes clearly different values 

Figure 5-20 AC SQUID measurements on BCMO at 999 Hz (a) and 9999 Hz (b). 
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above zero, thus losing the negative χ’’ at high frequencies detected in the previous 

measurement configuration and confirmed the spin-glass tendency of BCMO. 

5.2.9 Electrical transport characterization 

After the extensive characterization of BCMO structural and magnetic 

properties, and after having established that ferroelectricity is forbidden by its 

crystal symmetry, I have investigated the electronic transport of BCMO. The 

resistivity behaviour, measured in planar-plate configuration (two contacts), as a 

function of temperature is reported in Figure 5-21. During the measurements, two 

different currents have been applied, i.e.500 µA (yellow dots) and 20 µA (blue dots), 

in order to properly investigate the electrical resistance in a quite extended values 

regime. Indeed, the system displays a semiconductive-like character with a 

conductive RT-state characterized by a resistivity of 103 Ω·cm, which rapidly 

evolves vs. T up to 3·107 Ω·cm at around 150 K.  

Namely, two distinct electrical regimes are present. Firstly, at high 

temperature the ρ curve follows the thermally activated trend expected for an ideal 

semiconductor. A fitting of these resistivity data, recorded with a high induced 

current, ideal condition to probe a high conductivity state, with the Arrhenius 

model, reported in Paragraph 2.4.2, allows the estimation of an activation energy 

EA = (0.263±0.007) eV, confirmed by a good coefficient of determination of 

R2=0.9998. On the contrary, a clear deviation from the thermal-activated electrical 

transport mechanism is detected around 240 K, exactly in the thermal regime in 

which the high-temperature ferromagnetic-like order completely stabilizes and 

concurrently the second AFM order starts to arise. These datasets have been 

analysed with different models for hopping mechanisms applied for disordered or 

partially ordered semiconductive/ bad dielectrics systems (see Paragraph 2.4.2). By 

comparing the relative R2 values, it has been proven that in this thermal range the 

resistivity behaviour is more properly described by a 3D Mott’s Variable Range 

Hopping model, as reported in the inset b of Figure 5-21, with R2=0.9998 (slightly 

higher than the values related to the other models at R2=0.9990). As said before, 

this electric transport mechanism is common in perovskites, especially when 

cationic disorder occurs [84]. Such characteristics are owned also by BCMO, which 

displays a cationic disorder at the B site between Mn and Cu, as verified in the 
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previous paragraphs. This result supports the hypothesis of different electronic 

transport paths along the three directions driven by the Mott’s hopping mechanism.  

This behaviour at low temperatures suggests a possible correlation between 

magnetism and electrical properties of the material. Indeed, it can be explained as 

a consequence of the partial localization of the electrons, which at high 

temperatures are delocalized and contribute to the conductivity while in the low 

field regime they become gradually involved in the incoming low T magnetism. 

5.2.10 BiCu1-xMnxO3 solid solution: an additional degree of tunability 

The physical characterizations of BCMO reported so far have revealed 

interesting features and a possible great potential of this novel perovskite, at least 

at the fundamental level. Indeed, the most promising peculiarity of BCMO is 

undoubtedly the existence of a FM-like state at considerably high temperatures, 

with an onset temperature of around 320 K and spontaneous magnetization two 

times greater concerning the parent compound BFMO. The enhancement of the HT 

Figure 5-21 Resistivity vs temperature of BCMO with high and low range modelled in insets. The 

yellow curve corresponds to the HT dataset acquired with an applied current of 500µA (fit in the upper inset), 

while the blue curve reports the LT dataset recorded with an applied current of 20 µA (fit in the lower inset). 
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ordered state magnitude represents a very important goal, making this compound 

possibly suitable for spintronic and energy applications at room temperature. 

However, the possibility to induce ferroelectricity, as for BFMO by a proper 

external electric bias forcing the breaking of its antiferroelectric structure, has been 

completely lost, avoided by the centrosymmetric space group Pbam which 

describes BCMO crystallographic structure.  

Within this framework, I have explored the possibility of balancing the 

benefits of introducing Cu2+ at the B’ site of the perovskite, which seems to guide 

the enhancement of the HT FM-like ordered state, with the retention of a low 

crystallographic symmetry (i.e. non-centrosymmetric space group). For this aim, I 

have investigated the BiCu1-xMnxO3 solid solution, varying the relative 

stoichiometric ratio between copper and manganese. This job, as always concerning 

HP/HT syntheses attempts, turned out to be very tricky also for the lack of any 

information about the end member x=0 perovskite with only copper at the B site, 

BiCuO3, which has not yet been synthesized so far. This makes it more difficult to 

obtain a sufficiently pure phase with low x values (i.e. larger amount of Cu). I have 

tried anyway to explore the Mn-rich stoichiometries by synthesizing, additionally 

to the x=0.5 case, the solid-solution members with x=0.75 and x=0.9. 

Unfortunately, I have not yet found the best pressure, temperature, and reaction time 

conditions for these two additional compositions, ending up with not so pure 

samples with a roughly estimated 70% only of perovskite content volume, 

preventing any possibility of proposing any model for the crystal structure. The 

relative PXRD results for the Cu/Mn stoichiometries probed are reported in Figure 

5-22a, where the reflection peaks attributed to impurities are marked with black 

triangles. Nevertheless, I have already performed preliminary magnetization 

measurements which have revealed promising results that I want to share as a 

preview in Figure 5-22b, where the behaviour of the magnetization as a function of 

temperature is reported for all the three explored Cu/Mn stoichiometric variations. 

The three datasets, acquired between 5 K and 400 K in FC mode with an externally 

applied field of 10 Oe, display strong deviations both regarding the onset 

temperature of the high temperature ferromagnetic-like state and its magnitude. 

With respect to the BCMO, characterized by a broad magnetic transition 

temperature TC around 320 K as previously shown, in the x=0.75 composition the 
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magnetization curve displays a broad “two-step” jump at the high-T magnetic phase 

transition, with a major onset temperature increased at around 340 K and a more 

than halved magnetization intensity. On the contrary, for x=0.9, i.e. by introducing 

even more manganese at the B’’ site, the magnetization value at the saturation of 

the broad FM-like state is slightly reduced with respect to the case of 

BiCu0.25Mn0.75O3, while its onset temperature is significantly decreased at about 

250 K. In spite of experimental evidence coming out from the magnetic 

measurements this constitutes just the first step in the investigation of                  

Figure 5-22 PXRD of different BiCu1-xMnxO3 compositions, with impurities marked in black (a) and 

the relative magnetization vs T measurements at 10 Oe (b). 
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BiCu1-xMnxO3 solid solution, and considering that the synthesis of further 

compositions of the solid solution are mandatory. Some tentative considerations can 

be already hypothesized in order to describe the trend of M(T) curves in terms of 

the Cu/Mn relative content. Firstly, the composition with the highest selected x 

value, x=0.9, reduces its temperature onset probably collapsing towards a BiMnO3 

character, in which, however, an AFM state arises at around 100 K, induced by 

Mn3+-Mn3+ interaction investigation [29] [134] [164]. On the contrary, in BCMO 

(x=0.5) it seems that the HT FM-like order is mainly driven by Mn4+-Mn4+ 

interactions, probably mediated by Cu2+, as suggested by NMR analyses (see 

Paragraph 5.2.6), which favour the enhancement of the FM-like onset temperature 

and the magnetization intensity. The intermediate studied composition with x=0.75 

seems to disadvantage the Mn4+-Mn4+ interactions by introducing more manganese 

in the 3+ valency state for a charge balance, thus reducing the saturation 

magnetization. However, the onset T value is in this case increased, but in this 

framework any hypothesis at this stage could be just speculative.  

In conclusion, the exploration of BiCu1-xMnxO3 solid solution can be 

effectively useful in order to maximize the degree of tunability of Bi-based 

perovskite families, opening a large set of novel perovskites to be studied.  

5.2.11 Conclusions on BCMO 

After having presented all the physical characterizations carried out in 

BCMO during my PhD, I would like to sum up the main results of this novel 

perovskite.  

BiCu0.5Mn0.5O3 is a B-site disordered perovskite, synthesized and meta-

stabilized for the first time to my knowledge in bulk form under HP/HT conditions. 

It crystallizes in an orthorhombic structure with Pbam centrosymmetric space 

group, with high distortion of the octahedral scheme probably due to the 

stereochemical effect of Bi3+ cations at the A site. The cationic disorder at the B 

site, and probably the presence of clusters with different concentrations of Cu2+ or 

Mn4+ species, leads to the absence of strong long-range magnetic orderings, while 

a spin-glassy AFM behaviour and a weak magnetism are the predominant observed 

characteristics.  
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The reported experimental data underlined a correlation between the 

magnetic and electrical properties of BCMO, which can be explained by 

considering distinct thermal regimes. Specifically:  

1) For T > 330 K, the system is paramagnetic, with a bad-conductive 

behaviour characterised by resistivity values around 103 Ω·cm and a 

thermally activated transport mechanism defined by an activation 

energy EA around 0.26 eV.  

2) For 250 K < T < 330 K, the system undergoes a weak FM-like transition 

with TC=320 K, driven by Mn4+-Mn4+ interactions and probably 

mediated by Cu2+, whose ordering is very soft and confined at the local 

scale. The thermal-activated electronic transport is here retained with the 

same parameters.  

3) Lowering T<250 K, a partial localization of the electrons on the 

manganese site leads to the increase of Mn3+ population, concomitantly 

to a switching of the electronic transport mechanism to a 3D variable 

range hopping model, feasible with the cationic disorder. 

4) In the low-temperature regime, for T < 50 K, the complete electron 

localization is associated with the arising of an AFM order confined at 

the mesoscale, compatible with a propagation vector 𝑘⃗ =(0.5,0,0). The 

system here possibly behaves as a dielectric. 

In conclusion, the idea to chemically substitute Cu2+ in place of Fe3+ cation 

has led to significant modifications in structural, magnetic, and electrical properties 

in BCMO. Despite the dielectric (and poling written ferroelectricity) feature of 

BFMO has been lost, resulting in an overall more conductive behaviour, in BCMO 

the magnitude of the FM-like state observed at high T has been increased and the 

transition onset has been moved. Particularly this result gives in my opinion more 

emphasis to this compound, and thus to all the possible members of the solid 

solution series BiCu1-xMnxO3, for further improvements aimed at a future possible 

application.  
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5.3 KPbFeMoO6 (KPFMO): tuning of electrical properties by playing with 

the A site 

Among the functional double perovskites, Sr2FeMoO6 (SFMO) is an 

interesting case, accurately studied due to its high ferrimagnetic transition 

temperature (TC = 420 K) together with room-temperature magnetoresistance, 

which makes it an interesting candidate for spintronic applications [16] [178] [179]. 

Specifically, the presence of both the Fe3+ (3d5) and Mo5+ (4d1) ions confers to the 

material half metallicity [180], which is strongly affected by the possible presence 

of anti-site defects [181]. The synthesis conditions of such compounds are known 

to play a central role in determining the degree of cation order, and consequently 

the properties of the system, particularly the application of high pressure during the 

solid-state reaction process is reported to decrease the amount of anti-site defects 

[182] [183].   

Pb2FeMoO6 (PFMO) is a similar double perovskite with the substitution of 

Sr2+ for the isovalent ion Pb2+ which can be stabilized in a pure bulk phase under 

HP/HT reaction conditions. In analogy to SFMO, PFMO crystallizes in the Fm-3m 

space group with lattice parameter a=7.9609Å, and it is characterized by a rock-salt 

ordering of the transition metal cations at the B site.  [41].  This compound is 

characterized by low RT resistivity (considering that this is an oxide compound) 

and by the retention of a low field magnetoresistive character, while the electronic 

conduction process has been associated with the variable-range hopping of the 

carriers in samples characterized by a high degree disorder between iron and 

molybdenum at the B site [184]. In addition, the high symmetry of the structure 

excludes the possible existence of spontaneous electrical polarization, avoiding a 

possible coexistence of magnetism and ferroelectricity, which is also physically 

ruled out by the non-dielectric nature of the material. Previous works describe the 

magnetism of the compound in terms of a high-temperature ferrimagnetic ordering 

process (TN = 272 K) arising from the Fe3+-O-Mo5+ super exchange interaction, 

resulting in a significant saturation magnetization (1.75 μB) and in a very soft (quasi 

superparamagnetic) character of the hysteresis loop [41]. Additionally, PFMO 

shows low-field magnetoresistance, ascribed to field-induced suppression of spin 

fluctuations.  



E x p e r i m e n t a l  r e s u l t s  a n d  d i s c u s s i o n  

107 

 

In this framework, I have decided to try the tuning of PFMO properties, as 

in the case of BCMO, by playing with the chemistry of this perovskite. Namely, I 

have stabilized a novel compound KPbFeMoO6 (KPFMO), in which Pb2+ cation is 

partially substituted with the alkali ion K+1 in a fifty-fifty stoichiometry ratio. By a 

partial replacement of lead with potassium, it is possible to decrease the number of 

free electrons in PFMO. Indeed, consequently to this replacement, the electric 

charge is reduced at the A site, which is mainly responsible for the overall electronic 

properties, and, additionally, the presence of potassium decreases the density of 

possible free carriers thanks to its highly bonded valence shell. The partial 

retainment of Pb in the structure could be useful to induce ferroelectricity thanks to 

the stereochemical tendency of this cation. The charge balance should be in 

principle possible by the consequently enhancement of Mo oxidation state from 5+ 

to 6+, which should slightly reduce the strong magnetic interaction occurring 

between Mo and Fe in PFMO, but again increase the dielectric character through 

the emptying of molybdenum d-shell. To help the stabilization of K+1 cation at the 

A site, whose ionic radius in coordination 12 around 1.64 Å is bigger than the one 

of Pb2+ (around 1.49 Å) [169], the use of HP/HT synthesis techniques is mandatory. 

Before presenting my work on the synthesis and the preliminary 

characterizations related to the novel KPFMO perovskite, I have deeply 

investigated the electric properties of PFMO samples, synthesized in HP/HT 

conditions as reported in ref. [41], in order to correlate the discovered results with 

those of my KPFMO. 

5.3.1 Electrical characterization of the parent compound Pb2FeMoO6 

The investigations of electrical properties of PFMO, particularly resistivity 

and magnetoresistivity, have been performed by considering a high purity (>95%) 

polycrystalline bulk sample of this perovskite which was crystallized under HP/HT 

conditions (5 GPa, 900°C for 1.5 hours) in a Walker-type multi-anvil press by solid-

state reaction, starting from stoichiometric amounts of PbO, FeO, and MoO3 

powders. The crystalline structure displays partial cation ordering at the B site 

involving iron 3+ (ionic radius of 0.55 Å or 0.645 Å considering low or high spin 

configuration, respectively) and molybdenum 5+ (ionic radius around 0.61 Å), 
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demonstrated by selected-area electron diffraction (SAED), synchrotron and 

neutron diffraction experiments [41]. 

The resistivity behaviour of PFMO measured as a function of temperature 

in both the cases of no external magnetic field and under a static field of H = 2 T is 

reported in Figure 5-23. The two curves appear very similar and show a continuous 

enhancement of ρ by decreasing temperature. Noteworthy, such a thermal decrease 

of the resistivity is not describable as a semiconductor thermally activated transport 

or by any hopping model, as presented in Figure 5-24 and Figure 5-25. The ρ ranges 

between 10-3 Ω·m above RT and 10-1 Ω·m at around 5 K, highlighting the overall 

good conductivity character of the material.  

 

 

 

 

Figure 5-23 Resistivity vs T of PFMO acquired with or without the magnetic field 

applied (2 T). 
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Figure 5-24 Thermally activated model (a) and ANSPH model (b) fit of BCMO 

resistivity data. The dashed black line indicates the TN=272 K value. 
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In order to further investigate the electrical behavior of PFMO, the 

incremental ratio of the resistivity 𝛥𝜌 𝛥𝑇⁄  vs. temperature has been calculated 

(Figure 5-26a). Both the curves, collected with and without the magnetic field 

applied, display an almost constant and superimposed trend of 𝛥𝜌 𝛥𝑇⁄  in the high 

temperature regime, above the Néel temperature of PFMO TN around 275 K (Figure 

5-26b). Constant 𝛥𝜌 𝛥𝑇⁄  values (rather if close to zero) imply a linear (or rather 

almost flat) trend of the main function and the observed mismatch with all the 

Figure 5-25 Resistivity as a function of temperature considering (a) 1D, (b) 2D or (c) 3D Variable 

range Hopping mechanism. 
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investigated transport mechanisms suggest a possible semi-metallic behavior of the 

material [185] [186].  

This hypothesis is supported by the anomaly recorded in the resistance trend 

of PFMO when the sample is heated over the long-range magnetic ordering 

transition TN, as reported in Figure 5-27. This change in the transport property at 

the onset of the magnetic order has been already reported in Heusler compounds as 

a fingerprint of the possible semi-metallicity [187]. 

Noteworthy, it should be underlined that when the system transforms into a 

ferrimagnetic material, the magnetization gradually starts to increase displaying an 

inflection point towards a positive second derivative when the temperature is 

lowered below 200 K (Figure 5-26b). Concomitantly, when this inflection point in 

magnetization is detected, the 𝛥𝜌 𝛥𝑇⁄  starts to continuously increase with 

Figure 5-26 a) Incremental ratio Δρ⁄ΔT as a function of temperature under the application of 0 T 

(blue dots) and 2 T (green squares); b) Magnetization as a function of temperature measured with an applied 

field of 10 Oe (Field-Cooling mode). 
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comparable T dependence for the measurement with and without positive applied 

magnetic field, even though with a mild trend not ascribable to any semiconductor 

transport models (Figure 5-26a). Hence, it seems that the magnetic order can arise 

only after a partial localization of a minority of electrons on the valence band of the 

cations at the B site, probably mainly at the Mo site, conferring to the ion a magnetic 

character (from Mo6+ (d0) to Mo5+ (d1)) and consequently activating the super-

exchange interaction with Fe3+ along the Fe3+-O-Mo5+ straight bond. This 

consideration agrees with previous neutron diffraction analyses [41], where it was 

reported the Mo-O bond continuously evolves until the saturation of the 

ferrimagnetic resultant. Hence, it can be pointed out that magnetic order is the main 

responsible for the increase of the resistivity below TN, leaving thermal effects on 

the resistivity as a second-order phenomenon. 

To deeply investigate the correlation between magnetic order and transport 

properties in the material, magnetoresistance measurements were performed on the 

same sample keeping the same orientation of the pellet with respect to the external 

Figure 5-27 Zoom of the resistance values in the high temperature regime, displaying an anomaly in 

its trend crossing the ferrimagnetic ordering temperature. 



E x p e r i m e n t a l  r e s u l t s  a n d  d i s c u s s i o n  

113 

 

field. The magnetoresistance MR%, reported in Figure 5-28, has been calculated in 

percentage values as follows: 

𝑀𝑅%(𝐻, 𝑇) = 100 ∙
𝜌(𝐻,𝑇)−𝜌(0,𝑇)

𝜌(0,𝑇)
   (18) 

where ρ(H,T) is the resistivity measured at temperature T in the applied magnetic 

field H, while ρ(0,T) is the value recorded without the applied field at the same T. 

Magnetoresistance measurements have been performed by reaching the 

temperature setpoints with ZFC and FC protocols starting from RT, carrying out the 

FC branch with both positive and negative magnetic field ±40 kOe on cooling, then 

scanning the applied field from -40 kOe to +40 kOe during the measurement. While 

no effect is detected at RT, magnetoresistivity develops at temperatures below TN. 

It is remarkable that the results also depend on the sign of the field applied on 

cooling. Specifically, at 200 K, ZFC-MR shows small MR effects with values 

Figure 5-28 Magnetoresistance measurements collected between –40 kOe and 40 kOe in different 

thermal conditions and different field cooling protocols: a) at 200 K: after ZFC (empty dots), –40 kOe after 

FC (filled dots), +40 kOe after FC (filled green dots); b) at 150 K after ZFC (empty dots) and –40 kOe FC 

(filled dots); c) at 20 K after –40 kOe FC. 
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around 1.5% with almost symmetric branches at negative and positive scan fields. 

On the contrary, the FC-MR with –4T displays a large asymmetric MR effect with 

an increased loss of around 4.2% in magnitude at –40 kOe, around three times more 

intense than the ZFC-MR and, vice versa a quench of the MR for positive fields 

(Figure 5-28a). On the contrary, no effect of FC-MR at 4T with respect to the ZFC 

MR is detected (see Figure 5-28a, green dots).  The same effects, even if much less 

intense, are detected also at 150 K (Figure 5-28b). Below the completion of the 

magnetic order process, no asymmetry is observed in the curves while the intensity 

of the MR effect is maximized, reaching 14% at ±40 kOe after FC at –40 kOe at 20 

K (Figure 5-28c), a considerably high value with respect to other polycrystalline 

magnetoresistive perovskites [121]. 

These measurements pointed out that in isothermal conditions, across the 

stabilization of the magnetic order of the material between TN and 150 K, the system 

responds differently with respect to the applied field sign, promoting carriers in the 

conduction band for negative fields and vice versa confining a minority portion of 

them in the valence band for positive fields. This evidence suggests a half-metallic 

nature of the compound with a transport mechanism driven by polarized carriers as 

it is observed for similar half-metallic materials [188]. Consequently, it can be 

argued that these polarized carriers may be characterized by a spin resultant 

prevalently oriented in the negative field direction. Moreover, because of this effect 

vanishes lowering T, the partial localization driven by the magnetic order and 

connected to the gradual stabilization of Mo-O bond length, acting in re-

symmetrizing the conduction band by trapping the negatively polarized electrons at 

the B-site. As a result, in the very low field regime, below 150 K, the MR effect has 

a conventional behavior but with an increased intensity due to the larger 

confinement of the carriers, which is very sensitive to the application of a magnetic 

field which acts in promoting conductivity with enhanced yield, independently from 

its sign. Since magnetoresistance has already been investigated in PFMO samples 

with disorder on B site, but in that case, no asymmetric response with the sign of 

the magnetic field has been observed [184], the current observations point out the 

role of the cation order at the B site of the double perovskite (which means ordered 

distribution of Fe-O-Mo chains) as the driving force of the spin-polarized carriers 

half-metallicity of the material. In addition, even the intensity of the 



E x p e r i m e n t a l  r e s u l t s  a n d  d i s c u s s i o n  

115 

 

magnetoresistance seems to depend on the cation order too as, particularly, at 20 K 

in B-ordered PFMO the absolute MR% is around 50% larger than B-disordered 

PFMO [184]. 

At this point, I want to sum up all the results for PFMO. The electrical 

properties of this double perovskite have been investigated as a function of 

temperature and external magnetic field. At RT PFMO is semi-metallic, with very 

low resistivity. Below TN, the localization of a minority fraction of electrons at the 

Mo site is mainly driven by the long-range magnetic order process and determines 

an increase of the resistivity around 150 K. In this thermal regime, the system 

behaves as a half-metal, displaying asymmetric magneto-resistivity with polarized 

carriers promoted by negative magnetic fields and, vice versa, quenched MR for 

positive magnetic fields. Asymmetric magnetoresistance and half-metallicity are in 

PFMO cation-order related phenomena as they disappear once the Mo-O bond 

length stabilizes at lower temperatures, determining the completion of the 

ferrimagnetic resultant and the conclusion of the partial localization mechanism. 

Below this threshold, asymmetric magnetoresistivity is suppressed but record 

values of MR have been collected in the cation-ordered phase of PFMO with MR 

loss of 14% at 20 K, about 50% larger than in the disordered phase and an overall 

increase of the standard electrical resistivity. The interconnection between its 

magnetic and electrical properties allows to define PFMO as a proper 

multifunctional material while its spin-polarized carriers-half metallicity makes it a 

possible candidate for spintronic application. 

The idea of a partial chemical substitution of lead with potassium in the 

novel KPFMO, to reduce the high conductivity of PFMO and hopefully switch to a 

dielectric character, will be discussed here below starting from its HP/HT synthesis. 

5.3.2 Synthesis of KPFMO  

KPFMO samples have been synthesised through solid-state reaction under 

HP/HT conditions by using the previously described Walker-type multi-anvil 

apparatus. Stoichiometric amounts of K2CO3 (99%, Carlo Erba Reagents), PbO 

(99%, Merck), Fe2O3 (99%, Merck), and MoO3 (99.5%, Aldrich Chemicals) were 
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ground and encapsulated into a platinum thin foil. Due to the hydrate tendency of 

K2CO3, it has been heated at 200°C for one hour before the reagents’ preparation. 

Taking PFMO as a reference, I have started to explore several pressure 

regimes for KPFMO synthesis, in order to stabilize the K+1 cation at the A site and 

obtain a pure perovskite phase. Contrary to PFMO, which completely crystallizes 

in the cubic perovskite structure at 5 GPa, KPFMO requires considerably higher 

pressure to be stabilized in a highly pure single crystallographic phase, close to 9.5 

GPa. Despite some improvements that can be for sure done in reaching greater 

synthesis conditions, I will show you my results of a quite pure phase of KPFMO 

which I have synthesised at 1200°C and 9.5 GPa for 1 hour of reaction, with the 

conventional HP/HT synthesis protocol of Walker-type multianvil press.  

5.3.3 Morphology 

Firstly, the morphology and chemical composition analysis of this sample 

has been evaluated via SEM-EDX investigations, reported in Figure 5-29. KPFMO 

powdered samples seem to display a non-homogeneous morphology, as visible in 

Figure 5-29 SEM analysis on KPFMO. Imaging mode at different magnifications (a-b) and EDX map 

(d) of (c). 
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Figure 5-29a and b. Namely, a particular texture of micrometric-shaped crystals is 

present on the surface of KPFMO grains, while a different smoother and quite 

uniform morphology is identified by looking at the larger grains. Unfortunately, 

EDX cannot be used to investigate the chemical composition related to these two 

different contributions, since the electron-matter interaction in such measurements 

comes from a quite deep volume of material and not only from the surface. 

However, EDX maps pointed out a quite good uniform distribution of all the atomic 

species, with a relative atomic percentage of K 11.1%, Pb 13.7%, Fe 9.2%, Mo 

11.6%, and O 54.1%, showing some little but significant deviations from the 

expected 1:1:1:1:6 stoichiometric ratio. In particular, the obtained value for oxygen 

deficiency could be associated with a measurement artefact, due to the low 

capability of EDS to quantitatively evaluate low Z elements. Additionally, a reduced 

iron content could be associated with iron oxide impurities. Nevertheless, further 

investigations are mandatory to discriminate the contribution from surface and bulk 

to the chemical composition, for instance with TEM-EDX.  

Figure 5-30 PXRD pattern of KPFMO (orange) and of the starting reagents (light blue). 
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5.3.4 Structural properties and first resolution attempts 

In Figure 5-30 the PXRD acquired for the as-obtained KPFMO is shown, 

superimposed with the diffraction pattern of the powdered reagents in the 

stoichiometric amount before performing the reaction. The starting reagents mix 

has been indexed by considering the starting PbO (ICSD cod. 60135), Fe2O3 (ICSD 

cod. 40142), MoO3 (ICSD cod.35076), and K2CO3 (ICSD cod. 662). However, 

impurities related to some hydrated potassium carbonate could be present in 

KPFMO phase but not easily detectable and associable to database references. A 

good crystallinity of the perovskite has been obtained, confirmed by a value of 

FWHM around 0.1 at the main reflection, and the contribution of both Cu-Kα1 and 

Cu-Kα2 clearly visible as a characteristic double-peak shape of the major 

reflections. 

Figure 5-31 PXRD patterns of KPFMO (orange) superimposed to the one of PFMO (blue) (a). PXRD 

of KPFMO, highlighting the small reflections related to the identified spurious phases of K2Pb(MoO4)2, 

PbMoO4, and Fe3O4 (b). 
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In Figure 5-31a the comparison of recorded PXRD for PFMO and KPFMO 

samples is shown. Despite a modulation of some peak intensity, the two phases’ 

reflections are quite well superimposed, suggesting that KPFMO could be 

isostructural to its parent compound with sole lead at the A site. Analyzing in-depth 

the diffraction pattern, I have identified the presence of spurious phases in the 

synthesized KPFMO, namely Pb(MoO4) (ICSD cod. 39137), K2Pb(MoO4)2 (ICSD 

cod. 138657), and Fe3O4 (ICSD cod. 75627), as highlighted in Figure 5-31b, in 

which their principal reflections are reported. The presence of iron oxide is in 

agreement with the Fe deficiency revealed from SEM-EDS microanalysis.  

Although further structural characterizations, such as TEM-SAED or NPD, 

are mandatory to properly solve the crystal structure of KPFMO, a tentative 

crystallographic model for this novel compound has been proposed. I have 

considered as a starting model the PFMO crystallographic information file 

previously published by my research group in ref. [41], by assuming it to be 

isostructural to my KPFMO, guided by  the fact the two compounds seem to share 

the same diffraction peaks (see Figure 5-31a). Since any information about a 

possible cationic ordering at the A site is missing, I have considered K and Pb 

Figure 5-32 Rietveld refinement of KPFMO data, with the considered spurious phases. 
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species to occupy the same crystallographic site, as a reliable guess in case of 

disorder, neglecting potential non-equivalent sites. This assumption is reasonable 

comparing the two ionic radii of K+1 around 1.64 Å and Pb2+ around 1.49 Å. A 

preliminary Rietveld refinement has been performed on GSAS-II, in order to 

estimate the perovskite content with respect to the previously identified spurious 

phases. The atomic positions of each species, as well as the thermal parameters, 

have not been refined, as a preliminary process at this stage of structural analysis. 

The calculated pattern, overlapped with the experimental data, is reported in Figure 

5-32. For the perovskite phase, the PFMO Fm-3m space group (225) has been 

retained for KPFMO, with a slight deviation for the lattice parameter, refined to be 

a = 7.9668 Å, instead of a = 7.9609 Å refined for PFMO [41]. No preferential 

orientation effects have been detected, trustworthy considering the cubic crystal 

system. Instead, as a term of intensity modulation, an equation constraint has been 

fixed for the total A site occupancy, equal to 0.25 for this specific crystallographic 

site, but with not necessarily equal occupancy between K and Pb. Indeed, the 

refined occupancy fractions values for the two species have been calculated to be 

0.0787 and 0.1713, respectively. The stoichiometric ratio between K and Pb is thus 

estimated to be around 1:2, quite far away from the expected 1:1 proportion, but 

coherent with the other spurious phases considered in the refinement. Nevertheless, 

this calculation can be caused by artifacts depending on the fact that the 

crystallographic model is not completely definitive, and it is based on very strong 

assumptions. 

Despite the fitting being quite good, the weighted residual profile and 

goodness of fit values are pretty high, namely Rwp = 11.8 and GOF = 5.82. However, 

again, it is only a starting point for a KPFMO crystal structure modelling and for 

this aim further investigations are needed, but a reliable indication of the perovskite 

content has been effectively estimated. Thus, the calculated weight fractions of all 

the spurious phases involved in the pattern indexing are 2.5%, 3.5%, and 4.5% for 

Fe3O4, Pb(MoO4), and K2Pb(MoO4)2. Consequently, the estimation for the 

perovskite KPFMO phase content is around 89.5% wt, confirming that 

investigating further synthesis conditions can improve the sample quality, although 

good results have already been obtained.  
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5.3.5 Magnetic properties 

The magnetism of KPFMO has been probed with SQUID magnetometry. In 

Figure 5-33 the susceptibility values recorded in ZFC and FC modes as a function 

of temperature are shown at various magnetic fields applied. Only one broad main 

magnetic transition is detected around 100 K, displaying a cuspid shape, notably in 

the ZFC acquisition mode and with a maximum magnetization value around 35 K, 

characteristic of AFM ordering. The discrepancy between ZFC and FC recorded 

data could be associated with a spin-glassy behaviour. Compared to the case of 

PFMO, the partial substitution of Pb+2 with K+1 has significantly changed the 

magnetic properties of the perovskite. However, from M(H) loops, recorded at 5 K, 

60 K, and 300 K and reported in Figure 5-34 the presence of an FM-type phase 

already ordered at room temperature is clearly visible. This fingerprint can be 

Figure 5-33 Susceptibility curves vs temperature of KPFMO sample acquired in FC and ZFC modes 

at 10 Oe (a), 100 Oe (b), and 1000 Oe (c). 
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assigned to the presence of the ferrimagnetic Fe3O4, which displays a strong RT 

magnetic resultant and high Néel temperature at around 860 K [189], even though 

this spurious phase, identified from the structural characterizations, constitutes a 

very small fraction of the entire investigated sample. The size of this FM component 

is effectively coherent with the 2.5% weight fraction of Fe3O4 estimated from 

Rietveld refinement, corresponding to around 1 mg in the total mass of measured 

KPFMO powders (and impurities), equal to 41.2 mg. Since the magnetic saturation 

at 300 K of Fe3O4 has been reported to be around 55 emu/g from literature [190] 

[191], the amount of this spurious magnetic phase should contribute to a 2.2 emu/g, 

which is coherent with the observed 2.02 emu/g value at 2 T in Figure 5-34. The 

intrinsic AFM state of KPFMO, previously pointed out from M(T) curves, is 

superimposed to the strong magnetic contribution of the spurious phase, as visible 

from the non-saturated loops at both 60 K and 5 K. Noteworthy, such a high 

magnetic impurity contribution in the reported magnetic characterization does not 

allow a quantitative analysis on the magnetic properties of KPFMO. Hence, purer 

samples are needed for a deep understanding of the magnetism of this material.   

Figure 5-34 M(H) loops of KPFMO recorded at 5 K, 60 K, and 300 K in ZFC mode. 
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5.3.6 Electric characterizations  

The electric transport (two contacts configuration) and the dielectric 

character of KPFMO have been investigated in the thermal range between 370 and 

90 K. The results are reported in Figure 5-35a and b, respectively. The resistivity, 

around 105 Ωm at room temperature, increases with a logarithmic trend by 

decreasing the temperature, getting closer to 108 Ωm values at around 100 K. 

Effectively KPFMO displays a quite good resistive character. Indeed, by comparing 

it with the electrical properties of its parent compound PFMO (see Paragraph 5.3.1), 

the partial introduction of potassium at the A site of the perovskite considerably 

increases  the resistive nature of KPFMO of several order magnitudes, despite the 

Figure 5-35 Resistivity (a) and relative permittivity constant measured at 1000 Hz (b) of KPFMO 

as a function of temperature. 
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resistivity of the two compounds has been measured with different configurations 

(i.e. van der Pauw vs planar-plate). Considering its AFM ordering and electrical 

transport, KPFMO has lost the magnetoresistive behaviour which was detected in 

PFMO (see Paragraph 5.3.1). Moreover, KPFMO relative permittivity (Figure 

5-35b), recorded at 1000 Hz, is higher than 100 at 350 K, and decreases to around 

40 at room temperature, confirming the overall dielectric nature of this perovskite, 

at least below 250 K, where the εR starts to flatten and be almost invariant with 

temperature as expected for a capacitive system. 

5.3.7 Conclusions on KPFMO 

KPbFeMoO6 perovskite has been presented in the previous paragraphs as a 

novel compound. Starting from the extensively studied Pb2FeMoO6, the partial 

chemical substitution of Pb2+ with K+1 cation at the A site has been revealed 

effectively as a good solution to tune and tailor the PFMO magnetic and electrical 

properties. Specifically, KPFMO has been synthesized under HP/HT conditions, in 

which the effect of the pressure plays a crucial role in order to stabilize the 

potassium cation at the A site of the perovskite. Preliminary structural investigations 

suggest a possible isostructural crystallographic cubic system for KPFMO to its 

parent compound with lead only at the A site. From this tentative refinement, a K:Pb 

ratio of about 1:2 has been estimated, which is consistent with the indexed spurious 

phases.  On the contrary, the insertion of K+1 has strongly influenced the magnetism, 

switching from the high-temperature long-range ferrimagnetic ordering, with TN at 

about 275 K of PFMO to the antiferromagnetism displayed at around 50 K of 

KPFMO. Although the near RT ordering has been lost, KPFMO electrical properties 

radically changed from the high conductivity intrinsic of PFMO. Indeed, the system 

moves from semi-metallicity towards dielectricity, with a significant increase in the 

resistivity constant and a capacitive behavior below 250 K. A possible solution to 

fine-tuning the physical properties, aiming at the coexistence of a high temperature 

magnetic state and a dielectric nature, could be the exploration of the                            

K1-xPbxFeMoO6 solid solutions. 

Nevertheless, further characterizations are mandatory to clarify many 

features of KPFMO, starting from the crystalline structure. Namely, in order to 

properly solve the crystallographic symmetry, the combination of complementary 
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structural characterizations, such as TEM-SAED and neutron powder diffraction, 

as in the case of BCMO, is required, getting information also about the 

stoichiometry and eventual cationic ordering. Moreover, some improvements can 

be made also on the purity level obtainable, by exploring more HP/HT synthesis 

conditions, needed also to remove the presence of spurious phases (at least the 

magnetic one) to allow a proper characterization of the magnetic character and 

properties of the system. 

5.4 Ongoing publications  

Synthesizing a novel compound and performing, at least, the standard 

characterization of its physical properties, with the relative discussion, requires a 

non-negligible amount of time. Consequently, I want to cite the ongoing 

publications coming from my experimental work discussed in this Chapter, which, 

unfortunately, have not yet been published. Specifically, an upcoming scientific 

publication, which I have recently finalized as first and corresponding author, deals 

with the electric and magnetoelectric characterizations of PFMO (reported here in 

Paragraph 5.3.1) and it is, up to now, under final revision from the submitted 

journal. Another work, the one that holds the stronger emotional attachment to me, 

is in preparation regarding the synthesis and characterization of the novel 

BiCu0.5Mn0.5O3 (reported in Paragraph 5.2) and it will be submitted, hopefully, in 

the following weeks. On the contrary, a few months more I think will be required 

in order to properly investigate KPFMO or other intermediate members of BCMO 

solid-solution, and thus finalize the relative scientific publications. 

Moreover, during the long period of my PhD activity, I had the opportunity 

to work not only on perovskite systems or on high pressure techniques, being part 

of some side projects, from various fields and topic, in which my contribution has 

been helpful and has resulted in scientific publications. Engaging with multiple 

disciplines not only enriched my multidisciplinary academic experience but also 

equipped me with versatile skills to tackle multifaceted challenges in innovative 

ways. In the final Appendix section, I will provide a brief description of these 

research papers’ topics and in which terms I have been involved. 



C h i a r a  C o p p i   

126 

 

6 Conclusions 

This chapter summarizes my research activities during my doctorate in 

Materials Science and Technology at the University of Parma carried out at the 

Institute of Materials for Electronics and Magnetism (IMEM) of the National 

Research Council (CNR). 

My PhD activity has been focused on the investigation of functional 

materials with perovskite structures, which have garnered significant interest within 

the scientific community, both in terms of fundamental exploration and applied 

research. Particularly, I dealt with the synthesis and investigation of potential 

multiferroic perovskites, compounds distinguished by the coexistence of multiple 

ferroic orders, aiming to achieve the synergy between ferromagnetism and 

ferroelectricity. However, the spontaneous occurrence of these two primary orders 

is exceptionally rare in nature, due to strong structural and physical constraints 

preventing the simultaneous presence of these two phenomenologies. As a result, 

the adoption of unconventional methods, such as high pressure/high temperature 

(HP/HT) synthesis, is often needed to force the stabilization of multifunctional 

artificial phases. 

In this framework, I have investigated the prospect of creating novel bulk 

multifunctional materials by performing chemical substitutions on known double 

perovskite structures previously examined in the literature, by HP/HT solid-state 

reactions, exploiting the versatility of the crystallographic structure to 

accommodate structural distortions. In order to achieve the multiferroicity, I have 

tried to merge in such compounds ferroelectricity and ferromagnetism by splitting 

these two contributions on the two distinct (A and B) sites of the perovskite. 

Namely, Bi3+ or Pb2+ cations have been introduced at the A-site, since their 

stereochemical effect can lead to a net electric dipole formation, while at the B-site 
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the magnetism has been promoted by the insertion of transition metals from III-IV 

period, with partially filled d-shells. Moreover, the combination of two different 

cations at the B site allows to explore different super-exchange interaction 

mechanisms, which result in particular macroscopic magnetic ordered states in 

A2B’B’’O6 ordered or in AB’0.5B’’0.5O3 disordered double perovskites. Recognizing 

the pivotal role of crystallographic structure analysis in maximizing the potential of 

these compounds, I have dedicated significant efforts over these years to the study 

of structural characterization techniques. This has allowed me to gain a 

comprehensive understanding of their potentialities and peculiarities, especially in 

relation to the type of probe employed, such as X-rays, electrons, and neutrons. As 

a consequence, I immersed myself in the intricate processes of structural resolution 

and refinement. 

In this PhD thesis, I presented the results related to the synthesis and 

structural, magnetic, and electrical characterization of two newly synthesized 

perovskites, namely BiCu0.5Mn0.5O3 (BCMO) and KPbFeMoO6 (KPFMO), 

described in detail in Paragraphs 5.2 and 5.3, respectively.  

BCMO displays an orthorhombic structure with a Pbam centrosymmetric 

space group. The distortion of the octahedral scheme is attributed to the 

stereochemical effect of Bi3+. Cationic disorder was detected at the B site, even 

though compositional inhomogeneities have been revealed in the mesoscale 

distribution of Cu2+ and Mn4+ species, resulting in the absence of long-range 

magnetic orderings. This system displays a correlation between the magnetic and 

the electrical properties, since both magnetically ordered states and transport 

mechanisms concomitantly evolve in temperature probably guided by a partial 

localization of the electrons on Mn sites. Indeed, BCMO is paramagnetic at high 

temperatures, undergoing a weak FM-like transition at around 320 K, with 

significant room temperature spontaneous magnetization and high polarizability. In 

the high temperature regime, the compound displays bad conductive behaviour with 

a thermally activated electrical transport characterized by EA= 0.26 eV. When the 

FM-like state saturates, the partial electron localization leads to different Mn4+ 

coordinations and to the formation of a minority Mn3+ population, causing a shift 

from a standard thermally activated semiconductive behaviour to a 3D variable 
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range hopping model. In the low-temperature regime, at about 50 K, complete 

electron localization associates with a spin-glassy or mesoscale antiferromagnetic 

order, possibly leading to a dielectric state. By comparing BCMO with the parent 

compound BiFe0.5Mn0.5O3(BFMO), which inspires its conceptualization and 

synthesis, the chemical substitution of Cu2+ for Fe3+ cation resulted in significant 

modifications of structural, magnetic, and electrical properties. While the 

characteristic antiferroelectric arrangement with the possibility to induce 

ferroelectricity through a proper external bias of BFMO is lost, BCMO exhibited 

an increased magnitude of the FM-like state observed at high T, and the transition 

onset was shifted, resulting in potentially more interesting magnetic properties for 

technological applications. Moreover, preliminary results demonstrated an 

additional degree of tunability and a further improvement of the room-temperature 

magnetism obtainable by exploring different compositions of BiCu1-xMnxO3. solid 

solution. 

KPFMO exhibited completely distinct features. This new perovskite derives 

from the parent compound Pb2FeMoO6 (PFMO), whose magnetoelectrical 

properties have been studied and reported in Paragraph 5.3.1, and shows effective 

tuning of magnetic and electrical properties by partially substituting Pb2+ with K+ 

at the A site. Although KPFMO seems to exhibit isostructural characteristics to 

PFMO, the introduction of potassium alters the magnetic properties, from PFMO's 

high temperature ferrimagnetic ordering to less interesting antiferromagnetism at 

around 50 K. As a positive countereffect, KPFMO undergoes a significant shift in 

its electrical behaviour with respect to PFMO, moving from PFMO high 

conductivity to a more resistive behaviour, behaving as dielectric below 250 K.  

Unfortunately, the investigation of BCMO and KPFMO properties has 

unveiled the impossibility of the coexistence of ferroelectricity and ferromagnetism 

for both these materials; thereby multiferroism in these compounds is ruled out for 

complementary reasons. Nevertheless, they have revealed interesting physical 

properties and the comprehensive physical characterizations enable to define them 

as proper functional materials.   

In conclusion, the research outlined in this thesis unveils promising 

perspectives for future exploration of BCMO and KPFMO, along with their 
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respective solid solutions, and beyond, with the possibility to exploit chemical 

substitutions and unconventional synthesis techniques to significantly modify the 

properties of perovskites, owing to the versatility of this crystallographic structure. 
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Appendix 

A. Graphene-based magnetocaloric composites for energy conversion 

 

Authors: Chiara Coppi, Francesco Cugini, Giacomo Magnani, Chiara Milanese, 

Lucia Nasi, Laura Lazzarini, Daniele Pontiroli, Mauro Riccò, Massimo Solzi 

DOI: https://doi.org/10.1002/adem.202200811 

 

This study is mainly related to my Master Thesis’ project, born from an 

intriguing idea to try something new. In this work, we presented a simple, versatile, 

and cost-effective method to fabricate innovative thermal conductive 

magnetocaloric composites, that offers a solution to overcome the actual thermal 

and mechanical limits of the most studied magnetocaloric materials. The 

composites were prepared by mixing powder of a magnetocaloric material and an 

epoxy binder matrix enriched by a graphene-based material, obtained by thermal 

exfoliation of graphite oxide. The final graphene-enriched composites showed a 

significant improvement of the magnetocaloric time-response to the magnetic field, 

due to the formation of a 3D network that bridges the magnetocaloric particles and 

reduces the metal-matrix contact resistance, thus creating a percolation path for an 

efficient heat transfer. Because of the simplicity and scalability of the preparation 

method and the great enhancement in response time, these new functional 

composites represent an important step for the effective application of 

magnetocaloric materials in thermomagnetic devices for the energy conversion. In 

this framework, I had the chance to handle all this complete study, starting from the 

sample’s preparation, passing through the evaluation of the thermal evolution by 

https://doi.org/10.1002/adem.202200811
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performing finite-elements simulations, ending with all the physical 

characterizations of the composites.  

B. High-Pressure Bulk Synthesis of InN by Solid-State Reaction of Binary 

Oxide in a Multi-Anvil Apparatus 

 

Authors: Elena Del Canale, Lorenzo Fornari, Chiara Coppi, Giulia 

Spaggiari, Francesco Mezzadri, Giovanna Trevisi, Patrizia Ferro, Edmondo 

Gilioli, Massimo Mazzer, Davide Delmonte 

DOI: https://doi.org/10.1021/acs.inorgchem.3c00231 

 

This work is closer to my actual research activity, as we have presented a 

new method to synthesize bulk indium nitride by means of a simple solid-state 

chemical reaction carried out under hydrostatic high-pressure/high-temperature 

conditions in a multi-anvil apparatus, not involving gases or solvents during the 

process. The reaction occurs between the binary oxide In2O3 and the highly reactive 

Li3N as the nitrogen source, in the powder form. The formation of the hexagonal 

phase of InN, occurring at 350 °C and P ≥ 3 GPa, was successfully confirmed by 

powder X-ray diffraction, with the presence of Li2O as a unique byproduct. A 

simple washing process in weak acidic solution followed by centrifugation allowed 

us to obtain pure InN polycrystalline powders as a precipitate. With an analogous 

procedure, it was possible to obtain pure bulk GaN, from Ga2O3 and Li3N at 

temperatures higher than 600 °C and pressures greater than 2.5 GPa. These results 

pointed out, particularly for InN, a clean, and innovative way to produce significant 

quantities of one of the most promising nitrides in the field of electronics and energy 

technologies. In this framework, I have performed the solid-state reactions carried 

out with the Walker-type multianvil press employed also to synthetise my 

perovskites. 

 

https://doi.org/10.1021/acs.inorgchem.3c00231
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C. Factors associated with delirium in a real-world acute-care setting: 

analysis considering the interdependence of clinical variables with the 

frailty syndrome 

 

Authors: Andrea Ticinesi, Alberto Parise, Davide Delmonte, Chiara Coppi, 

Beatrice Prati, Nicoletta Cerundolo, Angela Guerra, Antonio Nouvenne, Tiziana 

Meschi 

Accepted for publication in January 2024                                            

(manuscript EGEM-D-23-00567R2) 

 

This paper has resulted from an interesting and unexpected collaboration 

with a group of doctors from the Department of Medicine and Surgery of University 

of Parma. We have evaluated the delirium risk, a specific medical condition of acute 

confusion, within a clinical set of around 600 geriatric patients. This acute-care 

setting generally does not consider the presence of frailty. The objective of our 

retrospective study was to identify factors associated with delirium, considering the 

interdependency of clinical variables with frailty in complex older patients. The 

clinical records of all the participants were reviewed, with collection of clinical, 

anamnestic and pharmacological data. The correlations of exposure variables with 

delirium and its subtypes were investigated selecting variables not showing a high 

overlap with frailty, and fixing correlations associated with 25% excess of 

frequency in comparison with the average of the population as statistically 

significant. In this work, my scientific contribution is related with the data 

treatment. Indeed, this analysis has been carried out by writing a specific script on 

Matlab software to proper handle and discriminate significant data and correlations. 

Delirium was detected in the 20% of participants. The presence of one among 

age>85 years old, frailty CFS>4 and invasive devices, occurring in 72% of 

participants, explained 95% of delirium cases. The main factors maximizing 

delirium incidence were dementia, other psychiatric conditions, chronic 

antipsychotic treatment, and invasive devices. The coexistence of three of these 
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parameters was associated with a peak frequency of delirium ranging from 57% to 

61%. All of these conditions were more associated with hypoactive than 

hyperactive specific forms of delirium. In an acute-care setting, the presence of 

frailty, in addition to older age and use of invasive devices, maximized delirium 

incidence. At the individual patient level, dementia and use of antipsychotics 

remained important risk factors. In conclusion, we have observed that modern 

clinical prediction tools for delirium should account for frailty.  
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