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Synthesis and Characterization of Pb(V1-xMx)O3 

(M = Ti, Fe) compounds 

 
 
 
 
              Objectives and motivation 
 
 
 
         Recently multiferroic compounds attracted huge interest due to their unique 

properties which make such materials very interesting for real life applications, from 

capacitors, sensors and actuators to computer memory devices. PbVO3 is a very 

promising material. It is isostructural with PbTiO3 which is a very well known and 

studied ferroelectric material and it also contains vanadium V4+ cations which carry a 1/2 

spin so magnetic ordering can be expected. However, no sign of magnetic ordering could 

be observed which raises the following questions:  

1) Why is PbVO3 not magnetic?  

2) Could it be tuned so that it becomes magnetic?  

         There are two main explanations proposed for the absence of a clearly visible 

overall magnetic moment despite the presence of the V4+ cations. The first explanation is 

that the formation of strongly covalent vanadyl bonds forming a 2D array in the (a,b) 

plane could lead to a 2D behaviour with a possibly reduced magnetic moment with the d1 

electron of vanadium engaged in the covalent bonding. The second explanation is that the 

magnetic moments of vanadium form a frustrated magnetic network. 

         The objective of the project was to provide some answer to the above questions by 

studying the effects of the partial substitution of vanadium by titanium and iron. 

Considering the first explanation, replacing V by Ti or Fe should reduce the 2D character 

and might allow for 3D magnetic ordering to appear. Of course magnetic Fe cations 

would probably be more efficient for that purpose. In the hypothesis of frustration as the 

origin of the weak magnetic signal, disorder induced by the substitution could release the 

frustration and lead to magnetic ordering through the “order by disorder” phenomenon. 
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         We prepared two kinds of samples, polycrystalline and single crystals. Single 

crystals were prepared only in the form of clean PbVO3 in which no substitution was 

attempted. The polycrystalline batch is larger containing two series, the titanium series 

and the iron series with the chemical compositions as follows. 

PbV1-xTixO3 with x = 0, 0.1, 0.25, 0.5 0.6, 0.75, 0.8, 1          

PbV1-xFexO3 with x = 0.1, 0.25, 0.3, 0.4, 0.5, 0.55, 0.6 0.65, 0.75   

         The structure and the physical properties of the samples were studied and an 

attempt was made to correlate the results and try to formulate a model which could 

explain the intriguing and often apparently contradicting behaviours of our compounds. 

The present work discusses the results obtained during the study and attempts to shed 

some light on the subject, without asserting that it reaches a final and definitive 

conclusion. 

         The work is structured on five chapters.  

         The first chapter reviews the fundamental concepts of the physics behind the 

multiferroic compounds, emphasizing the exotic properties / phenomena that are 

connected to our compounds. The first chapter also deals with the data already published 

in literature for PbVO3 and some substitution compounds. 

         The second chapter describes the experimental methods and investigation 

techniques used during the study. 

         The third chapter presents the preparation methods, the high pressure - high 

temperature equipments employed and the reaction conditions required for the synthesis 

of PbVO3 (and the substitution counterparts). The discussion continues with the first 

investigations and results which are concerned with phase purity. 

         The fourth chapter discusses with somewhat greater details the structural properties 

of the samples. 

         The fifth chapter deals with the magnetic and dielectric properties of the Pb(VM)O3 

compounds.  

         Since the physical properties of these materials are strongly dependent on the 

structure of the samples, the chapters intertwine at times, in each chapter results from the 

other chapters being mentioned and some redundancy is thus unavoidable. 
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              Chapter I. Multiferroic PbVO3 perovskite        

 

              I.1. Introduction to multiferroics  

 

         Multiferroics are materials which present at least two of the ferroic properties, 

namely ferromagnetism, ferroelectricity and ferroelasticity. The definition of multiferroic 

materials is extended to also include antiferromangetism and antiferroelectricity [1-3]. A 

better definition of a multiferroic material is therefore that of a material which presents 

two or more order parameters. A magneto-electric material on the other hand is a material 

for which the magnetization can be controlled with an electric field or the polarization 

can be controlled with a magnetic field.    

         The names awarded to these categories of materials can appear to be misleading but 

a representation with diagrams of the classes of materials discussed above helps to 

provide a clear image (figure 1.1).  

 

 

 

         Fig. 1.1. Classification of multiferroic and magneto-electric materials [4].  
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         There are two types of multiferroic materials, classified by their construction: 

a) artificial multiferroics (or extrinsic multiferroics) are thin film hetero-

structures composed of alternating layers of ferroelectric and ferromagnetic 

materials  

b) single phase multiferroics (or intrinsic multiferroics) are materials in 

which the ferroelectric and ferromagnetic properties exist in the same phase 

[1, 2].                   

         There are two types of coupling mechanisms between the ferroic properties in these 

materials.  

         The first type is observed for materials in which the ferroelectric and the magnetic 

orderings are associated to different sublattices. This type of coupling is generally weak 

but materials which present this type of coupling can have large values of the 

ferroelectric polarization [5, 6]. Multiferroics which display this mechanism are called 

type 1 or proper multiferroics.            

         The second type of coupling appears in materials for which the ferroelectric 

ordering is induced indirectly by a charge ordering or a magnetic ordering. This coupling 

is expected to be stronger because the electric dipoles can be directly switched by 

applying a magnetic field but the ferroelectric polarization is small for these materials [1, 

5]. Multiferroics which display this mechanism are called type 2 or improper 

multiferroics.  

 

 

              I.2. Requirements for multiferroics    

          

         Generally, magnetic and ferroelectric type orderings are mutually exclusive. A 

multiferroic material must therefore contain properties which are conflicting by their own 

nature. The reasons for these conflicts are related to the crystal symmetry of the 

materials, to the electronic configurations of the ions that form the materials and to their 

conductive properties. In order for a material to be ferroelectric, it must crystallize in a 

non-centro-symmetric space group, but there are only a few space groups that are not 

centro-symmetric. For it to be ferromagnetic it must contain ions which carry a magnetic 
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moment. Usually, the magnetism in these magnetic ions is given by the presence of 

unpaired electrons in d orbitals, but, the presence of d orbitals tends to reduce the non-

centro-symetric distortion, responsible for ferroelectricity. A ferroelectric material must 

be an electric insulator, otherwise the electric charges will redistribute, but most magnets 

are conductors.  

         Only a few compounds hold (anti)ferroelectricity and (anti)ferromagnetism. From 

these, type 1 intrinsic multiferroics are particularly interesting and promising for 

applications, due to their high spontaneous polarization. These are ABO3 type 

perovskites. The ABO3 type perovskite structure allows a wide range of possible 

oxidation states of the cations (for example A2+B4+O3 or A3+B3+O3) [3] and the possibility 

of tuning the properties of the material simply by substituting the cations on the A site or 

the B site [3]. One tuning possibility is to attempt to construct a material in which the A 

site cation (Pb, Bi,…) contains a stereochemically active lone electron pair and so is 

responsible for ferroelectric ordering and the B site cation (transition metal) contains 

partially filled d shells and therefore is responsible for magnetism [7-12]. BiFeO3, 

BiMnO3, YCrO3, PbVO3 are reported examples of such materials. BiFeO3 is essentially 

the only single phase multiferroic that simultaneously posses ferroelectric (TC ≈ 1100 K) 

and antiferromagnetic ordering (TN ≈ 643 K) at RT [3, 5, 6]. 

 

 

              I.3. Results reported on PbVO3  

 

         The preparation of PbVO3 was reported first in 2004 by Bordet et al. [13]. They 

synthesized PbVO3 samples under HP-HT conditions from a mixture of PbO, PbO2 and 

V2O3 at HP = 4.5 GPa, HT = 750° - 850° C and dwell times of 3 hours. Single phase 

samples were obtained at 825° C for a non-stoichiometric mixture corresponding to the 

composition of PbVO2.8. They were also the first to solve the structure of PbVO3 by XRD 

and NPD, to observe the absence of any magnetic signal from NPD and to discover the 

decomposition temperature of PbVO3 (330°C).  

         Shpanchenko [14] prepared PbVO3 samples using PbO and VO2 as starting 

products and reaction conditions of HP = 40 – 80 kbars, temperatures of 650-1000° C and 
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dwell times of 5 to 240 minutes. Belik [15] prepared PbVO3 samples under similar 

conditions and noticed that a re-annealing process greatly improves the quality of the 

samples. Other synthesis experiments on bulk PbVO3 were conducted by Tsirlin [16], 

Oka [17] (who prepared single crystals by the hydrothermal method), Arévalo [18], 

Atahar [19] and Zhou [20] under various reaction conditions but the reactions conditions 

were always on the domain of high pressures, from 2GPa to 30 GPa. Arévalo tested the 

V-Ti substitution and Tsuchiya [31] prepared the PbV1/2Fe1/2O3 compound again, under 

HP-HT conditions. 

         From literature, the structural data for PbVO3 is the following: the sample belongs 

to the tetragonal system with the space group P4mm and the lattice parameters a = 3.8 Å 

and c = 4.67 Å. The Pb atom is at the origin of the system occupying the 1a (0, 0, 0) 

position and V is found in the off-centre position 1b (0.5, 0.5, 0.568). Oxygen atoms form 

a square pyramid with the apical oxygen O1 in 1b at (0.5, 0.5, 0.245) and the oxygen 

atoms forming the base, O2, at 2c (0.5, 0, 0.696). 

         Concerning the physical properties of this material, it is reported that PbVO3 is a 

semiconductor [14] and it undergoes a phase transition under high pressure from a 

tetragonal semiconductor system to a cubic one characterized by metallic conductivity 

[15]. The ferroelectric polarization of PbVO3 is predicted to be as high as Ps = 1.6 C*m-2. 

Magnetic susceptibility measurements (and µSR) reveal the presence of a magnetic 

transition. However, this transition is not detected by NPD or specific heat 

measurements.  
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              Chapter II. Synthesis 

 

              II.1. HP-HT equipments   

 

         The downside of PbVO3 but at the same time the thing that makes research so 

interesting is that it requires very high pressures for synthesis. Nobody so far was able to 

synthesise PbVO3 bulk samples at ambient pressure [14]. 

         Our samples were prepared by solid state reaction under high pressure – high 

temperature conditions (HP-HT). The best results were obtained in the range of 6 GPa 

and 950°C. The extreme pressure of 6 GPa is achieved by using two specially built 

devices. These are the CONAC press and the BELT X press. Figure 1.2 shows a 

schematic of the pressure cells used in the two machines.  

   

 

  

 

       

 

 

 

 

 

         Fig. 2.1. CONAC pressure cell (left), BELT pressure cell (right).  

 

         The two machines work on the same principle. The starting oxides mixture is 

placed inside a Pt capsule which is then enclosed in the pressure cell. There are two 

plates (or anvils) for the CONAC press and two pistons for the BELT apparatus which 

apply a force to the pressure cell, thus creating the required pressure. A graphite cylinder 

is present in both cells. An electric current is passed through the plates/pistons of the 

press and through the graphite causing it to heat and act like a furnace. In this way the 

high temperature is achieved at the same time with the high pressure [21-23]. 
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         The samples were prepared from stoichiometric mixtures of PbO, PbO2, V2O3, 

V2O5, TiO2 and Fe2O3.  

         For the powder samples, the same reaction conditions were used for all the 

compositions. A diagram of the profile is presented in figure 2.2. The program was made 

of a dwell in pressure and in temperature at 6 GPa and 950° C for 90 minutes followed by 

a rapid quench and the release of pressure. 

 

 

         Fig. 2.2. Pressure and temperature dwells for powder samples.  

 

         For the preparation of single crystals we used the hydrothermal method as described 

in [17]. Again, the mixture of staring oxides was sealed in a Pt capsule but, unlike for the 

powder, 10 % wt of water was added to the mixture. The profile was also changed. 

Figure 2.3 shows the new program. The dwell time was reduced to 30 minutes and was 

followed by a slow cooling (while maintaining the pressure). After the final temperature 

was reached the sample was quenched and finally the pressure released.  

 

 

         Fig. 2.3. Pressure and temperature program for single crystal growth.  
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                 II.2. The first results – phase characterization  

 

         At this stage XRD was used as the first investigation technique in order to confirm 

the formation of the required phase and the presence or absence of starting products 

and/or secondary phases in the final product. From these measurements it was observed 

that almost single phase samples were obtained both for the PbVO3 composition and for 

the substitution series.  

         In the case of PbVO3 a re-annealing treatment was found to provide samples of 

higher purity. Figure 2.4 shows the XRD pattern / Rietveld refinement for the best PbVO3 

sample (after the re-annealing process). The red points are the experimental data, the 

diagram recorded by the diffractometer. The black line is the calculated diagram. The 

rows of ticks mark the positions of the Bragg reflections from the phases taken in the 

calculated diagram. Lastly, the blue line is the difference between the observed and 

calculated diagrams.  

 

         Fig. 2.4. PbVO3 sample after re-annealing at HP-HT 6 GPa / 950 °C / 90 min. 

 

         The main phase (blue tics) is identified as PbVO3 and is indexed with data available 

in literature [14] namely, a tetragonal structure with the space group P4mm, lattice 

parameters a = b = 3.8 Å and c = 4.67 Å. The other two phases are identified as 

hydrocerussite, Pb3(CO3)2(OH)2 [24] (the second row of ticks) and gold (third row of 
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ticks). The estimated percentage of hydrocerussite in the sample is approximately 2.8 %, 

however since this value is under the roughly 5% limit, it can not be considered a reliable 

value.   

         PbVO3 single crystals were also prepared. The average lengths of the crystals are 

between 100 to 500 µm and the width of the crystals is approximately 50 µm, in 

agreement with the literature [17]. 

         For the Ti substitution samples or Fe substitution samples (with less than 50% Fe) 

there is no need for re-annealing. Some examples of XRD patterns (and the subsequent 

Rietveld refinements) are provided for both substitution types on figure 2.5 and figure 

2.6. 

 

         Fig. 2.5. XRD and Rietveld refinement for PbV0.9Ti0.1O3. 

 

         Fig. 2.6. XRD and Rietveld refinement for PbV0.7Fe0.3O3.  
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         The chemical composition and homogeneity of the cation distribution were verified 

by EDX. It was found that the observed composition is very close to the nominal 

composition (within the esd’s of the EDX setup) and that the distribution is homogenous. 

         The oxidation states of vanadium for four representative samples were determined 

from X-Ray absorption spectroscopy measurements performed at the BM32 FAME 

French CRG beamline at the ESRF synchrotron facility in Grenoble, France.  The 

representative samples were the following: PbVO3, PbV0.75Ti0.25O3 (25% Ti), 

PbV0.75Fe0.25O3 (25% Fe) and PbV0.5Fe0.5O3 (50% Fe). The oxidation state was 

determined from the position of the absorption pre-peak of the V k edge. This peak is 

located at about 5470 eV. A zoom on the pre-peak is shown in figure 2.7. 

  

         Fig. 2.7. XANES region for XAS of PbVO3, and substitution samples. 

 

The peak on the right corresponds to the 5+ oxidation state and the peak on the left is 

generated by vanadium oxidized to V4+. It is observed that the position of the peak 

changes depending on the type and degree of substitution. More specifically a change in 
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the degree of oxidation of V is observed in the case of the Fe substitution but no such 

change appears for the Ti substitution.  

         For PbVO3 (the pink line) the oxidation of V is 4+, as predicted by considering the 

valence of Pb to be 2+ and that of oxygen 2-. In the case of the Ti substitution, Titanium 

is also 4+ oxidized so a Ti4+ ion replaces a V4+ ion and other than that no modification 

occurs. The peak of the 25% Ti sample (blue line) is at the same energy as the one of 

PbVO3 meaning that indeed in the Ti series, the Vanadium ions remain 4+. The 

substitution with Ti is therefore isovalent and this is what allows the formation of the 

complete solid solution, seen by XRD. The formula of the compounds from the Ti series 

should in fact be written as Pb(V
4+

1-x Ti
4+

x)O3.  

         Iron is generally Fe3+. Fe4+ also exists but it is unstable so, it is possible to assume 

that the iron cations are Fe3+. We also assume that Fe takes the place of V and not Pb so 

the substitution remains only at the B site cation. In this assumption Fe3+ has to replace 

V4+ and this leads to an imbalance of the valence. In order to restore the balance another 

vanadium ion from the sample increases its oxidation state to 5+ (vanadium will always 

go to 5+ if it has the opportunity) so the average oxidation state at the B site remains 4+. 

That means that strictly speaking for every Fe3+ ion introduced in the sample two V4+ 

ions are “removed”. The first V4+ to be removed is the ion directly replaced by Fe3+ and 

the second V4+ that is removed is the V4+ that oxidizes to V5+. In that case, the formula of 

the product is Pb(V
4+

1-2x V
5+

x Fe
3+

x)O3. This explains why the solid solution stops at 50% 

Fe since at 50% Fe practically all the V4+ ions are exhausted. All the vanadium that 

remains in the 50% Fe sample is vanadium 5+. This can be verified in the peak position 

of the respective sample (the black line), which shows that the oxidation state of 

Vanadium is 5+. The sample with 25% Fe is half way into the solid solution and contains 

both V4+ and V5+. The peak of the 25% Fe (red line) has the shape of the convolution of 

two other peaks (namely the peaks of V4+ and V5+) which confirms the presence of both 

types of vanadium ions in the sample and the validity of the theory. 
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              Chapter III. Crystalline structure from XRD and NPD 

measurements 

 

              III.1. Crystalline structure of PbVO3       

 

         PbVO3 is a perovskite oxide, it crystallises in a tetragonal structure with the space 

group P4mm and the lattice parameters a ≈ 3.8 Ǻ and c ≈ 4.67 Ǻ. The Pb atoms occupy 

the 1a (000) position at the corners of the unit cell and the V atoms are located at the 1b 

(1/2 12/ z~0.57) position strongly displaced from the centre of the cell along the c axis. 

The oxygen atoms are also largely displaced from the face centres they would occupy in 

the archetypal cubic perovskite structure with O1 at 1b (1/2 1/2 z~0.22) and O2 at 2c (1/2 

0 z~0.69). They form a strongly elongated octahedron which is shifted from the unit cell 

centre along the c axis. As a result, the vanadium coordination can be considered as 

square pyramidal with a quite short V-O1 distance (1.65 Å) and four longer V-O2 

distances (1.98 Å). Figure 3.1 shows a representation of the structure of PbVO3. 

 

 

         Fig. 3.1. Structure of PbVO3.  

 

         This structure was refined for 

the first time using the data collected 

from single crystal X-Ray diffraction 

measurements. The X-Ray 

diffraction data were collected using 

a Bruker Kappa ApexII 

diffractometer with a silver anode, 

AgKα, λ = 0.56087. The gof (goodness of fit) of the refinement was 1.6. The lattice 

parameters found are a=3.798(3) Ǻ respectively c=4.662(11) Ǻ, in good agreement with 

data available in literature (from powder diffraction). The interatomic distances and 

anisotropic atomic displacements parameters are determined to a much better precision 

and accuracy from single crystal diffraction data than from powder diffraction data. The 
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non-centro symmetric nature of the structure is unambiguously confirmed, so as the 

ferroelectric nature of the compound which is also supported by the presence of 

ferroelectric twin domains. Table 3.1 gives the atom positions and the atomic 

displacement parameters obtained from the refinement.           

 

         Table 3.1. Atomic positions and displacement parameters obtained from the 

refinement of single crystal diffraction data. 

a) Positional parameters 
Atom Wyckoff x y z Ueq (Å2) 
Pb 1a 0 0 0 0.01008(5) 
V 1b 0.5 0.5 0.5690(3) 0.0089(2) 
O1 1b 0.5 0.5 0.215(2) 0.0145(14) 
O2 2c 0.5 0 0.6900(14) 0.0120(11) 
 

b) ADP harmonic parameters (Å2) 
Atom U11 U22 U33 U12 U13 U23 
Pb 0.00828(8) 0.00828(8) 0.01368(11) 0 0 0 
V 0.0067(3) 0.0067(3) 0.0133(5) 0 0 0 
O1 0.014(2) 0.014(2) 0.015(3) 0 0 0 
O2 0.010(2) 0.0093(19) 0.017(2) 0 0 0 
 

 

              III.2. Crystallographic data for the substitution series 

 

         All the samples, regardless of the substitution, were measured using XRD in a D 

5000 diffractometer, equipped with a Cu anode, in transmission geometry, in the angle 

range of 10-90° (2θ) with a step of 0.016° and 10 seconds counting time for every step. 

Again, the difractograms were refined using the Rietveld method with the FullProf 

software.  

          A standard sample of LaB6 was measured at the same device in the same 

conditions. This allowed the determinations of the instrumental contribution to the peak 

broadening and made possible the measurement of the sample’s grain size and mechanic 

strain.  

 

 



 19 

              III.2.1. Ti series lattice parameters       

 

         Figure 3.2 shows the XRD patters for the Ti substituted samples at 0, 25, 50, 75 and 

100 % substitution. 

 

 

         Fig. 3.2. XRD 

patterns obtained for 5 

representative samples 

from the PbV1-xTixO3 series, 

namely the samples for x = 

0, 0.25, 0.5, 0.75 and 1.                

 

 

 

         For the Ti series we observed a linear change in lattice parameters with the degree 

of substitution. A solid solution thus exists in between PbVO3 and PbTiO3. The variation 

of lattice parameters in function of the Ti concentration is presented in figure 3.3. 
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         Fig. 3.3. Modification of the lattice parameters (left) and evolution of the cell 

volume (right) vs. nominal degree of substitution, x, in Pb(V1-xTix)O3. Linear fits are 

drawn to guide the eyes. 
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              III.2.2. Ti series microstructure 

 

         The width of reflections shows a clear evolution with respect to substitution ratio. 

The broadening of peaks from sample effects is known to originate from two types of 

physical data: the grain size and the presence of local strain. We had observed that 

reflections that were close to the c* axis were systematically broader. The model 

employed to describe this anisotropy had two components:  

- an uniaxial lorentzian size parameter controlling the size effects, 

- five parameters (S400, S004, S220 and S202 plus a lorentzian strain coefficient) 

describing strain effects, using the formulation of Stephens [25].  

         The grain size has a minimum at about 50% Ti substitution, the half way between 

PbVO3 and PbTiO3 (figure 3.4 a). Strain for the same Ti series, follows an almost 

constant variation with the composition, as seen in figure 3.4 b. 

a)                                                                        b)   

         Fig. 3.4. Variation of a) grain size and b) stain with the composition for the Ti 

series. Red points represent values along the c* axis and black points represent average 

values 

 

              III.2.3. Ti series structure 

 

         From XRD refinements small modifications in the atom coordinates were observed 

as the content of Ti is increased. The z for the B site cation decreases from z = 0.564(2) 

for the 10% Ti sample to z = 0.545(1) for the 80% Ti sample. It seems the B site cation 
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tends to go towards the centre of the unit cell (at z = 0.5), the apical oxygen moves 

towards the face of the unit cell (z = 0) and the other oxygen anions try to go to face 

centres (z = 0.5) as if the system begins to transform in a cubic structure. This is 

consistent with a decrease of the ferroelectric distortion upon V substitution for Ti, which 

is expected since PbTiO3 is known to be less distorted than PbVO3. 

 

 

              III.2.4. Fe series lattice parameters 

 

         Figure 3.5 shows the XRD patters for the Fe substituted samples at 0, 10, 20, 30 and 

40 % substitution. 

 

         Fig. 3.5. XRD patterns of representative samples of the Fe substitution compounds, 

PbV1-xFexO3, where x = 0, 0.1, 0.2, 0.3 and 0.4.    

 

         For the Fe series the solid solution stops at x = 0.5. The tetragonal structure is 

conserved for x < 0.5. At x = 0.5 a new phase with cubic symmetry appears and a mixture 

of the two phases is observed. For x > 0.5 the tetragonal phase vanishes. In the tetragonal 

phase, the increase of iron percentage decreases the c parameter but does not change a. 



 22 

The variation of lattice parameters and the leap to a new cubic phase are represented in 

figure 3.6. 

 

 

         Fig. 3.6. Variation of 

lattice parameters and phase 

transition for Pb(V1-xFex)O3. 

 

 

 

 

 

 

 

              III.2.5. Fe series microstructure         

         The results obtained for the Fe series are presented in figures 3.7 a and b. It can be 

observed in the graph that the average grain size is greater than the grain size on the c 

axis. That means that the grains, the crystallites, are shorter on the c direction and have a 

flat aspect. 

 

   

 

 

 

 

 

a)                                                                        b)  

 

         Fig. 3.7. Variation of a) grain size and b) stain with the composition for the Fe 

series. Red points represent values measured along the c* axis and black points represent 

average values. 
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         The strain does not vary significantly with the composition but remains nevertheless 

much larger along the (0 0 1) direction than the average value, indicating a strongly 

anisotropic strain with c as the preferred axis. 

         As a conclusion to this study of the microstructure of substituted samples, we have 

shown that substitution at the V site generates planar defects which can be interpreted as 

ferroelectric antiphase domains oriented perpendicular to the c axis. The disorder 

introduced by substitution decreases the coherent domain size, more efficiently for Fe 

than for Ti substitution, without additional change of the structural global strain. 

 

 

              III.2.6. Fe series structure 

 

         Again some small variations in atomic positions are seen and these variations 

appear to show the system slightly shifting towards a cubic structure. Fe does not form an 

equivalent to the short strong vanadyl bond so the average V/Fe-O1 distance increases 

slightly. We observed little change in the vanadium coordination, and a tendency for the 

Fe cations to adopt a less distorted coordination, with longer Fe-O1 bonds. When the 

amount of iron is increased, the quality of refinement becomes somewhat poorer. 

Contrarily to the case of titanium, the substitution is no longer isovalent for Fe and the B 

cation site of the perovskite is now occupied by V4+, V5+ and Fe3+, each with its own 

coordination sphere. 

 

 

              III.3. Raman investigations                      

 

         The local structure of the samples was investigated by Raman spectroscopy. The 

data were collected for four representative samples, namely PbVO3, and tree substitution 

samples: 25% Ti, 25% Fe and 40% Fe. Figure 3.8 shows the superposition of the Raman 

spectra for these samples. 

         It can be observed that the most active vibrations are those that appear at high 

wavenumbers (about 800 cm-1) which are identified as A1(3TO) respectively A1(3LO) 
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and belong to the B site cation - apical oxygen stretching. Their evolution is marked by 

line (1). Line (2) marks the evolution of the A1(2TO) and by extension A1(2LO) modes, 

associated to the bending of the O-B cation-O bond. 

 

         Fig. 3.8. 

Superposition of the 

Raman spectra for all 4 

samples. Two lines are 

plotted for eye guidance 

and to indicate the 

evolution of the vibration 

modes considered.  

 

 

 

         The vibration modes observed for PbVO3 can be identified by comparison to data 

available for PbTiO3 bulk samples and PbVO3 thin films. The 25% Ti sample presents 

the A1(3TO) and A1(3LO) modes which can be attributed separately to the Ti-O1 and to 

the V-O1 stretching vibrations. It might be inferred that the V-O1 bond is shorter and 

stronger than the Ti-O1 bond (where O1 denotes the apical oxygen) since it appears at 

higher wavenumbers. This result is consistent with observations based on diffraction 

experiments. For the iron substitution samples there is a convolution of the A1(3TO) and 

A1(3LO) which generates a single broad peak cantered at about 842 cm-1. The widening 

of the peak could be explained by the fact that the sample contains 3 different cations at 

the same crystallographic place (V4+, V5+, Fe3+), each cation forming a different bond 

hence generating a different peak at a slightly different wavenumber. What is observed is 

the convolution of those peaks. The peaks at high wavenumbers (about 800 cm-1) are 

displaced towards lower wavenumbers as the substitution degree increases. This suggests 

the weakening of the average B site cation - apical oxygen bond and is clearly observed 

between the samples containing 25% Fe and 40% Fe. This effect is consistent with results 

obtained from XRD / NPD experiments.           
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              Chapter IV. Magnetic characterization   

 

              IV.1. Magnetic properties of PbVO3 

 

         Magnetic measurements were conducted in a SQUID type magnetometer, in the 

temperature range of 2 to 350 K and in magnetic fields ranging from 100 Oe to 5 Tesla.  

         The magnetic susceptibility in function of temperature for PbVO3 was measured 

between 2 K and 350 K. The χ(T) graph for PbVO3 is shown in figure 4.1. The general 

shape of the curve is similar to what has been reported in literature [16,17]. The features 

of the curve are a broad peak at about 180 K and an upturn of the susceptibility at low 

temperatures (T < 50 K). The magnetic signal of PbVO3 is very small. The small value of 

this signal and the shape of the χ(T) curve are explained in literature by 2D AFM models. 

We tested two models, namely the Heisenberg square lattice model (SQL) and the 

frustrated square lattice model (FSL) and observed that both describe reasonably well the 

behaviour of the susceptibility in the high temperature region (200K – 300K, see figure 

4.1). 
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         Fig. 4.1. χ(T) for PbVO3, SQL and FSL fits for the χ(T) data. Black points represent 

the experimental χ(T). The SQL fit is shown by the red line and FSL fit is the blue line. 
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         The SQL model assumes the formation of a long range 2D antiferromagnetic lattice. 

The magnetic susceptibility for this case is described by the subsequent equation [17]:  

 

,where J 

is the exchange integral and χ0 is a diamagnetic component. 

 

         The FSL model considers the formation of a frustrated 2D antiferromagnetic 

structure by also taking into account the interactions with the next nearest neighbour. The 

susceptibility for this case is described by the following equation [26]: 

 

    

 

         Both models returned a value for the exchange interaction of about 218 K.  

         The formation of the 2D lattice is connected to the formation of the vanadyl bond 

between the V4+ cation and the apical oxygen. The V cations are connected by a super-

exchange interaction through the oxygen anion. The nature of this interaction is strongly 

dependent on the V-O distances. The V4+ cation is surrounded by an oxygen octahedron 

but it is shifted from the centre of the octahedron by the strong vanadyl bond. The in 

plane distance (V-O2) is 1.98 Å. The short out of plane distance is 1.64 Å to the apical 

oxygen (V-O1) but the out of plane distance towards the other oxygen anion is 3.03 Å. 

This large distance prevents the formation of the super-exchange interaction 

perpendicular to the (a,b) plane therefore correlations of the V cations are confined to the 

2D system. On the other hand it has been shown by Uratani [27] that the 1d electron of V 

occupies the dxy orbital which is parallel to the V-O2 layers this constituting a second 

reason for which the system is expected to be two dimensional.  
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              IV.2. Magnetic properties of the Ti substitution series 

 

         When the vanadium from PbVO3 was substituted by titanium it was observed that 

the system becomes paramagnetic and the magnetism of PbVO3 becomes progressively 

diluted. Figure 4.2 shows a zoom on the curves of the magnetic susceptibility of 3 

samples from the Ti series, namely PbVO3, PbV0.9Ti0.1O3 (10% Ti) and PbV0.5Ti0.5O3 

(50% Ti). The susceptibility of the latter presents an increase of value with the decreasing 

temperature which is typical for a paramagnet (figure 4.2b shows the entire susceptibility 

curve for the 50% Ti sample).      

 

         Fig. 4.2. a) χ(T) for PbVO3 sample  and for the samples containing the 10% Ti and 

50% Ti substitutions. A broad peak can be observed on the susceptibility of the 10% Ti 

sample, while the same peak disappears for the 50% Ti sample, b) entire χ(T) curve for 

PbV0.5Ti0.5O3. 

 

         The sample with 10% Ti is interesting because it still presents the very broad peak 

in susceptibility of PbVO3, centred at about 170 K, which marks the presence of 2D AFM 

correlations, but it also shows an increase of the susceptibility with the decreasing 

temperature, which defines a paramagnet. This places the sample between the magnetic 

behaviour of PbVO3 and the paramagnetism of the samples with higher degrees of 

substitution and highlights the dilution of the magnetism of the parent compound, PbVO3. 

The same effect is observed from the reduction of the overall magnetic moment with the 
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increase of the substitution (figure 4.3). The experimental moment is calculated from the 

slope of the 1/χ(T) plot. This moment is compared with the estimated theoretic moment, 

assuming a magnetic moment of µ = 1.73 µB for the vanadium ions. 
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         Fig. 4.3. Observed and calculated effective moments for the samples in the Ti 

series.  

 

 

              IV.3. Magnetic properties of the Fe substitution series            

 

         In the case of the iron substitution a magnetic transition is visible in the samples in 

the difference between zero field cooled (ZFC) and field cooled (FC) measurements (see 

figure 4.4). 

 

 

         Fig. 4.4. ZFC-FC split for 

PbV0.9Fe0.1O3. 
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         In the M(H) measurements a magnetic hysteresis is observed at low temperatures 

(2K). This indicates the presence of ferromagnetic interactions, even though the 

hysteresis is very narrow, see figure 4.5.        

           

 

 

         Fig. 4.5. Magnetic hysteresis for PbV0.6Fe0.4O3. Notice in the centre of the curve the 

difference between the first magnetization path and the return to zero field path. 

 

         All the iron doped samples present the ZFC-FC splitting. The temperature of the 

magnetic transition (identified from the χ(T) curves) increases with the iron 

concentration, see figures 4.6 and 4.7. For clarity only 5 samples are selected for showing 

the presence of a magnetic transition in the Fe series. The representation is stopped at 

40% Fe substitution because that is the last step before reaching the cubic phase, as 

discussed in the previous chapter. Figure 4.6 shows the ZFC curves for representative 

samples from the Fe series. 
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         Fig. 4.6. Magnetic transition in iron doped samples. 

 

         Figure 4.7 shows the increase of the χ(T) transition temperature with the Fe content. 

The value for the transition temperature is calculated from the first derivative of the χ(T) 

curve. 

 

         Fig. 4.7. The variation of the transition temperature in function of composition. 

  

         On the same samples, the plot of the inverse susceptibility in function of 

temperature indicates the presence of antiferromagnetic interactions. This is observed 

from the fact that the extension of the linear region of the plot intersects the x axis in the 
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domain of negative temperatures. Figure 4.8 shows the plot of the inverse susceptibility 

in function of temperature for the samples discussed above. 
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         Fig. 4.8. 1/χ vs T plot for the Fe series. Lines extended from linear regions of the 

1/χ graphs are traced and found to intersect the temperature axis in negative side.  

          

         The effective magnetic moment was calculated from the slope of the 1/χ plot for all 

the sample of the PbV1-xFexO3 system for which x ≤ 0.5. The calculation was performed 

on the high temperature domain (200 - 300 K). 

         The magnetic moment per unit cell obtained from the fit shows the tendency to 

increase as more iron is introduced into the sample and varies linearly with the 

composition. The theoretic effective moment was found to approach the experimental 

values when it is calculated assuming the moments for the V4+ and for Fe3+ as µV = 1.73 

µB and µFe = 4.79 µB respectively and considering that each Fe3+ ion introduced in the 

sample replaces two V4+ ions (see the XAS results). 

         Figure 4.9 shows the evolution of the magnetic moment with the iron content. 
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         Fig. 4.9. Magnetic moment 

in function of composition, 

calculated from the Curie Weiss 

law fit of the experimental data. 

 

 

 

 

 

 

 

         The magnetic moment of the Fe3+ cation is expected to be µFe = 5.92 µB assuming 

the relation for the spin only contribution µeff = g√S(S+1) for S = 5/2. However better 

results are obtained assuming a magnetic moment of the Fe cation of only µFe ≈ 4.8 µB 

instead of the expected 5.92 µB. The reason for this discrepancy could reside in the fact 

that the Curie-Weiss fit was performed in a region that was not far enough from the 

transition temperature so the sample did not had a purely paramagnetic behaviour yet and 

some antiferromagnetic correlations of the Fe3+ moments were still present. Their 

presence could be responsible for the decrease of the magnetic moment of the Fe3+ 

cation. 

 

 

              IV.4. Testing for spin glass behaviour      

 

         The type of magnetic structure was investigated by neutron powder diffraction 

(NPD). However, NPD patterns revealed neither extra magnetic peaks nor any change of 

intensity at the crystallographic peaks when the system was cooled below the temperature 

of the magnetic transition detected by susceptibility measurements. Specific heat 

measurements on the same temperature range also revealed no transition. These results 

could indicate the absence of any long range ordering. Short range ordering could exist 
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however, leading to the formation of a spin glass system. This scenario is supported by 

a.c. susceptibility measurements. The real part of the susceptibility presents a maximum 

and that maximum is shifted to higher temperatures with the increase of the frequency 

(see figure 4.10). This behaviour is characteristic for a spin glass or cluster glass system. 

 

 

         Fig. 4.10. χ’(T) for 

PbV0.6Fe0.4O3 collected at 3 

different frequencies. The 

signal is affected by electronic 

noise at higher frequencies so 

for these measurements 

Gaussian fit curves are drawn 

to guide the eyes. 

 

 

 

 

              IV.5. Study of local magnetic interactions by EPR spectroscopy 

 

         EPR measurements were performed on the same four representative samples 

(PbVO3, 25%Ti, 25%Fe and 40% Fe). The data were collected from RT to 110 K.  

         For PbVO3 the EPR results in function of temperature are consistent with the 

presence of V4+ paramagnetic ions in a square–pyramidal C4v coordination (with 

hyperfine coupling constants A|| and A⊥). The evolution of the hyperfine coupling 

constants function of temperature is in agreement with the small increase of unit cell 

height c with increase of the temperature. This result was also obtained from XRD. 

         For the 25% Ti sample a sharp variation of the EPR parameters with the 

temperature is observed. This variation is consistent with the presence of short range 

magnetic order, confined to distinct spatial regions. Also, the variation is consistent with 

magnetic susceptibility results. 
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         For the iron substitution samples the resonance spectra exhibit a broad line, centred 

on g=2 due to the spin of the Fe3+ ions. For the 25% Fe sample, an additional resonance 

mode situated around g=4.2 was evidenced. It is attributed of the presence of Fe3+
 ions on 

a tetrahedral environment with a strong rhombic distortion. For the 40% Fe sample a 

hyperfine structure is observed, overlapping the absorption spectrum of the Fe3+ ions. 

This hyperfine structure is attributed to the presence of V4+ ions. The EPR line intensity 

was observed to decrease with the temperature. The decrease of EPR line intensity 

suggests the increase of the number of antiferromagnetic pairs Fe3+-Fe3+. 

         Figure 4.11 shows the EPR spectra for the samples discussed above. 

 

 

 

 

 

 

 

 

 

a)                                                                                  b) 

 

 

 

  

   

 

 

 

c)                                                                                  d) 

 

         Fig. 4.11. EPR spectra for PbVO3 (a), 25% Ti (b), 25% Fe(c) and 40% Fe (d). 
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              IV.6. Electrical resistivity, dielectric constant and polarization  

 

         Electrical resistivity was measured by the 2 contacts method on PbVO3 single 

crystals. Measurements of dielectric constant, εr, were performed on a small piece of 

sintered powder with the composition containing 40% Fe (PbV0.6Fe0.4O3). The impedance 

of the sample is measured and the sample is modelled with a parallel RC circuit. The 

capacitance of the sample is returned by the impedance meter. Polarization measurements 

were attempted on a PbVO3 single crystal using a Sawyer-Tower circuit. 

         The ρ(T) measurement revealed a semiconductor behaviour with the resistivity 

increasing exponentially with the decrease of temperature. Figure 4.12 shows the ρ(T) 

graph (a) and the logarithmic plot of the resistivity measurement (b). 
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a)                                                                             b) 

         Fig. 4.12. a) ρ(T) for PbVO3, b) ln(ρ(T)) for the same sample. The dots represent 

the experimental points and the lines represent the corresponding fits. 

 

         The value of the gap energy calculated from these plots is estimated at Eg = 0.25(1) 

eV for the ρ(T) fit and Eg = 0.28(8) eV from the logarithmic plot.  

         Dielectric constant measurements were performed for the PbV0.6Fe0.4O3 sample. 

Figure 4.13 shows the variations of the dielectric constant of the sample and the tanδ with 

the temperature for 3 different frequencies.  
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a)                                                                        b) 

         Fig. 4.13. a) Variation of the dielectric constant εr with the temperature for the 40% 

Fe sample, b) variation of tanδ with the temperature for the same sample. These 

measurements were conducted at the frequencies of 1 kHz, 10 kHz and 100 kHz 

respectively.     

 

         A board peak can be observed in the graph of tanδ and the position of the peak shift 

towards higher temperatures as the frequency of the measure is increased. This is a 

typical behaviour of a ferroelectric relaxor. By contrast, for a normal ferroelectric the 

tanδ presents a sharp peak at a temperature that is independent of the frequency 

measurement [28, 29]. Relaxor ferroelectrics are the equivalents of the magnetic spin 

glasses. Cross [29] proposed a model which explains the frequency response of the 

ferroelectric relaxors. The model supposes that the small size of the polar domains of a 

relaxor (several tens of nanometres) causes these domains to behave like 

superparaelectric domains by equivalence to the superparamagnetic domains from 

magnetism. Each domain has its own return frequency fR. The frequency dependence 

becomes:  

fR = f0 * exp(-EA/KBT) where EA is the activation energy.  

         For the 40% Fe sample the values for the activation energy and relaxation time 

were EA = 0.0522(1) eV and τ0 ≈ 2.89*10-8 s which is consistent with the values expected 

for a ferroelectric relaxor (EA between 0.05 and 0.075 eV and τ0 between 5*10-13 and 

7*10-6 s) [30].  
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         The transformation of the system from a true ferroelectric material (PbVO3) to a 

ferroelectric relaxor with the substitution of vanadium with iron can be explained by the 

disordered induced as a result of the substitution. The perovskite relaxors are almost 

always disordered crystals which contain some substitution (isolavent or not) at the B site 

cation. Also the presence of mixed valence states appears to favour the formation of a 

relaxor ferroelectric. Pb(V1-xFex)O3 (for x<0.5) contains 3 different cations at the B site, 

namely V4+, V5+ and Fe3+ all presenting close ionic radii (0.53 Å for V4+, 0.46 Å for V5+, 

0.58 Å for Fe3+). The small differences of ionic radii could favour a random distribution 

of the cations which tends to reduce the tendency for long range ordering, possibly by a 

similar phenomenon as the one observed on Sr2FeTiO6 [30]. SEM images reveal the 

presence of ferroelectric domains (in the Fe substitution samples) which are limited to a 

few tens of nanometres. This is another characteristic of ferroelectric relaxors.           

         Polarization measurements were attempted on a PbVO3 single crystal. The result is 

shown in figure 4.14. The circuit was driven by a step up transformer that could output a 

voltage of about 1000 V. The length of the crystal was approximately 500 µm so the 

order of magnitude of the electric field applied had an intensity of about 2.106 V/m, far 

below the predicted 1.109 V/m field supposedly required to reach the saturation of the 

sample.  

 

         Fig. 4.14. 

Polarization 

hysteresis for PbVO3. 

The measurement is 

made at RT with a 

frequency of the 

applied AC signal of 

150 Hz.  
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         On the above figure Ch1 (channel 1) is the voltage measured on the contacts to the 

sample and Ch2 is the voltage measured across the reference capacitor.     

       A hysteresis in the polarization can be observed. However the value of saturation 

polarization of PbVO3 could not be reached and reasonable values for the applied field 

and electrical polarization could not be extracted from the raw signal, because of 

electronic equipment failure.    

 

 

              Conclusions 

 

         1. Synthesis and chemical characterization: 

         Solid state reaction under HP-HT conditions (6 GPa and 950°C), and the 

hydrothermal method under HP-HT lead to practically single phase bulk PbVO3 and 

PbV1-xMxO3 (with M = Ti, Fe) compounds and PbVO3 single crystals, respectively.    

         EDX method confirmed the nominal chemical composition of samples. 

         The knowledge of the oxidation states of V, M = Ti and Fe in PbV1-xMxO3 is 

important for the explanation of the structural and magnetic properties of the samples.   

XAS investigations show that the partial substitution with Ti is isovalent (in Ti 

substituted samples Vanadium is 4+ oxidized), but the substitution with Fe is not 

isovalent (for the substitution sample with x=25 % at. Fe a mixture of V4+ and V5+ was 

evidenced). 

 

         2. Structure: 

         XRD data and a combination of XRD and NPD data led to a refined structure of 

samples.    

         X-Ray diffraction (XRD) data show that PbVO3 sample crystallizes on the 

tetragonal space group P4mm with the lattice parameters a = 3.79 Å and c = 4.66 Å. 

         After the isovalent substitution (V with Ti), the samples maintain the tetragonal 

symmetry for all the Ti concentrations. 
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         The non-isovalent substitution (V with Fe) lead to the decrease of the tetragonality 

structure by increasing x, and above x=50% Fe substitution of V a new cubic phase 

appears.     

         By using anisotropic broadening of the Bragg peaks (observed for all samples) the 

uniaxial strain and size effects were calculated. The crystallites are compressed and 

subjected to strain along the c* direction. The strain effects are related to the presence of 

ferroelectric domains. The size effects were attributed to the reduced dimensions of 

coherent X-ray diffraction domains and to the increase of the number of defects. 

Vanadium establishes a short vanadyl bond which places it on an off-centre distorted, 5 

fold coordination, but Ti and Fe do not form an equivalent bond and hence tend to adopt 

a less distorted coordination. 

 

         3. Magnetic and dielectric properties: 

         The broad maximum of magnetic susceptibility vs. temperature for PbVO3 and for 

sample with x=10% Ti is typical for 2D spin systems and the upturn at low temperatures 

is ascribed to the paramagnetic contribution of impurities and defects. The broad peak of 

the magnetic susceptibility curve is resonably fitted by the frustrated square lattice model 

(FSL).   

         In samples with Ti, the temperature dependence of the magnetic susceptibility is 

well fitted by using two contributions from 2D AFM model and from paramagnetic 

Curie-Weiss, respectively. 

         The fitting parameters (the decrease of the effective moment and Weiss temperature 

with increasing Ti content) reveal a decrease of the interactions between the magnetic 

moments, which is consistent with the dilution of magnetic moments.  

         The effect of partial substitution of V with Fe in Pb(V1-xFex)O3 samples is the 

occurrence of both AFM and FM interactions (from temperature dependence of magnetic 

susceptibility measurements and the hysteresis in magnetisation curve). Specific heat 

measurements and NPD reveal no transition of any type. This suggests the formation of a 

spin glass system. The DC and AC susceptibility results also support the spin glass 

model. The formation of a spin glass system is explained by the disorder induced at the B 

site cation and by the different types of interactions between the magnetic cations.         
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The electrical resistivity for PbVO3 single crystals yields a semiconductor behaviour with 

a gap energy of EA = 0.25 - 0.29 eV. 

         An electric polarization hysteresis was evidenced for PbVO3 single crystals 

confirming the ferroelectric nature of PbVO3. However, the saturation value could not be 

reached.  

         For the PbV0.6Fe0.4O3 compound measurements of dielectric constant indicate that 

the sample is a ferroelectric relaxor. The onset of the ferroelectric relaxor properties can 

be explained by inhomogeneities and local structural fluctuations which are caused by the 

disorder of the B site cations.   
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