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1 Introduction 
 

 

 

 

 

 

 

In recent years, the scientific community focused on the study of new 

multifunctional materials, in which the simultaneous presence of different 

functionalities can make a compound useful to fabricate a single device able to 

handle several tasks. In this framework the multiferroics material, especially the 

magneto-electric systems, have a special place.   

In this type of systems the symmetry constrains, dictated from the 

magnetic point group, play an essential role regulating all the physical properties 

and in particular the magneto-electrical coupling in the system. In fact, the 

Neumann's principle says that, “the symmetry elements of any physical property 

of a crystal must include all the symmetry elements of the point group of the 

crystal”.1 This brings up the importance of the determination of the magnetic 

symmetry in this type of compounds. However, except some excellent examples 

reported in the literature, the problem is very often underestimated, or even 

neglected.  

This PhD thesis presents the study of a double perovskite system, 

Pb2(Mn,Co)WO6, that revealed a complex and quite interesting magneto-electric 

multiferroic character. The study is based on the accurate analysis of the 

magnetic symmetry that, joined with a comprehensive physical characterization, 

allows defining in detail the complicated picture of the system properties. The 
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magnetic symmetry analysis of these compounds was performed taking 

advantage of the “coloured” superspace formalism. Starting from the analysis of 

the nuclear incommensurate modulated phases, the superspace formalism was 

extended to the magnetic structure. Thanks to the Jana2006 software, the 

formalism was straightforwardly applied to the symmetry analysis of the 

commensurate and incommensurate magnetic structures found in the system. 

The “coloured” superspace formalism is based on the knowledge of the magnetic 

point groups (Shubnikov groups) and on the introduction of additional 

dimensions to define incommensurate periodical distortions of spin 

arrangements throughout the magnetic lattice. The refinement of selected 

parameters related to the magnetic symmetry expressed in an n-dimensional 

space efficiently determines the solution of the magnetic modulation. The great 

potential of this method lies in the explicit knowledge of the magnetic and 

nuclear symmetry of the materials (as stated by the Neumann principle) and in 

the full exploitation of the symmetry constrains in defining the tensor properties 

of the system. This assumes a fundamental importance in the characterization of 

magneto-electric multiferroics, as shown by the study of the Pb2(Mn,Co)WO6 

system, in which  the generalized use of the superspace formalism demonstrated 

to be able to define the possible physical properties of the system. This happened 

even in presence of commensurate structures, whose description could be 

accomplished also with conventional tools of structure analysis. However, even 

in these cases, the superspace approach demonstrates to be the most efficient in 

offering an easy interpretation of the commensurate-incommensurate phase 

transitions. 
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2 State of the Art 
 

 

 

 

 

 

 

2.1 Double perovskites 

 

2.1.1 Crystal structure 

 

The perovskite structure is one of the most common structural 

prototypes for complex metal oxides in nature, thanks to an unusual lattice 

flexibility that can allow, trough small distortion, to host different cations with 

different size and charge. The ideal perovskite structure, ABX3, has cubic 

symmetry Pm-3m, with the “small” B site cation located in octahedral 

coordination polyhedra generated by the X anion. The BX6 octahedra form a 

corner-sharing framework, whose voids are filled by the larger 12-coordinated A 

cations. Beside the dimensional control offered by the size of the B and X ions, 

the possibility to tilt cooperatively the octahedral framework represents an 

additional degree of freedom that increases the flexibility of the structure in 

hosting cations with different size and functionality. Moreover the BX6 

octahedra itself can be furthermore distorted via Jahn-Teller effect or 

ferroelectric instabilities. The distortion of the BX6 framework requires a 

progressive symmetry reduction, from the cubic prototype down to monoclinic. 
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By taking into account only the tilt of the octahedra and by applying group 

theory, the possible isotropy subgroups are 151 and correspond to the possible 

tilting schemes described by Glazer.2 Because of this structural flexibility it is 

not surprising that compounds with perovskite structure exhibit a wide range of 

electric and magnetic proprieties, going from insulating materials to 

superconductors,3 from spin polarized4 to ionic conductors,5 from ferromagnetic6 

to magnetic frustrated compounds,7 from ferroelectric8 to piezoelectric system.8 

Some of the previous properties are simultaneously shown in perovskite 

systems, allowing new interesting states like multiferroicity.9   

Generally, the best chemical way to change the physical properties of a 

material is the partial substitution of the cations in the structure. In the case of 

perovskites, the substitution can affect both the A and B sites; recently, the 

attention of the scientific community was focused on systems where half of the 

B site cations are substituted by another atom. Two situations are possible in this 

case: a) the two cations are randomly distributed on the B site of the lattice, that 

keeps the simple perovskite structure; b) the two cations are perfectly ordered, 

giving rise to a double perovskite structure usually indicated as A2BB'X6. The 

ordering of different cations in the B site drives the symmetry of the system and 

represents a new degree of freedom in the engineering of the properties. 

Three types of cationic ordering are theoretically possible in double 

perovskites and are shown in figure 2-1. Generally the B site orders in a rock-

salt type arrangement in which each B cation is surrounded by six B'; the 

prototype structure is called elpasolite and refers to the mineral K2NaAlF6.  A 

layered structure, where the B and B' cations alternate in one direction, is also 

possible; this case is typical of some copper compounds, in which a structure 

organized in layers of elongated and undistorted octahedra allows to 

accommodate the strong Jahn-Teller effect.10 Finally, very rarely, the B site 

orders in a columnar way, but this type of order was observed only when also 

the A site is occupied by two species.11 Because of the rarity of the last two 
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types of ordering, only the rock-salt type one will be taken into account in this 

thesis. 

  

 
Figure 2-1  Possible types of cationic order in the B site of the A2BB'X6 double perovskite 

system: a) rock-salt type, b) layered, c) columnar. 

 

The main driving force for ordering is the difference in the oxidation 

state of the two cations.12 By considering two species B and B' with a high 

charge difference, the minimization of the electrostatic repulsion would lead to 

hinder the proximity of cations with the highest charge. In a more formal way, 

the Madelung energy of an order lattice increases proportionally with the B site 

charge difference. When this energy overcomes the entropic term in determining 

the free energy of the system, the structure becomes ordered. The ordering is 

also influenced by the difference of the ionic radii of the two cations, since a 

regular arrangement of the structure is better realized by alternating smaller and 

larger atoms, instead to put them randomly. Other but less important factors are, 

for the oxides, the oxygen content and the covalence of the B-O bond, especially 

in presence of atoms of the XV and XVI groups like Sb5+ or Te6+.12 

As any real material, also ordered double perovskites contain by entropic 

reasons defects that can influence the system proprieties. The most interesting 

are the ones that interrupt the B site order leading to anti-site defects that can 

extend to anti-phase boundaries, separating two domains in which the B and B' 

sub-lattices are inverted. These types of defects, generating planes characterized 
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by B-O-B and B'-O-B' exchange paths, can affect significantly the magnetic 

properties of the system.  

The ordering of the B site implies a symmetry reduction with respect to 

the simple perovskite and the final space group is constrained by the type of 

ordering and the bonding geometries dictated by the A, B, and B' species. Since 

the rock-salt one is the most common type of ordering, in this section we will 

focus on it. The undistorted A2BB'X6 structure has cubic Fm-3m symmetry and 

the cell is related to the simple perovskite by the doubling of the lattice 

parameters. As in case of the simple perovskite, the tilt of the octahedral 

framework is the most common distortion of the double structures and, by the 

group analysis conducted by Howard et al.,13 it leads to twelve possible space 

groups. This symmetry analysis does not take into account other types of 

distortion generated by single ion properties, like second order Jahn-Teller effect 

or bond covalence. For example, when the A site of the perovskite is occupied 

by Pb2+ or Bi3+, the strong stereoactivity of this ions, due to the hybridization of 

the 6s2 doublet with the oxygen p-states, can distort the oxygen lattice, further 

reducing the symmetry and influencing even the B site octahedra. Moreover, in 

literature are present some examples in which the presence of a p-element in the 

B site of the perovskite induce more produced lattice distortions.12 Generally all 

these distortions further reduce the symmetry of the system, inducing in some 

cases ferroic orders like (anti)-ferroelectricity or piezoelectricity. 

The correct assignment of the space group for the double perovskite 

systems is a crucial point in the study of these compounds, since all the physical 

properties of the systems are constrained by the point group symmetry (e.g. 

ferroic proprieties). However, this is often quite complex. As shown earlier, the 

symmetry is influenced by a series of lattice distortions that are generally related 

one to another. Furthermore these structural distortions are quite small and 

masked by strong pseudo-symmetry effect.14-16 The correct indexing of the 

powder pattern could be very tricky in these conditions and the unit cell 

parameters cannot indicate, alone, the correct symmetry of the lattice since that 
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is contained in the reflection intensities. Unfortunately some cases exist, where 

different space groups can explain the same powder diffraction pattern, in 

particular in presence of strong peak overlap or weakness of superstructure 

reflection.17 Furthermore, different type of distortions, arising from cationic 

order, tilt and A-site distortion, can influence the intensity of the same 

reflections, making the structure solution from powder data very complicated.12, 

14, 15, 18 The problem could be solved by the analysis of single crystal diffraction 

data. However, in several cases, the presence of pseudo symmetry and/or the 

crossing of phase transitions during the preparation procedure influence the 

crystal growth, giving rise to intrinsically twinned crystals that complicate the 

data analysis.  

An accurate symmetry analysis by diffraction data is undoubtedly 

facilitated by the simultaneous use of different radiations and techniques. The 

use of synchrotron radiation increase the contribution of the heavy metals, being 

the atomic scattering factors for X-ray proportional to the atomic number Z, 

whereas neutron diffraction can improve the contrast of light atoms and electron 

diffraction can enhance the intensity of superstructure or satellite reflections. 

Moreover, additional symmetry information can be supplied by the analysis of 

the physical proprieties of the system, when the presence of anisotropy or ferroic 

proprieties implies the break of the spatial inversion centre.  

 

2.1.2 Electric and magnetic proprieties of double perovskite 

 

The electric properties of the A2BB'X6 compounds are mainly driven by 

the choice of the B cations. The wide range of electric properties observed for 

the double perovskites, ranging from metallic to insulating materials, is due to 

the possibility to combine 3d, 4d, 5d and even 4f transition metals with different 

oxidation states. Most of the compounds show insulating to semiconductor 

behaviour, with conduction mechanisms ranging from thermally activated to 

small-polaron hopping, to Mott variable-range hopping. Some A2BB’X6 
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compounds show metallic behaviour with spin-polarized electron conduction. 

The prototype compound and probably the most studied one is Sr2FeMoO6,19, 20 

that is a ferrimagnetic, half-metallic compound at RT and shows a tunnelling 

negative magnetoresistive (TMR) effect even at RT and for low magnetic field, 

which is very interesting for application. The TMR effect and the half metallic 

character are strongly related; the overlap between the d-states of the transition 

metals and the oxygen p-states give rise to a conduction down-spin band. The 

TMR effect is generated by the tunnelling of the carriers between the different 

grains of the ceramic sample; indeed no TMR effect was detected in single 

crystal samples.21  

Insulating compounds can be used as dielectrics when they present high 

values of the dielectric constant, low losses and good thermal stability. Different 

double perovskite systems show very high (in some cases even colossal)22, 23 

values of the dielectric constant, but in most of the cases the dielectric losses and 

the thermal stability are not suitable for the application. Nevertheless, the 

possibility of fine-tuning of the proprieties, offered by the cationic substitution, 

could open new possibilities for application.  

Ferroelectric compounds are very interesting in electronics, in particular 

for the development of non-volatile memories, like Ferroelectric Random 

Access Memory (FeRAM), for which the stored information is the sign of the 

electrical polarization. For this application some perovskites, for example the 

lead zirconium titanate PZT, 24 have been quite used. The ferroelectric ordering 

is mainly due to polarizabilities of the atoms and to the second order Jahn-Teller 

effect. For example, in the case of PZT, the d0 cations in the B site (Ti4+ and 

Zr4+) are shifted from the centre of the coordination octahedron and, joined with 

the high polarizabilities of the lead ions, generate the ferroelectric properties. In 

the frame of the double perovskites, the lead-based systems Pb2BB'O6 gained a 

lot of attention.25-32 These compounds usually exhibit high transition 

temperatures, well above RT, ascribed to antiferroelectric ordering. The degree 

of ordering of the B site strongly influences the ferroelectric properties. In fact 
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disordered samples show relaxor behaviour,29-31 whereas highly ordered samples 

exhibit classical antiferroelectric proprieties.27-28 

 As for the electronic proprieties, the magnetism in double perovskites is 

quite complex and various. Thanks to the flexibility of the perovskite structure, 

different combinations of paramagnetic cations on the A and B sites induce 

magnetic ground states ranging from classical antiferromagnetic32, 27 to 

ferromagnetic33 arrangements, passing thought ferrimagnetic34 and glassy 

states.35 Given the dual nature of the perovskite lattice, the super-exchange 

topology is rather complex. When a single paramagnetic atom occupy the B site, 

like in the A2BWO6 systems, there are two possible super-exchange paths that 

link the magnetic atoms: the 90° nearest neighbour (90NN) path and the 180° 

next nearest neighbour (180NNN) path, highlighted in figure 2-2. The relative 

intensity of these two interactions is quite complex to define; in most cases these 

interactions are of the same order of magnitude and are, usually, in competition 

giving a frustrated character to the system. In an ideal cubic double perovskite 

the paramagnetic ions form an edge-sharing tetrahedral lattice; by considering 

only the 90NN antiferromagnetic interaction, this lead to a geometrical 

frustration,35 which however may be removed by the 180NNN interaction or via 

a spin driven Jahn-Teller effect like in pyrochlore systems.36  

In the case of two paramagnetic atoms in the B and B' sites the situation 

is more similar to the single perovskite system. Every B atoms is surrounded by 

six B' near neighbour and the most short exchange path is the B-O-B' exchange 

interaction. This interaction is usually the strongest one, but depending on the 

relative energy of the B and B' orbitals, the overlap could be weak, so that the B-

O-B'-O-B interaction may become competitive or even stronger. Anyhow, the 

possibility to insert in an ordered way two different d metals in the structure, 

allows achieving different types of interactions. Usually insulating oxide with 

perovskite structure are antiferromagnetic due to the Goodenough37-Kanamori38 

rules that indicate ferromagnetic interactions only with combination of half-

filled with empty or full orbitals. This combination of orbitals is not possible in 
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stoichiometric perovskite with a unique B site cation and ferromagnetism in 

these compounds is due to itinerant electrons or double exchange interactions.  

 

 
Figure 2-2  Projection of an ordered double perovskite octahedral network; 90° nearest 

neighbour (90NN) and 180° next nearest neighbour (180NNN) exchange paths are 

evidenced in green and blue respectively. 

 

The itinerant electrons are quite important also in double perovskites, in 

particular for what concerns the half-metallic compounds. These systems show 

ferri-magnetic order34 with high transition temperature well above RT. In 

Sr2FeMoO6,19 for example, the iron atoms order ferromagnetically; the same do 

also the Mo atoms, but with a moment that is reduced with respect to the 

expected value of 1µB.
34 Band calculation indicates that the polarised conduction 
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band is formed principally by the Mo d1 band10 and the itinerant character of this 

electron induces the strong FM coupling of the iron lattice. 20 

The magnetic properties of the system are also strongly influenced by 

the nature of the A site cation. A first general effect is produced by the lattice 

distortion induced by the size of the cation, a small ion inducing a tilting of the 

octahedral network changing the overlap between the B cation and the oxygen 

orbitals. Another interesting effect was noted by Raevski et al. on the solid 

solution Pb1−xBaxFe1/2Nb1/2O3,39 where the magnetic transition temperature drops 

from 120 K to almost 50 K at x = 0.2. It was hypothesized that the presence on 

the A site of lead atoms induce a new super-exchange interaction between the 

magnetic atoms, via the strong hybridization of the lead 6s2 orbitals with the 

oxygen p states, that is perturbed by the Ba substitution. 

 In conclusion, double perovskites show a wide range of electric and 

magnetic proprieties that, in some cases, can be simultaneously present in the 

system. The possibilities to obtain in the same phase magnetic and electric 

properties, joined to the possibility to their fine tuning by chemical substitution, 

makes the double perovskites good candidates to multiferroism. Nevertheless, 

few works are present in literature concerning the study of multiferroics 

materials with double perovskite structure and in particular the study of the 

coupling between the different ferroic ordering in these structures. 

 

2.1.3 Multiferroics 

 

Hans Schmid gave the first definition of multiferroic materials in 1994 

as "… materials, in which two or all three of the properties ‘ferroelectricity.’ 

‘ferromagnetism’ and ‘ferroelasticity’ occur simultaneously in the same phase, 

and in which the magnetic point group has been reliably established by 

magnetoelectric, optical, dielectric, magnetic and related studies on single 

crystals and single domains…"40 Nowadays the definition takes into account all 

the long range ordering, like antiferromagnetism, ferrimagnetism etc… , but 
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some authors in the field define multiferroics only the systems that display a 

coupling between the ferroic orders. Very interesting are the magnetoelectric 

multiferroic systems, which allows in principle an electrical control of the 

magnetization and vice versa, even if a strong coupling between the orders is 

required for technological application. Such materials could open a new type of 

information technology in which the information could be storage by magnetic 

and electric polarization giving rise to a four-state41 or even eight-stage logic,42 

or surpass the limitation of the current memory technology like reading and 

writing times, exploiting the magneto-electric effect. For these reasons the 

publication and the citation in the field are increasing since 2003 (Figure 2-3), 

year in which Kimura et al.42 show the magnetic control of the electric 

polarization in a TbMnO3 single crystal. 

 

 
Figure 2-3  Number of publications and citations of paper with topic “multiferroic” from “ISI-

web of science”44 

 

The definition suggested by Schimid in the ’90 is quite restrictive and 

point out the importance of the knowledge of the magnetic point group and of its 

“reliably” in the study of multiferroics materials. The difficulty in obtaining 

single-phase multiferroic materials is related to the strong symmetry constrains 

required by both ferroic orders. On one side the presence of ferroelectricity 

requires the absence in the point group of the inversion centre, reducing the 
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possible point group from 32 to 21. However, the lack of the symmetry inversion 

centre is not a sufficient condition to obtain ferroelectric materials. In fact, the 

spontaneous polarization in a ferroelectric material must be inverted by the 

application of an external electric field. This reflects on the point group of the 

system, that must be polar, limiting the choice to 10 point group: 1, 2, m, mm2, 

4, 4mm, 3, 3m, 6, 6mm. On the other side, the magnetic order requires by 

definition the breaking of the time-inversion symmetry. The combination 

between the crystallographic space groups and the time inversion symmetry 

operation generate the so-called magnetic space groups that will be described in 

detail in the next chapter. Furthermore it was shown by Hill that the two-ferroic 

orders try to mutually exclude each other.45 The ferroelectric proprieties in 

transition metal oxide materials are generally attributed to a formation of 

covalent bond that induces displacement of the metal from the centre of the 

coordination polyhedral. This instability requires usually a d0 metal, like Ti4+ in 

BaTiO3. On the contrary the magnetic properties are generated by un-paired d 

electrons, in contradiction with the requirement for ferroelectric instability.  

The multiferroic magneto-electric materials are generally divided into 

two groups, Type I and II, on the basis of the microscopic origin of the ferroic 

properties. In the Type I multiferroics the electric and magnetic ferroic ordering 

have a different microscopic origin. In particular these materials are proper 

ferroelectric in which the polarization is induced by an off centring of the cations 

in the oxygen coordination polyhedra. This ferroelectric distortion can be driven 

by second order Jahn-Teller effect that induces covalence in the bond between 

the cation and the oxygen atoms, like in case of a d0 metal on the B site, or 

alternatively by a stereoactive role of a lone pair ions like Pb2+ or Bi3+ in the A 

site. A classical example of type I multiferroic is BiFeO3.46 In this compound the 

ferroelectricity is produced by the stereoactive Bi3+ ion and the magnetic 

properties are induced by the iron sublattice.46 In multiferroic Type I materials 

the values of the spontaneous electric and magnetic polarization can be quite 

large, but the coupling is usually very small or even absent, since the two 
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proprieties are generate by different sublattices and the ordering phenomena 

occur at different temperatures.  

Type II compounds are improper ferroelectric in which the spontaneous 

polarization is induced by the magnetic order; this implies a rather strong 

coupling but the absolute value of the spontaneous electric polarization is 

usually too small for applicative purposes. From a symmetry point of view the 

breaking of the time inversion symmetry, required from the magnetic transition, 

induces the breaking also of the inversion centre and allow the establishment of 

a spontaneous magnetic and electric polarization. The mechanisms that can 

induce simultaneously the breaking of the time and spatial inversion symmetry 

can be divided in two classes: symmetric exchange interaction and the anti-

symmetric spin exchange interaction. In the former, observed in collinear 

structures, the spontaneous electrical polarization P is generated by the 

interaction between neighbour spins that induces a striction of the lattice along 

defined directions. The generation of P require of course some restrictions: a) 

the sum on the lattice of the striction effects must differ from zero; b) the 

striction must affect cations with different charge or a tilted polyhedral network, 

so that the induced distortion could create an unbalance between the barycentres 

of cations and anions. The induced P is proportional to the dot product of 

neighbour spins  

 

 

where αi,j is  the exchange striction constant. Some examples of this 

mechanism are supplied by the orthorhombic rare earth perovskites RMnO3 

(R=Ho, Er, Tm)47-49 and some compound of the RMn2O5 series.50-53 The second 

mechanism is based upon the anti-symmetric exchange interactions and is also 

known as inverse Dzyaloshinskii-Moriya (DM) interaction. The DM exchange 

interactions stabilize some types of non-collinear magnetic ordering, like spiral 

or cycloid ordering, that can break the spatial inversion symmetry. The DM 

P∝ αi, j

!
Si ⋅
!
Sj

i, j
∑
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interaction, in oxide, could be expressed as Di, j ⋅
!
Si ×
!
Sj  where Di,j is the 

Dzyaloshinskii-Moriya vector. Di,j  is proportional to 
!x × !ri, j where x is the 

distance of the oxygen atoms from the 180° B-O-B line and ri,j is the distance 

between the two magnetic atoms. Since in spiral magnetic ordering the sign of 

the 
!
Si ×
!
Sj product is the same for all pairs, the DM interaction push all the 

oxygen atoms away in the same direction generating a polarization P 

perpendicular to the propagation vector of the magnetic structure. Some 

interesting examples of this mechanism are for example represented, in case of 

perovskite structures, by TbMnO3 
43 or, in case of other structures, by MnWO4

54 

and CuO55. It is worthy to outline that not all the non-collinear or modulated 

structure can give rise to an electrical polarization. This occurs in particular if 

the expression of the spiral ordering is invariant with respect to the sign change 

of the spatial coordinate, as in case of spin-wave structures, where the magnetic 

order does not break the inversion symmetry.  
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3 Magnetic symmetry and superspace approach 
 

 

 

 

 

 

 

3.1 Introduction 

 

As already pointed out in the previous chapter, the knowledge of the 

magnetic point group has a fundamental importance in the study of multiferroic 

materials, since it constrains the tensor properties of the system. In fact, the 

Neumann principle asserts that the symmetry of a physical property cannot be 

lower than the one of the point group of the crystal. This principle, applied to the 

magneto-electric multiferroics, defines the breaking of both time and spatial 

inversion symmetry as the symmetry requirements for the existence of such 

materials.  

Hereafter, the definition of the time-inversion symmetry and its 

combination with the other symmetry operators leading to the definition of the 

magnetic space groups will be illustrated. The last two sections will describe the 

generalization of the coloured symmetry to the superspace formalism. 
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3.2 Magnetic moment and symmetry operations 

 

The magnetism in transition metal (TM) oxides is due to the un-paired 

electrons in the d-shells. These electrons generate a magnetic moment on the TM 

site and, in first approximation, we can consider the magnetic moment µ as 

generated from spiral electronic current in the orbitals. In this approximation the 

magnetic moment is given by 
!
µ =1 2!r ×

!
i , where r is the radius of the spiral 

and i is the current. In this way the magnetic moment is defined as a classical 

axial vector or pseudo-vector. 

To understand how the symmetry acts on an axial vector we have first to 

divide the classical symmetry operators into two classes: the proper and 

improper operators. The first are operators, which do not change the handiness 

of an object, whereas the latter are operators, like mirror or improper rotations, 

which invert the handiness. The action of a proper symmetry operation on an 

axial vector is the same performed on a polar vector, as well as on any scalar or 

pseudo-scalar quantity. For example, a twofold axis does not invert a polar 

vector and do the same on an axial one (figure 3-1). On the contrary an improper 

twofold axis (i.e. a mirror) acts differently, adding the reversal of the axial 

vector direction. In fact, in figure 3-1, the mirror transforms in clockwise the 

anticlockwise current loop that generates the magnetic moment (axial vector), 

changing of the spin sign. 

This can be mathematically described by taking into account the parity 

of the operator. Let us consider the point symmetry operator described by the R 

matrix; the action of this operator on a polar vector or scalar quantity u is given 

by: 

  
!uj = R

!ui                                                          (1 
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For an axial vector µ, the action of the symmetry operator R depends on 

its parity (i.e. on the sign of the determinant of the R matrix), being: 

 
!
µ j = det[R]R

!
µi                                                       (2 

 

This lead to the reversal of the vector direction for det[R]= -1, i.e. if R is 

an improper symmetry operator. 

 

 
Figure 3-1  Left) effect of a proper rotation on an axial (blue) and polar vector (red). Right) 

action of an improper rotation on the same elements. Note the direction of the 

current in the coil that is reversed by the action of the improper rotation. 

 

When space groups describing the symmetry of magnetic structures are 

concerned, the existence of a group of symmetry that leaves invariant a magnetic 

structure requires an additional symmetry operator that inverts the sign of an 

axial vector. This new symmetry operation, that can be considered an anti-

identity operation, is generally indicated as 1' and it is worthy to underline that it 

acts only on axial vectors, whereas polar vectors as well as scalar or pseudo-
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scalar objects, are invariant upon its action. This operator is necessary, in 

combination with the crystallographic ones, to describe in a comprehensive 

manner all the symmetry operations present in a periodic distribution of axial 

vector quantities. 

In the case of the magnetic moment, the action of 1' is the reversal of the 

spin sign by inverting the direction of the current loop. For this reason, the 1' 

operator is generally called “spin reversal” or “time reversal” operator. The latter 

definition takes into account that the reversal of the time direction induces a 

change of the current loop, producing the spin inversion. 

A space group in which the 1' operator appears by itself is known as 

“paramagnetic” or grey space group, since in this condition magnetic ordering is 

forbidden. In fact, if we consider a magnetic moment vector µ  located on an 

atom, 1' will generate –µ  at the same location, so that there can not be a net 

magnetic moment.  

To obtain magnetic symmetry operations, 1' must be combined with the 

classical symmetry operators. The combination is indicated in the formalism 

{R, ∂|t}, in which R is the rotational (point) part of the operator, ∂= ±1 indicate 

the time inversion sign and t is the translation. The symmetry operator {R, ∂|t} 

transforms an atom in position ri with moment mi to one in rj with moment mj by 

the relations: 

 

{R,δ |
!
t }!ri = R

!ri +
!
t = !rj

{R,δ |
!
t } !mi = δ det[R]R

!mi =
!mj

      (3 

 

Usually a symmetry element that includes the time inversion, i.e. an 

anti-symmetry element, is indicated with a primed symbol. For example the m' 

symbol used in figure 3-2 indicates the combination of the mirror plane with the 

time inversion operators.  
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Figure 3-2  Left) Action of a mirror plane on an axial (blue) and a polar vector (red). Right) 

action of a primed mirror plane of the same objects. Note that the time inversion 

symmetry changes the direction of the time (indicates from the two clocks) and 

change the direction of the current loop respect to the un-primed operator. For the 

polar vector (red) the primed and un-primed operators have the same effect.  

 

3.3 Magnetic (Shubnikov) groups 

 

After defining the magnetic symmetry operations, it is possible to 

construct the magnetic space groups, called Shubnikov groups in honour of 

Alexey Vasilyevich Shubnikov that first studied the anti-symmetry and 

formulated the two colour space groups,1 for which 1' represents the colour 

inversion. The fundamental rule to construct the magnetic space groups is that 

the product of two primed operators must give an un-primed one, for example 

2'•2'=1. By applying this rule, all the magnetic space groups can be generated. 

By considering a classical space group G and defining I a group containing the 

operations {1,1'}, all the magnetic space groups P derived from G are subgroups 

of the direct product G⊗I.  First the G group is itself a magnetic space group, 

called Fedorov group, in which every element is un-primed and all the symmetry 
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operations act on the magnetic moment; the G+G•1' group is the so called grey 

group and is the paramagnetic space group of G. The systematic procedure to 

obtain the other magnetic space groups is a direct consequence of the 

fundamental rule described above. Let us define H as a subgroup of order 2 of 

G. The magnetic space group P can be obtained by considering H as the un-

primed elements and by priming all the remaining (G-H) elements; the resulting 

space groups are P=H+(G-H)•1'. This procedure can be applied to all kind of 

symmetry groups: point groups, space groups and even translation groups. In 

this way one can construct all the possible two colour groups derived from G, 

but not all of these can allow magnetic order since the combination of primed 

and un-primed elements might determine the vanishing of the magnetization. By 

systematically applying this to the 230 space groups, one can obtain all the two 

colour space groups describing magnetic structures with propagation vector 

corresponding to the Γ  point of the Brillouin zone (propagation vector κ=(0 0 

0)). As previously mentioned the method to construct the two colour groups can 

be applied to the translation groups to obtain the magnetic lattices. Let us denote 

with L the group of the lattice translations constructed by the lattice generators 

plus, if present, the centring operations. By taking into account the subgroups H 

of order 2 of L it is possible to define the magnetic lattice PM=H+(L-H) •1'.  

Following the procedure described above it is possible to derive, starting 

from G, all the coloured space groups P that could be divided into 4 types: 

• Type I: P=G (Fedorov Group) 

• Type II: P=G+G•1' (grey group or paramagnetic group) 

• Type III: P=G+(G-H)•1' where H is an equi-translational 

subgroups of order 2 of G. In this type of groups, half of the 

symmetry elements contains the time inversion symmetry and 

are indicated in the space group notation with a primed symbol. 

The lattice translations do not contain the time inversion 

symmetry. These types of magnetic groups describe the 

magnetic structure related to the Γ point of the Brillouin zone. 
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• Type IV: P=G+(G-H)•1' where H is en equi-class subgroup of 

order 2 of G. In these magnetic space groups, half of the lattice 

transitions are combined with the time inversion symmetry. This 

implies that the magnetic point group of a type IV group is 

actually a grey group. Type IV groups describe the magnetic 

structure with propagation vector related to special points of the 

Brillouin zone. The notations of the magnetic lattice in the BSN 

setting2 are reported in table 3-1.   

 
Table 3-1 Lattice type notation in the BNS2 setting. In the symbol the first capital letter indicates 

the type of the crystal lattice (primitive or centred), whereas the subscript letter indicates the 

primed translations: lowercase letters indicate a primed direction, capital latters indicate primed 

centred translation. The BNS lattice, if formed by the translation t of the H subgroups of G, 

consequently contains the primed operations as a fractional translation of t; it follows that the 

magnetic unit cell is larger than the nuclear one. In the table, for each BNS lattice symbol, the 

primed fractional translation respect to the magnetic unit cell is reported. 

Lattice symbol  Primed translation 

PS (0,0,1/2) triclinic only 
Pa (1/2,0,0) 
Pb (0,1/2,0) 
Pc (0,0,1/2) 
PA (0,1/2,1/2) 
PB (1/2,0,1/2) 
PC (1/2,1/2,0) 
PI (1/2,1/2,1/2) 
Aa (1/2,0,0) 
Ab (0,1/2,0) 
AB (1/2,0,1/2) 
Bb (0,1/2,0) 
Ba (1/2,0,0) 
BA (0,1/2,1/2) 
Cc (0,0,1/2) 
Ca (1/2,0,0) 
CA (0,1/2,1/2) 
FS (1/2,1/2,1/2) 
Ia (1/2,0,0) 
Ib (0,1/2,0) 
Ic (0,0,1/2) 
RI (0,0,1/2) 
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Daniel B. Litvin derived all the four type of magnetic space groups and 

edited the magnetic crystallographic tables.6 These tables report symmetry 

elements, Wyckoff positions and symmetry permitted components of the 

magnetization for each atomic position.  

 

3.4 Space groups determination and magnetic structure analysis 

 

The experimental determination of the magnetic structure is performed 

by the analysis of neutron diffraction data. Since neutrons are elementary 

particles possessing spin ½, they can interact with the magnetic moments present 

in the system principally via dipole-dipole interactions. The diffracted intensity 

can be calculated similarly to X-ray recalling that the magnetic density is a 

vector quantity.  

Defining ρmag the unit cell magnetic density generated by the unpaired 

electrons, the structure factor for un-polarized neutrons of the H reflection can 

be obtained by the Fourier transform of ρmag 

 

                                     (4 

 

where (re is the classical electron radii and γ magnetic 

moment of the neutron) is the conversion factor of the magnetic density from 

Bohr magnetons to scattering lengths unit. Because of the atomicity of the 

crystal structure, it is possible to substitute the magnetic density of the unit cell 

with a summation over all the magnetic atoms in the cell. The Fourier transform 

has now the form:  

F(
!
H ) = p ρmag(r)exp[2πi

!
H ⋅
!r ]∫ dr

p = reγ / 2
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             (5 

 

The integral part of the last expression is the non-normalized form factor 

of the i-th atoms: 

 

       

F(
!
H ) = p (Ĥ ×

!
Mi × Ĥ )

i

N

∑ fi (
!
H )exp[2πi

!
H ⋅
!ri ]

F(
!
H ) = p

!
Mi⊥

i

N

∑ fi (
!
H )exp[2πi

!
H ⋅
!ri ]

                    (6 

 

where  is the magnetization component normal to the scattering 

vector H. The fact that the neutron magnetic diffraction allows to observe only 

the magnetization normal to the scattering vector is a direct consequence of the 

vector character of the interactions and makes possible the determination of the 

direction of the spins with respect to the crystal lattice in a neutron diffraction 

experiment.  By using equation 6, the intensity of the magnetic reflections can be 

calculated by introducing all the needed corrections, like thermal factor, Lorenz 

factor etc. The nuclear and magnetic intensities are additive and of the same 

order of magnitude. 

Obviously, the magnetic diffraction intensity appears only for ordered 

structures and the 2θ positions of magnetic reflections and the related 

propagation vector κ of the magnetic structure are usually found by comparing 

the diffraction patterns recorded below and above a magnetic transition. The 

integrated intensity of the reflections can give us the relative orientation and 

magnitude of the magnetic moment in the structure, but in order to take 

F(
!
H ) = p ρi (

!r − !ri )
i

N

∑ exp[2πi
!
H ⋅ (!r − !ri )]∫ dr

F(
!
H ) = p ρi (Ri )exp[2πi

!
H ⋅ (
!
Ri +
!ri )]∫ dRi

i

N

∑

F(
!
H ) = p exp[2πi

!
H ⋅
!ri ] ρi (Ri )exp[2πi

!
H ⋅
!
Ri ]∫ dRi

i

N

∑

!
Mi⊥
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advantage of the symmetry constrains, the magnetic space group of the structure 

has to be determined.  

The magnetic space group of a material is strictly related to the nuclear 

space groups G and to the propagation vector. By applying the procedure 

described earlier, a list of possible magnetic space groups can be obtained. 

Another, more formal way, to introduce the time inversion symmetry and to 

obtain the possible magnetic space groups related to the parent space group G, is 

the use of the representation theory3 and in particular the so called isotropy 

subgroup.4 When a system undergoes a symmetry-reducing transition (as the one 

induced by the time-symmetry breaking) not all the symmetry elements of the 

parent high symmetry phase are retained; the symmetry elements that are 

retained during the transition form the so called isotropy subgroup and will 

became the space groups of the low simmetry structure. For a given κ-point of 

the first Brillouin zone the related isotropy subgroups are finite and can be 

determined by the application of the representation theory. A very useful tool to 

determine the isotropy subgroup is the ISODISTOR software.5  

Once that a list of possible magnetic space groups has been obtained, the 

magnetic structure solution must be searched in all of them to find the best 

model. Fortunately, the number of possible groups can be reduced by the 

observation of magnetic systematic absences. Like in case of nuclear space 

groups, the structure factor of symmetry related reflections must be the same. If 

{R,∂|t} is the symmetry operator that relate H with RH, then the relation 

between the structure factor is given by:  

 

F(
!
H ) = δ det[R]exp(2πi

!
H ⋅
!
t )F[R

!
H ]               (7 

 

Being H=RH one obtains a relation similar to the one for the nuclear 

scattering, except for the axial nature of F(H). The application of the equation 7 

to all the symmetry operators of the magnetic space group gives the magnetic 

systematic absences. For example, whatever paramagnetic space group G+G•1' 
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is considered, the presence of the {1'| 0 0 0} operator gives, from equation 7, 

F(H)=−F(H) that imply a zero intensity (systematic absence) of all the magnetic 

reflections. Unlike the systematic absences in nuclear scattering, that are 

exclusively produced by symmetry elements containing non-integer translations 

(lattice centring, glide planes and screw axis), in the magnetic symmetry some 

point elements (improper rotation axes) can generate absences due to the axial 

vector nature of the magnetic moment. For example, a mirror normal to the x 

direction in the real space, relate the (h 0 0) reflections to the (-h 0 0) ones. By 

applying the equation 7 to this family of reflections, related by the {mx|0 0 0} 

symmetry operation, one obtains the relation F(h 0 0)= −F(h 0 0), being δ= 1 and 

det[R]=−1. This indicates the systematic absence of (h 0 0) reflections for any h 

value.  

Moreover, since the neutron scattering in sensible only to the 

magnetization component normal to the scattering vector, some reflections may 

have zero intensity because of the direction of the magnetization in the structure 

and this can help to find the correct magnetic model by suggesting additional 

constrain to the magnetization components. The list of the systematic absences 

for each magnetic space group and the symmetry-forced form factor, indicating 

which component of the magnetization contributes to each family of reflections, 

can be found on the Bilbao crystallographic server7-9 and in particular by the 

MAGNEXT10 software. In order to calculate the influence of the space group on 

the structure factor, the MAGNEXT software10 use the group theory and the 

projector operators obtaining a sort of symmetry adapted structure factors. Once 

that the correct magnetic space group has been determined, the structure 

refinement could be carried on in the same way as for nuclear structure, namely 

by refining the magnetic parameters of the asymmetric unit, being the whole 

structure obtained by applying the symmetry operators of the space group.  
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3.5 Superspace formalism 

 

Crystals are defined as solid materials in which atoms are arranged 

according to a periodic space lattice. The long-range order is due to a perfect 3D 

translational symmetry, and the interaction with a radiation with wavelength in 

the order of the lattice distances, give rise to a diffraction pattern. In some cases, 

the perfect 3D lattice periodicity is lost, due to modulation of atomic positions, 

occupancy factors or whatever structural parameter; these systems are called 

aperiodic crystals because of the lack of the perfect translational periodicity. 

Some examples are the incommensurate and commensurate modulated 

structures, composite crystals and quasi-crystals. In this thesis, only the former 

will be analysed.  

Brouns, Visser and de Wolff reported the first example of modulated 

crystal in 1964;11 the authors observed that the γ-Na2CO3 single crystal 

diffraction pattern consists of two series of reflections, of which the first can be 

indexed with a monoclinic structure that leaves un-indexed the second ones. The 

indexing the entire diffraction pattern was possible only by using three irrational 

indices or a four-integer indexing scheme given by: 

 

H = ha* + kb* + lc* +mq*

q* =αa* +βb* +γc*
               (8 

 

where q is a modulation vector defined as a linear combination of the 

reciprocal lattice vectors. In this way all the diffraction pattern is indexed by 

four indices (h k l m).  

The physical evidence of diffraction in similar cases indicates that the 

lattice periodicity is maintained even in aperiodic crystal. This periodicity is, in 

fact, preserved if a higher dimensional space is taken into account in which a* b* 

c* and q* define a reciprocal lattice.  
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Figure 3-3  Geometrical construction of a (1+1)D reciprocal lattice starting from a one- 

dimensional modulated structure (see text for details). 

 

The mathematical formalism to describe the diffraction from modulated 

and composite crystals is called superspace and was formulated for the first time 
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by Janner and Janssen12-13-15 and by de Wolf14-15 in the ’80. The formalism is 

based on the definition of a (3+n)D space in which the additional n-dimensions 

describe the modulation functions. In the aim of this thesis only 1-dimensional 

modulated structure will be take into account. The (3+1)D reciprocal space is 

constructed by adding a 4th dimension d* perpendicular to the 3D space.  A 

simple example of the superspace construction is given in figure 3-3 where, 

starting from a 1D row of reflections with incommensurate modulation satellites, 

the (1+1)D reciprocal space is constructed by introducing a d* direction 

perpendicular to the 1D space. We can now define a (1+1)D reciprocal lattice by 

choosing a*
S1 and a*

S2 and we can reconstruct the experimental pattern as the 

projection of the (1+1)D reciprocal lattice on the 1D space. The generalization of 

this procedure in three dimensions allow to construct a (3+1)D reciprocal space 

of an  incommensurate crystal, whose experimental diffraction pattern is the 

projection of the (3+1)D reciprocal lattice on the real 3D space.  

In the superspace formalism a modulated structure is described by an 

average 3D structure (the basic or fundamental structure) characterized by a 

standard crystallographic space group and defined by the (h k l 0) family of 

reflections, coupled with a modulation function uµ(x4) that indicates the 

deviation of the modulated atomic parameter u (position, occupancy, thermal 

parameters etc.) from the average value defined in the basic structure. The 

modulation functions are wave functions characterized from the modulation 

vector q that determines the direction and periodicity of the modulation. The q 

vector is defined as a linear combination of the lattice generators of the basic 

structure: if one of the components of q (α β γ) is irrational, the modulation is 

incommensurate and the perfect 3D periodicity is lost. The argument of the 

modulation function represents the x4 fractional coordinate in the (3+1)D space 

along the fourth axis. The x4 coordinate of the µth atoms in xµ position is given 

by: 

 x4 = t +
!q ⋅ !xµ                                                  (9 
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where t is the choice of the fourth axis origin. The modulation function 

can have any mathematical form and the unique requirement is the periodicity 

along the x4 coordinate: 

 

uµ (x4 ) = u
µ (x4 +1)                                                (10 

 

This is necessary because otherwise the translational periodicity is lost 

also in the (3+1)D space, producing in diffraction streaks instead of sharp 

satellites. Owing to the periodicity of the modulation function, is possible to 

express it in a Fourier series: 

 

uµ (x4 ) = An (µ)sin(2πnx4 )
n=1

∞

∑ +Bn (µ)cos(2πnx4 )                   (11 

 

where the Fourier coefficient An(µ) and Bn(µ) are the refinable variables 

of the modulation function. Fortunately, it is not necessary to use all the infinite 

terms of the Fourier series since the amplitudes decay fast and usually only the 

first few orders must be taken into account.  

After defining the modulation function uµ(x4), it is possible to explicit 

the direct superspace and its relation with the real 3D space. A simple 

geometrical construction, shown in figure 3-4, allows the visualization of the 

direct superspace. Let us take a 1D chain of atom and apply a sinusoidal 

modulation wave to the atom positions. The equivalent direct (1+1)D space is 

obtained by rotating the sinusoidal wave by 90° degree, using the atom positions 

as fulcrum. This operation defines a direction perpendicular to the atoms chain 

and the period of the modulation function define the periodicity d along this 

direction. Now is possible to define a (1+1)D lattice by choosing as generator as1 

and as2, that define also a unit cell in the super-space. The displacement of each 

atom in the chain can be reported in the first unit cell by an integer number of 
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translation of the two lattice generators. This implies that all the information to 

reconstruct the whole modulated crystal is present in the defined unit cell.  

 

 
Figure 3-3  Geometrical construction of the direct superspace starting from a linear modulated 

chain of atoms (see text for details). 

 

In particular is evident from the construction that the real space is 

obtained by a section of the direct super-space perpendicular to the fourth axis; 

any section perpendicular to this is a 3D space and the position of the section is 

defined by the value of the t parameter defined in equation 9. In case of an 

incommensurate structure any t section gives equivalent structure since all the 

point of the modulation function are present in the crystal. This is not the case 

for a commensurate structure, where the choice of the t section is fundamental 
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and the topic will be discussed in detail later, on the basis of experimental data. 

Since in incommensurate structures each value of the modulation function uµ(x4) 

is present in the crystal, the use of the so call t-plot is convenient to evaluate the 

evolution of the modulated parameters within the structure. The t-plot is the 

graphical representation of the modulation function values as function of x4 or t. 

Owing to the periodicity of the modulation function along this direction, all the 

information is contained in the range 0≤t≤1. 

In the case of a commensurate modulated structure always exist an 

integer number Ns for which 
!
H0 = Ns

!q  where H0 is a reciprocal lattice vector of 

the basic structure. In this case, the components of the modulation vector are 

rational numbers and is always possible to construct an Ns-fold superstructure 

that allows to index all the reflections with three integer numbers. Generally in 

these cases is hard to analyse the superstructure with classical crystallographic 

methods because of the strong increase of free parameters and of the correlations 

among them, in particular if the variations from the average structure are tiny, 

reducing the intensity of the satellites and consequently the already low number 

of estimations. The superspace formalism reduces the refinable parameters and 

the correlations. The main difference with the incommensurate case is that only 

discrete values of the modulation function are present in the crystal even if all 

the uµ function values are permitted. In particular these values are exactly Ns and 

are related by: 

 

xµ4 = t0 +
l
Ns

+
!q ⋅ !x0

µ l =1,2,...,Ns                            (12 

 

where 
!x0
µ is the position of the µth atom in the average structure, and t0 is 

the origin choice for the t-section. This relation implies that the positions along 

the fourth axis of the µth atom are finite and equal to Ns. In this conditions the 

choice of the initial phase of the modulation function, the t0 parameter, changes 

the modulation values for the atoms in the structure, giving rise to different 
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space group for the Ns-fold superstructure. To find the correct value of the t0 

parameter represents the main problem for the solution of commensurate 

structure by the superspace formalism. 

As suggested by the observation that the diffraction pattern generated 

from aperiodic crystals possesses point symmetry similar to that of periodic 

crystals, the symmetry elements characteristic of the 3D space groups could be 

generalized in a higher dimensional space. The main reflections, which are 

indexed on the basis of the lattice generators of the basic cell, must obey to the 

point group of the basic structure. It follows that the point group of the satellite 

reflections must be the same. In fact, a point group operator transforms a main 

reflection in an equivalent main reflection and must do the same on a satellite 

one. This is a fundamental point and defines that the additional dimension is 

ancillary respect to the real space, and as consequence no symmetry operator can 

mix the real space coordinates with the additional ones. In particular the action 

of R on the modulation vector follows the relation: 

 

qR = εq+HR                                      (13 

 

where ε=±1 and HR is a reciprocal lattice vector that depends on R and is 

different from zero only if the modulation vector possesses some commensurate 

coefficient. Now it is possible to define the Rs matrix form of the operator R in 

the (3+1)D space. This operator transforms the basic structure lattice generators 

according to: 

a '
b '
c '

!

"

#
#
#

$

%

&
&
&
= R

a
b
c

!

"

#
#
#

$

%

&
&
&

    

(14 

 

from equation 13 it is possible to obtain the action of R on the x4 

coordinate. By combining the two equations 13 and 14 one obtain the matrix 

form of Rs: 
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Rs =

R11 R12 R13 0
R 21 R 22 R 23 0
R 31 R 32 R 33 0
Hx Hy Hz ε

!

"

#
#
#
#
#

$

%

&
&
&
&
&

   

(15 

 

where Hx, Hy, Hz are the components of the reciprocal vector HR defined 

in 10, and ε=±1. This is the matrix form of the R point operator in the (3+1)D 

space. The symmetry element {Rs |t}, where t is a non-integer translation, 

operates on the atomic coordinates as follow: 

 

x '
y '
z '
x '4

!

"

#
#
#
##

$

%

&
&
&
&&

= Rs

x
y
z
x4

!

"

#
#
#
##

$

%

&
&
&
&&

+

t1
t2
t3
t4

!

"

#
#
#
#
#

$

%

&
&
&
&
&

           

(16 

 

After defining the symmetry operators, is possible to combine them to 

construct the superspace symmetry groups. The superspace group symbol is 

composed by the classical symbol of the 3D space group of the average 

structure, followed by the permitted components of the modulation vector (in 

brackets) and by the non-integer values of the translation along the fourth axis. 

The translations are indicate by a lowercase letter following the coding: s=1/2 

t=1/3 q=1/4 and h=1/6. Let us take, for example, the superspace group 

Pnma(00γ)0s0; this indicates that the symmetry space group of the basic 

structure is Pnma and that only the γ component of the modulation vector differs 

from zero. The generator operators of the superspace group are: {mx |0 ½ ½ 0} 

(n glide), {my| 0 0 0 ½} (mirror plane with a non integer translation along the 

fourth axis) and {mz| ½ 0 0 0} (a glide); among these only the mirror plane along 

b have a non-integer translation along the fourth axis of the (3+1)D space. 
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The definition of the structure factor in the superspace is analogue to its 

definition in 3D. In the case of the X-ray diffraction for example is possible to 

define a generalized electronic density ρ s(xs) in the (3+n)D space. This function 

is periodic in the superspace coordinate xs and the direct superspace lattice 

defines the period of ρ s(xs). The generalized density has maxima in string that 

are, in average, perpendicular to real 3D space and the average position 

represents the atom position in the basic structure. The structure factors are 

defined as the (3+n)D Fourier transform of the ρ s(xs) electron density as for 

conventional periodic crystals. The experimental intensity of the (h k l m) 

reflection is then the modulus of the structure factor in the (3+n) dimension. It 

follows that the structure solution and refinement in the superspace take place in 

a manner that is similar to the one used for classical crystallographic structures. 

In particular the relation between the direct and reciprocal superspace is 

governed by the (3+n)D Fourier transform and the main problem for the solution 

of modulated structures is the phase determination. Since the structure is solved 

in the (3+n)D space, the real structure is obtained from a section of the 

generalize electronic density ρ s(xs) perpendicular to the n additional dimensions.  

In the figure 3-4 all the relations between the 3D and the (3+n)D direct 

and reciprocal space are schematized. First the experimental diffraction pattern 

is the projection on the 3D space of the reciprocal (3+n)D lattice of the structure. 

By operating the inverse (3+n)D Fourier transform on the superspace reciprocal 

lattice, assuming as known the phase of each reflection, the generalized 

electronic density is obtained and the (3+n)D structure is solved. The real 

modulated structure is then obtained by a t-section of the generalized electron 

density perpendicular to the 3D space, taking particular attention in case of 

commensurate structure.  
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Figure 3-4  Schematic relations between the direct and reciprocal space in 3D and in the 

superspace.  

 

3.6 Application of magnetic symmetry to the superspace formalism 

 

The magnetic space groups we discussed previously can describe 

magnetic structures related to special points of the first Brillouin zone. However, 

from the experimental point of view, magnetic structures are observed whose 

propagation vectors are related to symmetry lines and planes of the first 

Brillouin zone. If the propagation vector is commensurate, is always possible to 

construct a superstructure and work with the coloured space group as described 

earlier. This methodology presents the advantage of a more simple approach, but 

also disadvantages, in particular it increases the number of refinable parameters 

leading in some case to the instability of the refinement. Besides, the neutron 

magnetic form factor decay fast with the scattering vector, owing to the wide 

spatial distribution of the unpaired electrons, limiting the observable reflections 

and consequently the ratio between parameters and observed data, in particular 
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in case of powder diffraction. In these cases, as well as in presence of an 

incommensurate propagation vector, the application of magnetic symmetry to 

the superspace formalism can give good results and supplies a useful description 

of the magnetic structure. 

To introduce the “coloured” superspace, let us define the generalized 

magnetic density of the crystal ρ s,mag. In analogy with the modulated crystal it is 

possible to define it as an average magnetic structure ρ0,mag and a modulation 

function m(x4) that describe the deviation of ρ0,mag with x4. Considering the 

atomicity of the structure and the periodicity of m(x4), the generalized magnetic 

density can be written as: 

 

 ρs,mag(
!r ) = ρµ,0 (r − rµ )+ mµ

n,s sin(2πn
!
k ⋅ (!r − !rµ ))

n=1

∞

∑ +mµ
n,c cos(2πn

!
k ⋅ (!r − !rµ ))

%

&
'

(

)
*

µ

Ncell

∑   (17 

 

where ρµ,0 (r − rµ )  is the average magnetic density of the µth atom in the 

structure and mµ
n,s ,m

µ
n,c  are the Fourier coefficients of the m(x4) modulation 

function. By applying the kinematic theory of diffraction to the so defined 

magnetic density, one can obtain the structure factor for any reflection by means 

of the Fourier transform: 
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The first integral part of the last expression is the structure factor of the 

basic structure as defined in the equations 5 and 6. The second part gives as 
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result two delta functions δ(
!
H ± n

!
k )  indicating the generation of the satellite 

reflections caused by the modulation of the basic magnetic structure with 

propagation vector κ. By solving the two integrals, one obtain: 

 

FT[ρs,mag ]= p Mµ,⊥ fµ (H )exp[2πi
!
H ⋅
!rµ ]

µ

Ncell

∑ + p fµ (H ± nk)m
µ
n,c⊥ ± im

µ
n,s⊥

2
exp[2πi

!
H ⋅
!rµ ]

n

∞

∑
µ

Ncell

∑
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where fµ  represent the form factor of the µth atom, (re is the 

classical electron radii and γ the magnetic moment of the neutron) is the 

conversion factor of the magnetic density from Bohr magnetons to scattering 

length units, and the other factor have the same meaning as in equation 6. This 

expression gives the structure factor for main and satellite reflections as: 

 

F(
!
H ) = p

!
M

µ ,⊥

µ

Ncell

∑ fµ (
!
H )exp[2πi

!
H ⋅
!rµ ]

F(
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k ) = p fµ (

!
H ± n

!
k )m

µ
n,c⊥ ± im

µ
n,s⊥

2
exp[2πi
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!rµ ]

µ

Ncell

∑
          (20 

 

Also in this case the intensity of the fundamental and satellite magnetic 

reflections is obtained as the modulus of the structure factors and are affected 

from the same corrections of the nuclear crystal reflections, like thermal factor, 

Lorenz correction, etc…. 

Now, it is possible to treat the problem within the superspace formalism 

in the same way used for the aperiodic crystals, defining a direct and reciprocal 

superspace and moving between the two spaces through the Fourier transform. 

Clearly, the magnetic structure possesses rotational and translational symmetry 

in the superspace; the generalization of the symmetry previously described is 

quite straightforward. Starting from the Rs matrix defined in equation 15 and 

taking into account the time inversion operator, the coloured superspace groups 

p = reγ / 2
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are defined as the set of {Rs, δ| t} operators that leaves the magnetic structure 

invariant, where δ is the time inversion operator and t is the four dimensions non 

integer translation. This acts on the magnetic moment of the j-th atoms as 

described in equation 3, remembering that now the magnetic moment have four 

components and the matrix is Rs instead of R.  

Summarizing, a magnetic structure with a propagation vector κ=(α β γ) 

is described by a magnetic superspace group, an average magnetic structure 

defined in the nuclear unit cell and a series of modulation functions that 

describes the evolution of the magnetic moment with the propagation vector. 

The superspace magnetic group symbol is defined in the same way as for the 

nuclear superspace group, clearly taking into account the presence of primed 

elements. The fact that the average magnetic structure is described within the 

nuclear unit cell reduces the possible magnetic space group to the ones of type I, 

II and III. In fact, the use of the primed lattice translations typical of the  type IV 

groups is meaningless in case of the superspace treatment of a modulated 

structure, in which the lattice periodicity is substituted by the periodicity of the 

modulation functions.  

In most cases the average magnetic structure for incommensurate 

systems is a paramagnetic space group; however this does not mean that the 

system is paramagnetic but, instead, indicates that the average summation of the 

spins within the whole crystal give zero as result (it is basically a perfect 

antiferromagnetic structure). In this case, since the average magnetic space 

group is the paramagnetic ones, the magnetic structure factor of the main 

reflections is zero for symmetry, and the magnetic intensity is present only on 

the satellite reflections (figure 3-5). An example could be represented by the 

Pnma1'(0 0 γ)0s0s superspace group. The magnetic space group of the average 

magnetic structure is the grey group Pnma1' and the ρµ,0 (r)  terms of the 

generalized magnetization is constrained to zero by symmetry; as a consequence, 

the F(H) magnetic terms are zero as schematically represented in figure 3-5. 

These types of coloured superspace groups are very similar to the type IV 
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magnetic space groups; both possess a grey point group and the primed elements 

are part of the translations group of the system. In particular for the considered 

Pnma1'(0 0 γ)0s0s superspace group, the fourth direction of the (3+1)D space is 

primed because of the presence of the {1'| 0 0 0 ½ } operator. 

 

 
Figure 3-5  Schematization of magnetic diffraction intensities for a Pnma1'(0,0,γ)0s0s 

magnetic structure. The grey character of the average magnetic structure is 

highlighted by the absence of magnetic intensity on the main reflections,  
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Figure 3-6  Schematization of magnetic diffraction intensities for a Pn'm'a(0,0,γ)000 magnetic 

structure. The Pn'm'a space group of the basic magnetic structure groups allows 

the presence of magnetization within the nuclear cell and as consequence of 

magnetic intensity on the main reflections. 

 

On the other hand, in more rare cases, the experimental diffraction 

pattern of incommensurate structures presents magnetic intensity on the main 

reflections, indicating the presence of an additional propagation vector κ=(0 0 

0). This indicates, from a symmetry point of view, that the ρµ,0 (r)  term is 

different from zero. The superspace formalism allows the description of this type 
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of structure in a simple way, just by using a coloured group for the magnetic 

basic structure. For example let us take the Pn'm'a(0 0 γ)000 superspace group. 

In this case the magnetic space group of the basic structure is Pn'm'a; the 

magnetic ordering within the nuclear cell, given by κ=(0 0 0), is governed by 

this space group and the magnetic structure factors are constrained by the 

symmetry operators. This implies that, at least for the main reflections, we have 

the same characteristic presented in section 3-3, like for example the presence of 

systematic absences. On the other hand, as schematically shown in figure 3-6, 

the diffraction pattern presents magnetic intensity on both main and satellite 

reflections. 

 

3.7 Conclusion 

 

In this chapter was described the magnetic symmetry and in particular 

the application of the coloured space groups to the description of the magnetic 

ordered systems. This formalism, on the contrary to the representation analysis 

formulated by Bertaut,16 immediately gives in an explicit way the magnetic point 

group that rules most of the physical properties of the system. Nevertheless, the 

combined use of representation analysis and magnetic symmetry complete each 

other;17-18 the implementation of the group theory analysis in the latest version of 

Jana200619 permits to find the possible space and superspace magnetic groups 

thought the Isotropy routine.  

The use of the magnetic space groups and their generalization to the 

superspace formalism allow the study of any magnetic structure with general 

propagation vectors. Moreover, the study of both nuclear and magnetic 

modulations, if simultaneously present, is permitted. In this particular case both 

modulations must be described within the same asymmetric unit and constrained 

by the same superspace groups, finding a fundamental importance in the analysis 

of multifunctional materials, in which the various degree of freedom are 

intimately related. For example in type II multiferroics, were the magnetic 
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transition breaks both the time and spatial inversion symmetry, the magnetic 

superspace group must describe also the lattice distortion that generates the 

induced electrical polarization. Finally, yet importantly, the superspace 

formalism generalized to the magnetic symmetry offer the possibility to describe 

magnetic transition from incommensurate to commensurate structure by 

following the symmetry evolution. 
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4 Experimental 
 

 

 

 

 

 

 

4.1 Synthesis 

 

The synthesis of the Pb2(Mn,Co)WO6 compounds was performed via 

solid state reaction. Stoichiometric amount of PbO, MnCO3, CoO and WO3 were 

ground, heated at 800°C with a heating rate of 3°C/min and fired for two hours 

at this temperature. The reaction product was reground, pressed into pellets and 

sintered at 850°C for four hours obtaining a brownish polycrystalline ceramic 

sample. The synthesis of all compounds containing Mn2+ was performed in 

Argon atmosphere to prevent oxidation. In most of the samples a minor impurity 

phase was detected and identified as lead tungstate PbWO4. The synthesis of the 

Mn-free end member of the solid solution, Pb2CoWO6 (PCW), was performed in 

air and the resulting powder was reground and sintered until the diffraction 

pattern shows only traces of a spurious phase, identified as Pb2WO5. 

 

4.2 Diffraction experiments 

 

Preliminary Powder X-ray Diffraction (PXRD) analysis, systematically 

used to check the solid state reaction progress, were performed on a Thermo 

ARL X’tra diffractometer equipped with Cu Kα radiation and a Si(Li) solid-state 
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detector to eliminate the fluorescence of manganese and cobalt. Temperature-

dependent patterns were collected on the same diffractometer by using an Anton 

Paar TTK-450 chamber in the temperature range RT - 500 K.   

Synchrotron single crystal X-ray diffraction data were collected on the 

ID09A beam line at ERSF in Grenoble at room temperature (RT). This beam 

line is mainly devoted to high-pressure experiment limiting the accessible 

portion of the Ewald’s sphere. Nevertheless the small beam size, the use of a 

small wavelength λ = 0.41456 Å and the medium resolution of the data allowed 

to access important information, especially concerning the space group 

symmetry. The white X-ray beam is focused vertically by a spherical mirror and 

horizontally by a bent Silicon (111) monochromator obtaining a spot size of the 

30x30 µm2 on the sample. Diffraction data were collected on a Mar555 image-

plate detector with a 430 x 350 mm (555mm diagonal) active area. The intensity 

integration was performed with the Oxford Diffraction software CrysalisRed-

171.32.29 (Oxford Diffraction Ltd., Abingdon, England), using the profile fitting 

algorithm and no model refinement. Empirical rescaling and absorption 

correction were applied. Synchrotron Powder X-ray Diffraction (SPXRD) 

experiments were performed on the same beam line at RT, with the sample close 

in a fine capillary. The diffraction patterns were integrated using the Fit2D 

software. Temperature-dependent SPXRD patterns were collected on the ID15B 

beam line of ESRF, by using a liquid-helium-cooled cryostat in the temperature 

range from 4 K to RT. The used wavelength was λ = 0.1427 Å and the diffracted 

intensity was collected by means of a 2D CCD detector. The images were 

integrated using the fit2D software. 

Constant Wavelength (CW) Neutron Powder Diffraction (NPD) patterns 

were collected at the Laue-Langevin Institute (ILL) in Grenoble on the D2B and 

D20 instruments. The D2B is a high-resolution diffractometer, thanks to the high 

take off angle (135°), operating with monochromatic neutron (λ = 1.594 Å). The 

detector banks are composed by 128 3He-counting tubes. The diffraction patterns 

were collected at selected temperatures. The D20 instrument is a high flux 
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instrument designed for the study of magnetic structure. The temperature-

dependence experiment in the range 2 - 300 K were carried out with 

monochromatic neutron of λ = 2.41 Å. The diffracted intensity is recorded by 
3He microstrip gas-detector that covers 153.6˚ in 2-θ. 

Time of Flight (ToF) neutron diffraction experiments were carried out at 

the ISIS facility, Didcot, UK. In this type of diffraction experiment the sample is 

irradiated by a short white neutron pulse obtained by a spallation source. From 

the measurement of the time of flight of the diffracted neutron on a fixed flight 

path and at a fixed scattering angle, is possible to obtain the diffraction pattern of 

the sample. The resolution in a time of flight diffraction experiment is influenced 

principally by three factors: the form and the time width of the neutron pulse that 

is dictate by the type of target and by the moderator; the length of the flight path 

that influence the separation of neutron with similar wavelength; the uncertainty 

in the scattering angle that is a consequence of the neutron beam divergence and 

that is minimized for backscattering geometry.  The experiments at the ISIS 

facility were carried out on two instruments: HRPD and WISH.  

HRPD is a High Resolution Powder Diffractometer on the ISIS target 

one station. The instrument is positioned at the end of a 100 m neutron guide, 

with a liquid methane (100 K) moderator that determine a incident flux with 

wavelength in the range 0.5 - 12 Å with peak flux at λ = 2 Å. The diffracted 

beam is collected in three banks with 2θ = 168, 90 and 30° and in the 

backscattering geometry the Δd/d is 4*10-4. The diffraction patterns were 

collected at different temperatures in the range 1.5 - 300 K, thanks to a helium 

cryostat. 

 The WISH (Wide angle In a Single Histogram)1 instrument is located on 

ISIS target station two. This instrument has a dedicated solid methane (40 K) 

moderator giving a neutron pulse with wavelength in the 1.5 – 15 Å range, and a 

flight path of 40m constituted by a ballistic elliptic supermirror guide. The 

instrument has a 160° 2θ covering of 8 mm diameter 3He gas tubes detector on 

both sides as shown in figure 4-1. The full coverage in 2-θ allows exploring a 
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wide d-spacing range (0.7 – 50 Å) with different resolutions. The detectors are 

coupled in 5 banks for each side with medium 2θ = 152.8°, 121.6°, 90°, 58.3° 

and 27.0°. The high neutron flux of the instrument, guaranteed from the high 

brilliance solid methane moderator, the high d-spacing range and the very low 

background of the instrument joined with the good resolution make WISH a 

world leader instrument for the magnetic structure determination and for the 

study of large unit cell systems. The diffraction data were collected on powdered 

samples, using a thin vanadium can sample holder, in the temperature range 1.5 

K – RT thanks to a helium cryostat.  

  

 
Figure 4-1  View of the WISH instrument detector and sample tanks. 

 

Transmission electron microscopy (TEM) experiments were carried out 

on a Philips TECNAI F20 instrument operating at 200 kV at the CNR-IMM 

Institute (Bologna, Italy). The powder sample was ground in isopropanol and the 

suspension was deposited on a copper grid covered with a holey carbon film. 



62   | Experimental 

High-resolution image HREM and selected area electron diffraction (SAED) 

experiments were performed at RT. 

 

4.3 Electric measurements 

 

The electric measurements were carried out in collaboration with the 

IMEM-CNR Institute in Parma.  

The DC electrical resistivity ρ was measured in a two contacts 

configuration in the temperature range 5 – 300 K. The dielectric constant was 

measured with a LCR meter HP4824A covering the frequency range from 20 Hz 

to 1 MHz applying a sinusoidal signal of 50 mV. In order to avoid contact 

effects the sample was covered by mica linings and measured according to 

Cabassi et al.2 

Pyroelectric currents3-5 were measured on a metalized sample using a 

Keithley electrometer 6517B for electric current detection and a Keithley 2400 

Source Meter Unit for sample poling. In the measurements the sample is 

polarized at a poling temperature Tp by the application of an electric field Ep, 

and it is cooled down to T0 keeping the electric field on. Subsequently the 

electric field is switched off and the sample is slowly heated at a linear heating 

rate up to Tp or higher. During the heating process, a pyroelectric current is 

released by the sample and by its integration the electric polarization of the 

sample originated by the action of Ep can be obtained. 

Electric hysteresis loops were obtained by a AIXACCT TF-Analyzer 

2000E ferroelectric tester at the Physics Department of the University of Parma. 

The measurements were performed following a Positive Up Negative Down 

(PUND) procedure.6 A thin sintered pellet of the sample was lapped and 

metalized with a 20 nm layer of platinum, approximating a parallel plate 

capacitor. The PUND measurement is performed as follow. After a pre-

polarization pulse, four pulses are applied to the sample two with positive 

direction and two with negative. During each pulse the polarization change in 
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the sample is recorded and, by subtraction between the two positive curves, the 

P(E) loop for the positive part is obtained. In the same way, using the two 

negative curve, the complete P(E) loop is reconstructed. 

 

4.4 Magnetization measurements 

 

The magnetization measurements were performed in collaboration with 

the Physics department of the University of Parma. Zero field cooling (ZFC) and 

Field Cooling (FC) magnetization measurement and hysteresis loops for all the 

samples were measured on a sintered pellet by means of a SQuiD MPMS XL 

Quantum Design magnetometer. 

Electric field Magnetization Measurements (EMM) were carried out thin 

samples, metallized by sputtering in order to obtain a planar capacitor. To 

perform the measurements the sample, put in the SQuiD magnetometer, is 

cooled to the lowest temperature with an applied electric field. Then the electric 

field is released and a classical magnetization measurement (ZFC or FC) is 

performed.  
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5 Pb2MnWO6 (PMW) 
 

 

 

 

 

 

 

5.1 Room Temperature Crystal Structure 

 

The PXRD pattern was indexed on the basis of a perovskite 

superstructure related to the primitive cell by the relations a = 2ap, b = √2ap, 

and c = 2√2ap (ap ≈ 3.9 Å) and a minor impurity phase was detected and 

identified as lead tungstate PbWO4.1 The sintering time was increased to reduce 

the impurity phase and to increase the crystal size but the attempt resulted in a 

better-sintered sample with an increased PbWO4 fraction, suggesting a kinetic 

control of the PMW growing. Selected area electron diffraction (SAED) 

patterns, taken in different zone axes, are reported in figure 5-1 and, by indexing 

the main reflections on the basis of the primitive cubic perovskite cell ap ≈ 3.9Å, 

reveal the presence of a superstructure consistent with that previously found by 

PXRD and reported by Blasco et al.2 In particular: a) the presence of  (h/2 k/2 0) 

spots in both the [110] and [-110] directions is consistent with a rotation of the 

unit cell along the diagonal of the primitive perovskite cell; b) the cell doubling 

in the perpendicular direction is indicated by the presence of (0 0 l/2) reflections;  

(h/4 k/4 0) reflections along the [110] direction indicated the further doubling of 

the lattice parameter in one of the diagonal directions.   
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Figure 5-1  SAED patterns of PMW indexed on the basis of the fundamental perovskite. 

 

Figure 5-2 shows some HREM images taken along different directions 

(clearly identified by the diffraction patterns calculated via fast Fourier 

transform of the images) on a long time sintered sample (850°C for 10h). The 

images reveal the presence of nanometric droplets segregated on the examined 

crystals, identified as lead by EDX analyses. They probably derived by sample 

decomposition of the grain surface, owing to the prolonged thermal treatment 

coupled with the low melting point and the high vapour pressure of the lead 

oxide. The occurring of partial sample decomposition in these conditions agrees 

with the observed increase of PbWO4 phase. However it is worthy to underline 
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that the electron beam could in some extent, promote it also during the TEM 

experiment.  

 

 
Figure 5-2  HREM images of the PMW sample with the corresponding Fast Fourier Transform 

in the insets. The images reveal the presence of segregate nanometric droplets, 

mainly consisting of lead by EDX analyses. 

 

The crystal structure at RT was solved ab-initio by single crystal 

synchrotron X-Ray diffraction data collected at the ID09A beam line on a single 

crystal of dimension 2x2x2 µm3 isolated from the powder sample. According to 

the systematic absences (h0l with l = 2n+1) observed for the experimental data, 

the possible space groups are restricted to Pmcm, Pmc2 or Pmc21. These are in 

contrast with the Pmna space group previously reported in literature by powder 
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diffraction,2 but it must be noticed that owing to the weak intensity of the 

superstructure reflections and to their superimposition in powder pattern, the 

correct identification of the space group is in this case possible only through the 

analysis of the systematic absences in single crystal data. The structure solution 

was attempted in all the possible space groups by direct method using the 

SIR2011 software.3 The unique reasonable solution was found in the non 

centrosymmetric Pmc21 space group. Unfortunately the ID09A beam line is 

suitable for high-pressure experiment and consequently only a portion of the 

Edward sphere was made accessible during the experiment, reducing the 

reflections/parameters ratio in the structure refinement. Therefore the structural 

refinement was carried out simultaneously by using single crystal synchrotron 

data, SPXRD and CW-NPD data by means of the Jana2006 software.4 The 

SPXRD data were collected on the same beam line whereas the CW-NPD data 

were collected at the ILL on the D2B diffractometer. Atomic displacement 

parameters (ADP’s) were refined anisotropically for Pb atoms, while a unique 

isotropic ADP was used for all the oxygen atoms, in order to stabilize the 

refinement. Crystal data and refinement parameters are reported in table 5-1 and 

atomic parameters in table 5-2. The Rietveld plots, showing a good agreement 

between observed and calculated data, are reported in figure 5-3. 

 
Table 5-1 Crystal data and refinement parameters. 

 Chemical formula Pb2MnWO6  
Space group Pmc21 

a (Å) 8.0370(2) 
 b (Å) 5.7857(2)  
 c (Å) 11.6378(4)  
 V (Å3) 541.15(3)  
 Z 4  
 d(g cm-3) 9.19  

 single 
crystal SXRD 

SPXRD CW-NPD 

λ(Å) 0.414556  0.414556 1.5943 
GOF 1.51 0.66 1.50 

R 0.0245 0.0294 0.0512 
Rw 0.0245 0.0465 0.0600 

Overall GOF  1.14  
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Figure 5-3  Rietveld plot of the PMW sample. (Top) SPXRD data and (bottom) NPD data. 

Observed (x, black), calculated (line, red), and difference (line, blue) patterns are 

reported. The tick marks indicate the Bragg reflections of the main PMW phase. 
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Table 5-2 Refined atomic positions and ADP’s parameters at room temperature 

Atom  x y z Uiso/Ueq (Å2)  
Pb1 0.75589(18) 0.9628(2) 0.86685(16) 0.0230(6) 
Pb2 0.74318(16) 0.5350(2) 0.58052(16) 0.0206(6) 
W1 0 0.4970(4)  0.8449(2) 0.0097(3) 
W2 0.5 0.0016(4)  0.6082(2) 0.0093(3) 

Mn1 0.5 0.4860(13)  0.8459(9) 0.0130(11) 
Mn2 0 -0.0055(18)  0.1034(11) 0.0129(15) 
O1 0 0.7178(17)  0.7260(14) 0.0229(5) 
O2 0 0.2999(19)  0.9806(15) 0.0229(5) 
O3 0.5 0.750(2)  0.7118(13) 0.0229(5) 
O4 0.5 0.243(2)  0.7064(14) 0.0229(5) 
O5 0 0.2741(18)  0.7368(11) 0.0229(5) 
O6 0.5 0.199(2)  0.4746(14) 0.0229(5) 
O7 0.7331(10) -0.0169(18)  0.5853(9) 0.0229(5) 
O8 0.5 0.2982(18)  0.0015(11) 0.0229(5) 
O9 0.7631(10) 0.5334(17)  0.8505(8) 0.0229(5) 

O10 0 0.7595(17)  0.9685(12) 0.0229(5) 
 

Atom U11 (Å2) U22 (Å2) U33 (Å2)  U12 (Å2)  U13 (Å2) U23 (Å2) 
Pb1 0.0309(5) 0.0163(6) 0.0220(17) 0.0002(5) -0.0016(8) 0.0083(5) 
Pb2 0.0203(3) 0.0180(7) 0.0237(16) 0.0035(5) 0.0044(6) -0.0033(5) 

 

 

The RT structure of PMW is an orthorhombic double perovskite with the 

B site of the structure completely ordered in a rock-salt arrangement of the Mn 

and W atoms. The different volume of their coordination octahedra, joined to the 

large valence gap, represents the driving force for the ordering. Valence sum 

calculations performed with the CHARDIS995 software indicate values close to 

the theoretical ones expected for this composition. The octahedral network 

presents a very limited tilting in the bc plane, as pointed out by the value of the 

W-O-Mn bond angles ranging from 170 to 180°. Nevertheless the strongly 

stereoactive lead atoms6 influence the B site coordination polyhedra in particular 

along the a direction, where they induce an important bending of the apical 

oxygen and a decrease the W-O-Mn angles, in one case to about 164°. The 

coordination polyhedra of the two independent lead atoms are strongly 

asymmetric and present two different types of coordination schematically drawn 

in figure 5-4. Pb1 form four almost equivalent short bonds (figure 5-4c), ranging 

from 2.49(1) to 2.583(9) Å, and create a PbO4E coordination polyhedra, in 

which E stand for the hybridized lone pair. On the contrary the Pb2 site give rise 
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to three shorter bonds ranging from 2.366(7) to 2.595(10) Å, generating a PbO3E 

environment as shown in figure 5-4b. These two types of coordination are 

typical of the post-transition metal oxides,7	
  and are due to the stereoactivity of 

6s2 lone pair of the lead atoms trough Second-Order Jahn-Teller (SOJT) 

instability.6	
  	
  

 

 
Figure 5-4  Graphic representation of the PMW structure at RT: a) projection of the structure 

in the bc plane, where violet and grey spheres refer to Mn and W atoms, whereas 

the black ones to lead; the arrows indicate the direction of the local displacement 

of the two lead sublattices, giving rise to a net dipolar moment along c; b, c) 

graphical representation of the coordination, in the perovskite cage, of the two 

independent lead atoms Pb1 and Pb2.  

	
  

The magnitude of the octahedral distortion of the B sites, Δd, could be 

calculated according to Halasyamani7   

Δd = | (B−O1)− (B− 04) |
cos(O1−B−O4)

+
| (B−O2)− (B− 05) |
cos(O2−B−O5)

+
| (B−O3)− (B− 06) |
cos(O3−B−O6)

           (1 
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where the pairs (O1-O4) etc. are opposite oxygen atoms respect the B 

cation. By applying equation 1, the Mn ions are in the range of a week 

distortion, with Δd =0.29 and 0.19 Å for Mn1 and Mn2 respectively, whereas the 

W ions present a larger distortion, with Δd =0.35Å for W1 and Δd =0.37 Å for 

W2. The possible mechanisms to explain the distortion are Second-Order Jann 

Teller (SOJT) effect (or pseudo Jahn-Teller effect)8 and Secondary Distortive 

Effects,7 generated by the presence of the strongly stereo-active Pb2+. The former 

is characteristic of d0 cation, like W6+, but it has been shown by I. B. Bersuker8 

that a SOJT effect is theoretically possible also for the Mn2+ in d5 high spin 

configuration. The second is a secondary effect on the BO6 octahedra due to 

asymmetric bond networks and to the lattice stress generated by the distorted Pb 

environment. In the present case, both contributions are present and is quite 

difficult to distinguish between them.  

 
Figure 5-5  Schematic representation of the Mn (violet) and W(grey) displacements from the 

center of the oxygen polyhedra, indicated by arrows in the displacement direction; 

both sublattices are unbalanced, giving rise to an electrical polarization along the c 

direction. 

 

In order to analyse the off-centre arrangement of the different species in 

the structure, six sub-lattices, two for each cation in the system, are taken into 

account. The two sublattices generated by the lead atoms, organized in row 

parallel to the c axis, are shown in Fig. 5-4a, in which the arrows indicate the 
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direction of the displacements. Both the sublattices produce non-zero resultants 

that are coupled antiferroelectrically but, being unbalanced, they give rise to a 

net dipolar moment along the c direction of the structure. A similar situation 

involves the B sites (figure 5-5); the displacements of Mn and W atoms are 

coupled in an anti-polar way in the x = 0 and x = 0.5 plane; however, also in this 

case the localized distortion are not balanced and a net dipolar moment is 

generated along the c axis. Therefore the PMW structure can be considered a 

complex ferrielectric structure, in which c represents the polar axis of the 

structure. 

5.2 Thermal evolution of the structure 

 

The thermal evolution of the structure was followed from RT to 500 K 

by PXRD measurements whereas low temperature region, from 2 K to RT, was 

monitored by CW-NPD data collected at the D20 beam line. The evolution of 

the lattice parameters of the fundamental perovskite and the trend of the volume 

as function of the temperature are reported in figure 5-6. The measurements 

point out a transition from the orthorhombic RT structure to a cubic high 

temperature phase, already reported by Blasco et al.2 This transition was 

identified as a antiferroelectric to paraelectric transition characterized by an 

order to disorder mechanism.9 It’s worthy to underline that the transition is 

characterized by a decrease of the cell volume by increasing the temperature. 

Moreover, the analysis of the lattice parameters reveals, at the transition, a 

contraction of the bc plane and an expansion in the perpendicular direction, 

caused by the release of the bending of the O-B-O angle. This behaviour is 

anticipated in the orthorhombic phase, where it becomes particularly evident 

above RT, and is in agreement with the ferrielectric nature at RT revealed by the 

structure analysis. 
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Figure 5-6  Left axis) Lattice parameters of PMW (black symbols) as a function of 

temperature, reported in terms of fundamental perovskite cell. Right axis) Unit cell 

volume (blue symbols) as function of the temperature. Empty and filled symbols 

refer to neutron and XRD data, respectively. 

 

For what concerns the low temperature behaviour, the analysis 

evidenced a series of weak anomalies. By decreasing the temperature, the first 

anomaly is observed below 200 K and consists in a change in the slope of the 

thermal evolution of the c axis (figure 5-7). Being this the polar direction of the 

system, the anomaly may be an indication of a change in the electrical order of 

the system. However, no symmetry change or appreciable variation of the 

structure was revealed by the refinement of NPD data collected at 200 and 140 

K, using the RT structure as starting model for the Rietveld refinement (figure 5-

8). Further anomalies in the trend of the lattice parameters are observed at 45 

and 10 K, as shown in figure 5-7. It is interesting to note that the a parameter, 

which is related to the major distortion of the octahedral tilting, becomes almost 

constant below 80 K, indicating a freezing of the deformation.  
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Figure 5-7 Thermal evolution of the lattice parameters as function of the temperature for 

PMW. 
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Figure 5-8  Rietveld plot of the 200 and 140 K NPD data. Observed (×, black), calculated 

(line, red), and difference (line, blue) patterns are reported. The upper tick marks 

indicate the reflections of the main PMW phase, whereas the bottom ones those of 

the impurity phase PbWO4.  
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5.3 Electrical characterization 

 

The DC electrical resistivity ρ was measured from T = 380 K to T = 90 

K (Figure 5-9); below this temperature the insulating properties of Pb2MnWO6 

exceeded the instrumental sensitivity, making the measurement meaningless. In 

the whole temperature range ρ was found to be independent of the applied 

voltage, at least in the range ±150 V, as shown in the inset of figure 5-9. 

Measurements were carried out with applied voltages ranging from 10 V to 200 

V. The resistivity follows a semiconducting behaviour given by ρ=ρ0 exp(Eρ/kT), 

at least down to T = 230 K, with activation energy Eρ = 0.53 eV; a drastic change 

is observed around 170 K and could be related with that anomaly observed in the 

thermal evolution of the polar axis of the structure at the same temperature. 

The sample is characterized by high values of the dielectric constant, 

whose evolution with the temperature, is reported in figure 5-9, and shows the 

existence of an electric transition with a large thermal hysteresis. The transition, 

consisting in a sudden jump, occurs at 90 K if the measurement is performed on 

cooling, but it is shifted around 170 K on warming. The transition, not affected 

by the frequency of the AC electric field, could be related with the change in the 

resistivity, which occurs at the same temperature, and with the one observed in 

the evolution of the cell parameters, recalling that the measurements were 

performed in that case on warming. The large hysteresis is a possible indication 

of a first order transition; nevertheless no change in the crystal symmetry or 

discontinuity in the cell volume were detected from the high-resolution 

diffraction data collected at the D2B instrument.  
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Figure 5-9  Top) Electrical resistivity in the temperature range 90 - 380 K; the dashed line 

corresponds to the Arrhenius fit with an activation energy of 0.53 eV. The I(V) 

characteristic, measured  at T = 290 K, is shown in the inset. Bottom) Dielectric 

constant measured at different frequencies; the full and empty symbols indicate 

measurements performed on cooling and warming, respectively.   

 

The behaviour of both electrical resistivity and permittivity near 170 K 

indicates a change in the transport properties of the system. The transition from a 

thermally activated conduction mechanism to a nearly constant value of the 

resistivity may be attributed to a possible localization or freezing of the 

conduction charges. Moreover the concurrence between the thermal expansion 
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change of the polar axis of the structure and the dielectric anomaly could be 

reasonably attributed to some electronic and transport transition that do not 

induce any evident crystal transformation.  

 

 
Figure 5-10  Ferroelectric hysteresis measurement performed with a Positive Up Negative 

Down (PUND) technique with pulse frequency of 5 Hz and 2 kV of amplitude. 

 

The electrical polarization of the system was studied both in continue 

and alternate condition. The AC hysteresis loop of the PMW sample is shown in 

figure 5-10. The measurement was performed following a PUND procedure10 

using pulses with intensity V = 2000 V and frequency f = 5 Hz. The sample 

presents a hard hysteresis loop with a symmetric coercive electric field EC =20 

kV/cm and a saturation polarization PS = 2.85 µC/cm2. The value of the coercive 

field is close to the standard values obtained for lead zirconate titanate (PZT).20 

However we must take into account that in a polycrystalline sample the observed 

coercive electric field could be overestimated, due to the presence of 

morphological defects and grain boundary.  

Some features of the loop deserve some discussion. The structural 

characterization indicates a ferrielectric configuration, in agreement with the 
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square form of the loop that represents another indication of the ferrielectric 

nature of the sample. The phenomenology of polarization reversal of 

ferrielectrics has been investigated by C.F. Pulvari by analysing the electric 

behaviour of mixed niobates11 and bismuth titanates.12 Pulvari’s observations 

indicate that an electric field higher than the coercive force of the system is 

required to open a ferrielectric hysteresis loop. The presence of a threshold is 

emphasized by the fact that below a certain field the hysteresis loop does not 

appear: the material, in these conditions, shows the behaviour of a linear 

dielectric (as shown later) in contrast to the classical ferroelectric 

phenomenology in which the saturation is gained by a smoothed evolution. This 

sudden onset of the polarization gives to the P-E loop the particular square shape 

even in presence of a polycrystalline ceramic. 

The noisy region of the hysteresis detected between 20 and 40 kV/cm 

has two principal causes. First the zig-zag feature, present in particular in the 

E<0 part of the loop, are artificially introduced by the instrument. Instead, the 

long tails of the loop are due to the metastable antipolar states of the sample that 

are not converted when the critical switching field is achieved. Generally in 

ferrielectrics this process is not completed and part of the sample is likely locked 

to the antiferro dipole condition. In earlier studies12 this stage is recognized as an 

intermediate dynamical situation, which is quickly suppressed by increasing the 

maximal limit of the applied electric field. The presence of these regions is 

probably related to the microstructural defect that could act as pinning point for 

the electric domains.  

The DC electric polarization as a function of the temperature was 

studied by means of pyrocurrent measurements.13-15 In figure 5-11a are shown 

typical pyrocurrent measurements of the PMW sample polarized at Tp = 380 K 

with Ep = 3125 V/cm, that represents the maximal electric field provided by the 

available equipment. The measurements present two broad peaks at T1 = 80 K, 

T2 = 217 K and a narrow peak at 165 K. The three anomalies are reproduced 

with unchanged characteristic temperatures in different measurements, 
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performed by changing the poling field Ep and by applying an external magnetic 

field in the range 80 - 275 K.  

 

 
Figure 5-11  Pyrocurrent measurements of the PMW sample in different conditions. a) 

Pyrocurrent measurements in logarithmic scale with Ep = 3125 V/cm and Tp = 380 

K performed in absence of magnetic field (black line) and in 2 T (red line). b) 

Pyrocurrent measurements performed by cooling the sample below (red line) and 

above (blue line) 90 K. c) Series of pyrocurrent measurements performed by 

poling the sample at different voltages. d) Static electric polarization at Tp = 273 K 

as a function of the poling field obtained by integration of the measurements 

shown in figure 5-11c. 

 

The sharp peak at 165 K seems to be clearly associated to the 

phenomena observed in both resistivity and dielectric constant measurements. 

To corroborate this observation, different pyrocurrent measurements were 

performed by cooling the sample at different T0 temperatures. The measurements 

show that the sharp pyrocurrent peak appears always at the same temperature 

(figure 5-11c), but only if the sample is cooled below 90 K (figure 5-11b); this is 
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consistent with the wide hysteresis observed in the dielectric constant 

temperature dependence. Figure 5-11c shows that the sign of the electric 

polarization developed around RT can be switched by the inversion of the poling 

voltage. The static electric polarization of the material at Tp = 273 K, obtained 

by the integration of the pyrocurrent, is reported in figure 5-11d as a function of 

the applied poling field. The linear behaviour and the null remanence are 

consistent with the ferrielectric nature of PMW, though the threshold field could 

not be reached in these cases by means of the available voltage. 

 

 

5.4 Magnetic characterization 

 

The sample shown two magnetic transitions by decreasing the 

temperature at TC1 = 44 K and TC2 = 9 K as shown in figure 5-12. The Curie-

Weiss fit of the paramagnetic region of the inverse susceptibility reveals an 

antiferromagnetic (AF) nature of the interaction between the magnetic ions (Θ

CW = -24.3 ± 0.1 K) and a moment µeff  = 5.7 µB in agreement with Mn2+ ions in 

high spin configuration with quenched orbital momentum. Despite the AF 

magnetic interaction, the system shows a weak ferromagnetism (FM) evidenced 

by the irreversibility between ZFC e FC measurements. Moreover the M(H) 

measurement at 3 K shown in figure 5-12 indicates an almost linear response 

confirming the AF nature of the sample; nevertheless a small opening of the 

cycle with a coercive field of 0.016 T was detected at 3 K (see inset figure 5-12) 

and at 25 K.  
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Figure 5-12. Top) ZFC and FC curves measured by applying H=50 Oe in the temperature range 

4 - 300 K. Lower panel) Hysteresis loop of the PMW sample in the field range ±5 

T; a zoom of the low field region that show the small coercive field of 160 Oe is 

shown in the inset. 

 

In figure 5-13 are shown the zero field cooling (ZFC) and field cooling 

(FC) measurements at different applied fields. An interesting field dependence 

of the ZFC-FC curves is observed; in particular by increasing the applied field 

the 44 K transition is strongly reduced and disappears for field higher than 5 
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kOe. For the highest field, the irreversibility between ZFC and FC curve is 

suppressed. On the contrary the 9 K transition remains evident in all the 

measurements, in spite of a monotone decrease of the susceptibility with the 

applied field.  

 

 
Figure 5-13  Field dependence of ZFC (top) and FC (lower panel) curves in the range 50 Oe – 5 

kOe. 

 

5.5 Magnetic structure analysis and discussion 

 

To analyse the magnetic structure of the system, a series of CW-NPD 

experiments were carried out at the ILL institute on the D20 beam line and at the 

D2B. Some diffraction pattern are shown in figure 5-14 as function of 
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temperature, pointing out the appearing, below 10 K, of additional reflections 

connected to the long range magnetic ordering related to the second critical 

temperature TC2 observed in the magnetization measurements.  

 

 
Figure 5-14  NPD data in temperature obtained at the D20 line with λ=2.41 Å, the arrows 

indicate the magnetic reflections. (Inset) zoom of the low angle region of the 10K 

diffraction pattern in which is clearly visible a diffuse scattering.  

 

These reflections can be indexed with a propagation vector κ1=(¼ 0 0) at 

2 K. On the contrary no additional reflections appear below the magnetic 

transition at TC1 = 44 K, where only a diffuse scattering indicative of a short 

range ordering is observed (figure 5-14, inset). The diffuse scattering at low 

angle was fitted to obtain the average correlation length. Different models were 

used and it is interesting to note that the profile shape does not follow the 

characteristics of a Warren type function,16 suggesting a 3D nature of the short 

range ordering. The best fit of the broad diffuse peak was obtained, after the 

background subtraction, with a Gaussian function. The average magnetic 

correlation length, calculated by the Sherrer formula (K=0.9) applied to the fitted 

profile, was found to be 19(1) Å.  
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The magnetic structure analysis was carried out with the superspace 

formalism.17 In this methodology, described in details in chapter 3, the magnetic 

structure is described by a conventional structure related to the nuclear 

fundamental cell associated to a series of magnetic modulation functions, with 

propagation vector κ, that describe the variation of the momentum from the basic 

structure.18,19 The magnetization of the j-th atom in the unit cell is therefore 

defined by the value on the basic structure Mj,0, described by a classical coloured 

Shubnikov groups,20 and from a modulation function Mj(x4=t+κ�rl,j) in which x4 

is the so called internal coordinate and rl,j indicates the position of the j-th atom 

of the basic structure in the l-th unit cell. The modulation function can be 

expressed in a Fourier series:  

 

!
M j (
!
k ⋅ !rl, j ) =

!
M j,0 + [

!
M j,ns sin(2πn

!
k ⋅ !rl, j )+

!
M j,nc cos(2πn

!
k ⋅ !rl, j )]

n=1

∞

∑          (1 

 

The analysis of the diffraction pattern indicates the presence of magnetic 

intensity on the nuclear reflections, with propagation vector κ2= (0 0 0), and 

consequently the Mj,0 terms differ from zero. The systematic absences of the 

magnetic pattern were analysed with the help of the Bilbao crystallographic 

server21-23 and in particular with the program MAGNEXT.24 The observed 

absences of 00l reflections with l=2n+1 indicate as possible magnetic space 

groups of the basic magnetic structure Pmc21 (Fedorov group) or alternatively 

Pm'c'21. The combination between this two space groups with the propagation 

vector κ1=(1/4 0 0) produce four possible super-space groups: Pmc21(α00)000, 

Pmc21(α00)0s0, Pm'c'21(α00)000, Pm'c'21(α00)0s0.  

The Rietveld refinement was attempted in all possible super-space 

groups by means of the Jana2006 software4 and the best agreement between the 

observed and calculated model was found for the Pmc21(α00)0s0 magnetic space 

group. Crystal data and parameters of the Rietveld refinement carried out on the 

D20 and D2B data at 2 K are reported in table 5-3. In the Pmc21 magnetic space 
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groups of the basic magnetic structure the two independent manganese sites lie 

on the mirror plane, forcing the magnetic moment of the basic structure along 

the a axis. 

 
Table 5-3. Crystal data and refinement parameters at 2 K 

Chemical formula  Pb2MnWO6 
Super-space magnetic group  Pmc21(α00)0s0 

a (Å)  8.01620(11) 
b (Å)  5.78216(8) 
c (Å)  11.63487(9) 

V (Å3)  541.10(16) 
Z  4 

 D2B D20  
λ( Å) 1.594 2.41 
GOF 1.68 5.92 

Rp 5.54% 2.28% 
wRp 6.98% 3.26% 

Overall GOF 3.41 
Overall Rp 2.37% 
Overall wRp 3.51% 

 

 
Table 5-4 Modulation functions for the magnetic moment of the manganese atoms 

Site Magnetization expression 

Mn1 Mx,0+ My,ccos(2πx4)+ Mz,ccos(2πx4) 

Mn2 Mx,0+My,ccos(2πx4)+ Mz,ccos(2πx4) 

 

 

Owing to the presence in the diffraction pattern of the only first-order 

satellites, the symmetry permitted terms of the Fourier series, indicated in 

equation 1, was truncated at n=1. Moreover, further constraints, suggested by the 

behaviour of the refined parameters, were introduced in the last refinement 

cycles. On one side the Mx,s terms, having negligible values within the e.s.d.’s, 

were imposed to zero, whereas the Mx,0 and Mz,c terms of the two independent 

sites, having comparable opposite values, were forced to assume the same 

modulus and the opposite sign. The final terms of the modulation function are 

reported in table 5-4, whereas the atomic and magnetic parameters of the 2 K 

refinement are reported in table 5-5.  Figure 5-15 shows the Rietveld plots of the 
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D2B and D20 data with both nuclear and magnetic contribution, whereas figure 

5-16 shows the fit of the pure magnetic diffraction pattern obtained from the 

subtraction between the 2 K and 10 K D20 patterns. The agreement on the pure 

magnetic pattern is good (wRB=9%) and confirms the proposed model. 

 

 
Table 5-5 Atoms positions and magnetic parameters of the structure at 2K 

Site x y z Uiso (Å2) 

Pb1 0.7628(9) 0.9746(16) 0.8653(11) 0.015(2) 

Pb2 0.7462(11) 0.5477(12) 0.5786(11) 0.011(2) 

W1 0 0.522(4) 0.8644(12) 0.020(5) 

W2 0.5 0.001(5) 0.6117(12) 0.018(5) 

Mn1 0.5 0.492(6) 0.8646(16) 0.006(6) 

Mn2 0 0.998(7) 0.1027(15) 0.011(6) 

O1 0 0.724(3) 0.730(2) 0.0159(5) 

O2 0 0.311(3) 0.973(2) 0.0159(5) 

O3 0.5 0.767(4) 0.7103(18) 0.0159(5) 

O4 0.5 0.222(3) 0.721(2) 0.0159(5) 

O5 0 0.249(3) 0.7442(13) 0.0159(5) 

O6 0.5 0.209(3) 0.477(3) 0.0159(5) 

O7 0.7384(15) 0.0361(16) 0.5956(12) 0.0159(5) 

O8 0.5 0.294(4) 0.9958(16) 0.0159(5) 

O9 0.7667(15) 0.520(2) 0.8655(12) 0.0159(5) 

O10 0 0.786(4) 0.9568(17) 0.0159(5) 

Site Mx,0 (µB) My,c (µB) Mz,c (µB) 

Mn1 -2.31(3) -3.26(15) 1.57(7) 

Mn2 2.31(3) 5.06(13) 1.57(7) 
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Figure 5-15  Rietveld refinement plots of the neutron powder diffraction data taken at 2 K on 

D20 (top) and D2B (bottom): observed (black crosses), calculated (red line) and 

difference (blue line) patterns are shown; the black tick marks indicate the 

calculated position of the main phase (bottom) and of the secondary phase PbWO4 

(top), whereas the green tick marks indicate the magnetic satellite reflections of the 

main phase.  
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Figure 5-16)  Rietveld refinement plot of the pure magnetic pattern obtained by the difference of 

the 2 and 10 K D20 diffraction patterns: observed (black crosses), calculated (red 

line) and difference (blue line) patterns are shown; the black tick marks indicate 

the calculated position of the main magnetic reflections, whereas the green tick 

marks indicate the magnetic satellite reflections.  

 

As described in chapter 3, in the superspace formalism the 

reconstruction of the 3D structure is done by a t-section of the (3+1)D space 

perpendicular to the 3D space, recalling that the value of the magnetization 

along the forth axis is: 

 
!
Ml, j =

!
Ml, j (t +

!
k ⋅ !rl, j )                                             (2 

 

where t in case of a Ns-fold commensurate structure is t = n/Ns-t0  

(n=0,1,.., Ns-1). 
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Figure 5-17  t-plot of the magnetic components (top) and of the moduli (bottom) of the two 

independent Mn atoms obtained from the refinement at 2 K. The dashed and the 

dotted lines represent the position of the manganese atoms with the different 

choice of the t-section respectively t0=0 and 1/8.  The position of the manganese 

atoms in the t-space are obtained by the relation tl,j=t0+k�rl,j  

 

The choice of the origin of the t-section, the t0 parameters, is a crucial 

point in case of a commensurate structure (see chapter 3). In fact, in this frame, 

different choices of the t0 parameter can give different magnetic components and 

even different magnetic space groups for the Ns-fold superstructure. Among the 

possible t0 sets, both the conditions t0=0+n/4 and t0=⅛+n/4 give rise to 
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superstructures with orthorhombic Pmn21 magnetic symmetry whereas any other 

value of t0, defines a superstructure with monoclinic Pn magnetic symmetry. 

Figure 5-17 shows the evolution of the magnetization along the fourth axis of the 

(3+1)D space whereas the positions of the Mn atoms with the two different 

choices of the t0 parameters are indicated by the heavy and light dashed lines.  

The solution with t0=0+n/4 leads to a magnetic moment |M| = 5.73 µB,  

exceeding what expected for Mn2+ at 2 K, for two atoms and therefore it has 

been rejected. On the contrary t0=⅛+n/4 represents the most convenient 

solution, not only for symmetry reasons, but also for the plausible values of the 

three unconstrained magnetic moments, that are similar to each other as shown 

in table 5-6. 

 
Table 5-6 Value of the magnetic moment for each atoms in the fourfold superstructure with t0=1/8. 

The atoms label, according to table 5-5, indicates the position in the nuclear unit cell. 

Atom x4 Mx (µB) My (µB) Mz (µB) |M| (µB) 

Mn1 0 2.30(3) 0.000(0) 0.000(0) 2.30(3) 

Mn1 0.25 2.30(3) 3.19(15) -1.58(7) 4.24(17) 

Mn1 0.5 2.30(3) 0.000(0) 0.000(0) 2.3063) 

Mn1 0.75 2.30(3) 3.19(15) 1.58(7) 4.24(17) 

Mn2 0 2.30(3) -3.61(6) 1.11(5) 4.43(8) 

Mn2 0.25 2.30(3) 3.61(6) 1.11(5) 4.43(8) 

Mn2 0.5 2.30(3) -3.61(6) 1.11(5) 4.43(8) 

Mn2 0.75 2.30(3) 3.61(6) 1.11(5) 4.43(8) 

 

The commensurate fourth-fold structure with Pmc21 magnetic symmetry is 

shown in figure 5-18. The model is formed by blocks separated by mirror planes 

perpendicular to the a axis, producing the inversion of the My component sign; 

the manganese atoms lying on the mirror plane are constrained by the symmetry 

to assume magnetic moment collinear to the a axis. The magnetic interaction 

gives rise to zig-zag chains of FM alignments (blues straight lines) in the ac 

plane (see figure 5-18 bottom), which are stacked along the c axis with an E-type 

AF coupling (green straight lines giving rise to a perfect AF configuration). 
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Figure 5-18  Projection of the refined magnetic model in the ab (top) and ac planes (bottom); 

the blue and green lines indicate ferromagnetic and antiferromagnetic interactions 

of the Mx components respectively; the + and - symbols indicate the direction of 

the magnetic moment component normal to the ac plane. 

 

The evolution of the magnetic structure with the temperature is quite 

interesting. From figure 5-19, showing the evolution of the (001), (0011), and 

(101-1) reflections in the temperature range between 12 and 2 K, it can be 

noticed that the main magnetic reflections  disappears before the satellites ones 

that vanish around 10 K in agreement with the magnetization measurements. 

Moreover the progressive shift of the satellite reflections suggest a reduction of 

the a component of the propagation vector from the commensurate value. To 

determine the evolution of the propagation vector as function of the temperature 

a series of Le Bail fit were performed on the D20 data. The result are 

summarized in the bottom panel of figure 5-19, were the deviation δ of the 

propagation vector κ1 from the commensurate value is plotted as function of the 
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temperature. The propagation vector became clearly incommensurate above 7 K, 

temperature at which the magnetic intensity on the main reflections disappear, 

indicating the presence of a magnetic phase transition at this temperature.     

 

 
Figure 5-19  Top) Thermal evolution of selected magnetic reflections at low angle; the dashed 

lines are guides for the eyes to underline the different trend of the main and 

satellite reflections. Bottom) Thermal evolution of the propagation vector in terms 

of its deviation from the commensurate value. 

 

The incommensurate magnetic structure was solved from the CW-NPD 

pattern collected at 8 K. Since the magnetic intensity on the nuclear reflection is 

zero the magnetic space groups of the basic magnetic structure is the grey group 
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Pmc211'. It follows that the possible magnetic superspace groups are 

Pmc211'(a00)0s0s or Pmc211'(a00)000s. Owing to the limited number and to the 

weakness of the magnetic reflections, the Rietveld refinement was performed on 

the pure magnetic diffraction pattern obtained by the subtraction of the 13 K 

pattern from the 8 K one using the Jana2006 software.4 The best agreement was 

found in the Pmc211'(a00)0s0s superspace groups and the Rietveld plot is shown 

in figure 5-20, together with the resultant t-plot. Also in this case some 

constrains on the Fourier amplitudes of the two Mn sites were introduced in the 

last cycles to stabilize the refinement; in particular, by taking into account the 

obtained values the My,c terms of the two independent sites were constrained in 

an AF configuration, whereas the Mz,c terms were imposed to be equivalent. 

Refinement and magnetic parameters are summarized in table 5-7. 

 

 
Table 5-7 Crystal data and refinement parameters of the incommensurate magnetic structure at 

7.9K 

Chemical formula Pb2MnWO6 
Super-space magnetic group Pmc211’(α00)0s0s 

a (Å) 8.0206(8) 
b (Å) 5.7813(8) 
c (Å) 11.6316(18) 
α  0.230(7) 

V (Å3) 539.36(16) 
Z 4 

GOF 1.67 
RP 8.97% 

WRP 11% 
 

Magnetic parameters 
 My,c (µB) Mz,c (µB)  
 2.11(5) 1.99(8)  
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Figure 5-20  Top) Rietveld refinement of the incommensurate magnetic structure at 8 K on the 

pure magnetic diffraction pattern obtained from the subtraction between the 8 K 

and 13 K diffraction patterns. Bottom) t-plot of the incommensurate magnetic 

structure at 8 K. 

 

In this case, thanks to the incommensurate character of the structure, any 

t-section give equivalent representation of the magnetic system. The obtained 

model in shown in figure 5-21; is constituted by a spin density wave propagating 

along the a axis with the spin lying in the bc plane.  
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Figure 5-21  Representation of 10 unit cells of the incommensurate magnetic structure of  

PMW. 

 

The acquired knowledge of the two magnetic structures allows to 

describe the evolution of the magnetic ordered moment as function of the 

temperature. The Mx component of the magnetic moment arises from the basic 

magnetic structure, whereas Myz, calculated as , is 

connected to the modulated part of the magnetic structure. The data obtained 

from the two independent Mn sites were averaged and fitted with a classical 

power law: 

                                                                        (3 

The fit of the experimental data is reported in figure 5-22, and it was 

extended also to total magnetic moment. The calculated value at 0 K, with a 

critical exponent β conform to the classical model of 3D Heisenberg magnet,25 is 

in agreement with a Mn(II) in the hs configuration. It is worthy to underline that 

the equation 3 is correct for temperature close to the magnetic transition, 

nevertheless the obtained value of the magnetic moment at 0 K is a good 

approximation. 
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Figure 5-22  Thermal evolution of the magnetic moment of the Mn atoms as function of 

temperature. The red line is the best fit using the classical power law. (see text) 

 

Below 10 K the long range magnetic order develops in the bc plane with 

an incommensurate propagation vector κ1 = (¼-δ 0 0), superspace group 

Pmc211'(a00)0s0s, and involve a spin density wave with the spin lying in the 

same plane. By further cooling, the propagation vector lock-in to the 

commensurate value at 7 K: the rise of the magnetic component along the a axis 

of the structure (see figure 5-22) with propagation vector κ2 =  (000) is observed, 

and the magnetic superspace group of the commensurate structure transforms in 

Pmc21(α00)0s0. By analysing the symmetry of the two magnetic phases the 
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incommensurate-commensurate (IC-C) transition may be describe as the 

removing of the (1'|0 0 0 ½) symmetry operator, indicated in Seitz notation, from 

the Pmc211'(a00)0s0s space group, and by the lock-in of the propagation vector 

to the commensurate value. It is worthy to underline that the lock-in of the 

propagation vector in the Pmc211'(a00)0s0s superspace group does not imply the 

removal of the (1'|0 0 0 ½) symmetry operation, but is produced by the 

appearance of the κ2= (0 0 0) component. The actual data cannot discriminate if 

the two phenomena happen simultaneously in a first order transition or are 

independent. 

 

 
Figure 5-23  Zoom of the low angle region of the D20 Rietveld plot at 2 K. The blue line 

indicates the refined background that shows the same diffuse scatter seen in the 

diffraction pattern obtained at 10 K (shown for comparison). 

 

It is interesting to note that the diffuse scattering appearing in connection 

with the first transition at T1 = 44 K persists below the second magnetic 

transition, as pointed out in figure 5-23. This is a clear indication that the two 

phenomena, the long and short-range order, have a different nature. It is widely 

recognized in literature that point and line defect, like anti-site defect (AS) and 
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anti phase boundary (APB), deeply influence the magnetic proprieties of double 

perovskite systems.26-29 The Rietveld refinement does not point out the presence 

of anti-site defect in the system, at least in the sensibility range offered by the 

diffraction techniques. The most plausible explanation of the diffuse scattering 

observed at the TC1 transition could be the presence in the polycrystalline sample 

of APB generating AF exchange paths with higher transition temperature but 

limited spatial distribution. The presence of this short-range order should be at 

the origin of the observed weak ferromagnetism, since the other possible option, 

i.e. canting of the long-range AF structure, is forbidden by the symmetry of both 

superspace groups, which do not allow a ferromagnetic component. In this 

scenario the APB generate AF domains that may be unbalanced owing to the 

reduced spatial extension, giving rise to a weak ferromagnetic contribution that 

reaches the saturation at low fields, but is masked by the linear response of the 

AF structure at higher applied fields (see figure 5-12). 

 

 
Figure 5-24  Thermal evolution of the low temperature region of the c axis of the structure. The 

dashed lines indicate the two magnetic transitions; the red line is a guide to the eye 

to underline the magnetostrictive effects. 
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Both the observed magnetic transition are connected to magnetostrictive 

effects, as indicated by the comparison of magnetization data with the thermal 

evolution of the polar axis c reported in figure 5-24. A weak magnetostrictive 

effect is observed in correspondence of TC1, whereas a small jump at 10 K is 

detected in correspondence of the long-range magnetic ordering, as indication of 

a possible first order character of the transition. The correlation between the 

magnetic critical temperatures of the system and the anomalies observed in the 

cell parameters, particularly along the polar direction of the crystal (c direction) 

are indications of a possible spin-lattice coupling in the system. 

 

5.6 Poling effect on structural ad magnetic properties 

 

In order to investigate the existence of a persisting effect of the 

application of a high electric field to the system, diffraction experiments were 

performed on a poled sample. A thin sintered sample (t = 200 µm) was 

metalized and poled at 2 kV in the same condition of the PUND measurement 

shown in figure 5-10. The poled sample was then used in a transmission 

diffraction experiment at the ID15B beam line (λ = 0.1427 Å) in the temperature 

range 2 - 300 K. In spite of the fact that the diffraction pattern does not show 

significant changes of the reflection intensities with respect to the un-poled 

sample, some new weak reflections rise up by cooling below 230 K as shown in 

figure 5-25. Even if these reflections are not present at room temperature, some 

diffuse scattering in the low angle region is observed, suggesting that domains of 

this nuclear modulation increase with the decreasing of the temperature.  

The satellite reflections were indexed in the 4 K diffraction pattern with 

the use of the k-search software of the Fullprof suite30 and the best R factor was 

obtained for the modulation vector κ=(0.44, 0.25, 0). It worthy to underline that 

the correct indexing of an incommensurate modulation vector with two 

components is tricky from powder data because of the strong superposition and 

overlap of the reflections. Nevertheless, the result of a Le-Bail fit of the 4 K data 
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with the proposed modulation vector performed with the Jana2006 software4 is 

shown in figure 5-26. All the peaks in the diffraction pattern are indexed with 

the proposed model and the refined modulation vector is κ=(0.4388(2), 0.25, 0) 

 

 
Figure 5-25  Selected low angle SPXRD patterns of the poled sample; the arrows indicate the 

satellite reflections arising below 230 K.  

 

By considering the modulation vector and the space group of the parent 

structure, the possible superspace group for the modulated structure is 

P21(αβ0)0 (unique axis c) corresponding to the V1 representation. 

Unfortunately, owing to the small number and to the weakness of intensity of the 

observed reflections and to the structure complexity (20 atoms in the asymmetric 

unit), it was not possible to obtain a plausible model for the incommensurate 

phase. 
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Figure 5-26  Le-Bail fit of the 4 K SPXRD pattern of the poled sample using the propagation 

vector κ=(0.4388(2), 0.25, 0). Observed (black, crosses), calculated (red, line), 

main (black, tick) and satellite (green, tick) reflections are shown. 

 

The thermal behaviour of the average structure, expressed in terms of 

the fundamental perovskite cell and of the unit cell volume, is reported in figure 

5-27. By comparison with the measurements carried out on the un-poled sample 

and shown in figure 5-6, strong differences can be noted. bp and cp at first 

increase and then decrease by decreasing T, showing both a maximum  around 

150 K. An opposite trend is observed for ap; at first it decreases significantly, 

determining the contraction of the unit cell volume in spite of the opposite trend 

of bp and cp; then, below 150 K, the expansion coefficient at first decreases 

progressively and then changes sign at 80 K; below this temperature, ap 

increases but the thermal trend is again upturned at 10 K. The complexity of the 

ap behaviour contrast with the one of the un-poled sample, where only a freezing 

of the cell parameter was observed. It is interesting to note that all the lattice 

parameters of the poled sample show anomalies at 10 K, in correspondence to 

the magnetic long-range order transition. The magnetostrictive effect observed at 

TC2 = 44 K in the un-poled sample, seems translated in the poled one at a higher 

temperature (around 100 K). 



104   | Pb2MnWO6 (PMW) 

 
Figure 5-27  Thermal evolution of cell volume and cell parameters (expressed in terms of the 

fundamental perovskite cell) of the poled PMW sample; the dash-dot-dot line 

indicates the long-range magnetic transition temperature, whereas the dash-dot line 

indicates the upturning of the ap thermal coefficient.  
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The observed anomalies for the poled sample seem in general to be 

related to the electric and magnetic characteristics of the system. First of all, the 

change in the thermal expansion coefficient of the bc plane observed around 170 

K could be connected to the change in the transport properties of the sample at 

this temperature and in particular to the jump in the dielectric constant, the 

change in the resistivity mechanism and the strong pyrocurrent peak.  

 

 
Figure 5-28 View of the O-B-O-B' chain along the a axis; violet and grey atoms refer to Mn 

and W, large black sphere to lead, wheres the oxygen atoms are represented in red. 

The connection between the O-B-O angle and the shortest bond of the lead atoms 

with the apical oxygen, indicated in figure, is evident.  

 

The most interesting temperature of the poled systems is the anomaly 

observed in the thermal evolution of the a axis at 80 K. At this temperature in 

the pyrocurrent measurements is present a broad peak as shown in figure 5-11a 

indicating a contribution of the transition in the sample polarization. As already 
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point out the a direction is principally characterized by the bending of the O-B-O 

angle of the octahedral network, mainly caused by the distortion induced by the 

lead atoms as described in figure 5-28. Starting from RT and cooling the sample, 

the a direction start to decrease until to 100 K, where it reaches the lowest value 

and consequently the O-B-O angle reaches is lowest limit. By further cooling the 

sample, the structure relax the compression with a consequent increase of the a 

axis. These effects are evidenced also in the thermal evolution of the b and c 

axes; starting from RT and by cooling the sample, the lead distortion increases 

inducing an expansion of the bc plane as observed in correspondence of the 

para-ferrielectric transition at 450 K in the un-poled sample. At 100 K the lead 

distortion rich is maximum value and starts to decrease, and consequently the bc 

plane starts to compress and follow a classical behaviour by decreasing the 

temperature. Finally, the lead distortion seems to increase again below the 

magnetic transition at 10 K, as indicated by the sudden increase of the polar axis 

of the structure (figure 5-27) connected to the shortening of a .  

The temperature dependence of the integrated intensities of selected 

reflections is shown in figure 5-29. The main reflections, connected to the 

average nuclear structure, follow a classical behaviour (increase the intensity by 

decreasing the temperature produced by the ADP’s reduction). On the contrary, 

the intensities of the satellite reflections, after an initial rise by decreasing T, 

decrease monotonically below 230 K down to 80 K, where they start to rise 

again. The correspondence of these temperaturse with the changes in the thermal 

behaviour of the a axis, is a clear indication of a strict. Finally, it is worthy to 

underline the appearance of the satellite reflections at the temperature (T2 = 217 

K) at which a broad peak in the pyrocurrent is observed  (figure 5-11a) 

suggesting the influence of the modulation on the ferrielectric properties of the 

system. 
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Figure 5-29 Integrated intensities of selected main (top) and satellite (bottom) reflections, 

indexed on the basis  of the modulation vector determined at 4K. The dot lines 

indicate the appearing of the satellite reflection at 230 K and the change of the 

thermal coefficient of the a axis at 80 K.  

 

To better correlate these new features of the system and to study the 

possible magneto-electric coupling, a series of Electric Field cooling 

magnetization measurement were performed on the poled sample. In figure 5-

30(top) are shown the FCC and ZFC measurements of the poled sample 

performed without applying electric filed during the cooling of the sample, that 



108   | Pb2MnWO6 (PMW) 

point out several differences with respect to the same measurements on the un-

poled sample.  

 

 
Figure 5-30  (Top) Electric Field cooling FCC and ZFC magnetization measurements on a thin 

(t = 200 µm) metalized PMW sample after 2 kV poling. (Bottom, left axis) Electric 

Field cooling ZFC magnetization measurements at different electric field showing 

the strong field dependence of the magnetization cusp observed at 80 K. (Bottom, 

rigth axis); pyrocurrent measurement showing a broad peak in correspondence of 

the magnetization cusp.  

 

First, the two characteristic transition temperatures TC1 and TC2 are still 

present at the same temperatures, but they look more sharp than in figure 5-12. 
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Since the two measurements are performed on samples sintered for different 

time, they could be influenced by differences in microstructure, morphology, 

density and defects. Nevertheless, in the ZFC measurement, a strong anomaly 

with a small negative cusp (quenched in the FCC measurement) is evident 

around 80 K. As shown in figure 5-30 (bottom), this cusp shows a very 

interesting electric field dependence. In fact, if the measurement is performed 

with an applied electric field, the cusp increases almost linearly with the field, 

becoming positive above 50 V, indicating a strong spin lattice coupling in the 

system.  

The nature of the observed magnetization cusp is actually far to be 

understood and a series of measurements are planned to better analyse the 

coupling. This type of cusp in the magnetization measurements is generally 

connected with the Hopkinson effect.31 This effect is related to the motion of the 

domain walls that, in soft materials, became fast in proximity of the transition 

temperature. This can induce a sharp increase of the magnetization in the sample 

as observed in quadruple perovskites.32 Another possible explanation for the 

Hopkinson effect, in particular for single domain particles, takes into account the 

magneto-crystalline anisotropy constant Ka and the magneto-elastic effect Kme.33-

34 In specific, the magnetization cusp is present when the K constants go to zero 

just before or at the magnetic transition temperature. The vanishing of the 

anisotropy terms close to the magnetic transition allow the thermal energy to 

change the direction of the magnetization from an easy direction to the other and 

consequently increase the system susceptibility. In the present case, the nature of 

the observed effect is difficult to attribute; nevertheless some consideration 

could be done. First, it is evident that whatever could be the cause of the 

observed cusp, it is strongly related to the ferrielectric degree of freedom of the 

system, since on one side the cusp intensity changes with the applied electric 

field and on the other a broad peak was observed at the same temperature in the 

pyrocurrent measurement. Moreover, a change of the thermal coefficient of the a 

axis, indicating a sort of inverse magneto-striction effect, is present at the same 
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temperature. In this picture, since the concerned direction is strongly related to 

the O-B-O angles and consequently to the crystal field acting on the magnetic 

atoms, we can imagine that the sudden change could be related to a change in 

the crystal field anisotropy of the system. The electric field dependence is easily 

explained by the influence of the ferrielectric arrangement of the lead atoms on 

the distortion of the oxygen sublattice.  

The explanation of the Hopkinson effect in terms of anisotropy and 

magneto-elastic effect is based on the assumption of single domain particles 

non-or slightly interacting. It is reasonable to think that the anti-phase boundary 

regions, which are responsible of the short-range order in the sample, could be 

sufficiently far from each other to be considered as slightly interacting Clearly,  

further characterizations are needed to confirm this hypothesis .  

 

5.7 Conclusions 

 

PMW can be considered as a new type of multiferroic material, showing 

the presence of ferrielectric and antiferromagnetic ordering. The complete 

electrical characterization confirms the structural claim of ferrielectricity, 

formulated on the basis of uncompensated distortions of two lead sublattices 

coupled in an antiferroelectric way. The driving force of the distortion is the 

stereoactive lone-pair character of the Pb atoms that influences also the 

octahedral framework of the B site atoms. From the magnetic point of view, the 

system presents a AF structure, showing at 7K an incommensurate-

commensurate transition leading to a propagation vector κ1=(¼ 0 0) and to the 

superspace group Pmc21(α00)0s0. A strong spin-lattice coupling in the system 

via magneto-striction effect has been pointed out by the analysis of the cell 

parameters, showing anomalies in connection with the observed electric and 

magnetic phenomena. A series of measurements were performed on a poled 

sample, indicating a strong increase of the magneto-striction effects. 

Furthermore, SPXRD patterns showed that the electric poling induces the 
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appearing, below 230 K, of incommensurate satellite reflections; unfortunately, 

the small number and the weakness of satellite reflections prevented to solve the 

modulated structure. The poling also induces an electric field dependent cusp in 

the magnetization measurement at 80 K, pointing out the correspondence with 

the T1 peak observed in the pyrocurrent measurements even for the un-poled 

sample. The cusp was tentatively explained by Hopkinson effect in terms of 

anisotropy and magneto-elastic effect enhanced by the electric poling. 
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6 Pb2Mn0.6Co0.4WO6 (PMCW_50) 
 

 

 

 

 

 

 

 

6.1 Room temperature crystal structure 

 

PMCW_50 sample was prepared starting from an equimolar Mn/Co 

ratio. The PXRD patter of can be index with a perovskite superstructure related 

to the simple perovskite by the relation a = 2ap, b = √2ap, and c = 2√2ap; a 

minor impurity phase, present at 4.5% in weight, was detected and identified as 

lead tungstate. The superstructure was confirmed by electron diffraction and 

SAED measurements taken in [100] and [010] zone axes are reported in figure 

6-1, where the reflections are indexed according to the orthorhombic 

superstructure and no extra modulation reflections are present. 

The crystal structure at RT was solved and refined from SPXRD 

collected at the ID15B beam line and from ToF-NPD collected at WISH. The 

best solution was found in the centrosymmetric Pmcn space group (standard 

setting Pnma). The refinement in the non-centrosymmetric Pmc21 space groups, 

characteristic of the PMW compound,1 didn’t improve the fit. The structure was 

refined simultaneously on the WISH instrument banks with 2θ=152.8°, 121.6°, 

90° and on the ID15B SPXRD data using the Jana2006 software.2 The Rietveld 

plots of the 90° NPD data of WISH and of the SPXRD data are reported, as 
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examples, in figure 6-2, whereas crystal data, refinement parameters and atomic 

parameters are reported in table 6-1 and 6-2 respectively.  

 

 
Figure 6-16  SAED patterns taken on PMCW_50, indexed accordingly to the superstructure a = 

2ap, b =√2ap, and c = 2√2ap where ap ≈ 3.9 Å is the fundamental perovskite cell 

parameter. 

 

The refined structure represents the classical prototype of an ordered 

orthorhombic double perovskite, like Pb2MgWO6.3 The B site results completely 

ordered in a NaCl-type arrangement and no anti-site defect was detected in the 

refinement. Despite this, the occupancy of the Mn/Co site deviates significantly 

from the expected 0.5/0.5 values indicating that the obtained phase is rich in Mn 

and its chemical formula, based on the diffraction data, can be expressed as 

Pb2Mn0.6Co0.4WO6. The missing cobalt is likely enclosed in the tungstate 

impurity, but the presence of a small amount of CoO, not detectable by 

diffraction measurement, cannot be excluded. The refined average bond lengths 

are in agreement with the expected values for Pb2+, W6+ ions, as well as for Co2+ 

and Mn2+ in high spin (hs) configuration. Selected angles and bond lengths are 

reported in table A-2 in appendix. Charge distribution analysis performed with 

the CHARDIS99 software4 return plausible oxidation state values for the cations 

in the system, in particular 2.02 for the Mn/Co site, 5.93 for W and 2.03 for Pb.  
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Figure 6-2  Rietveld plots of PMCW_50 data: SPXRD data (Top) and 90° bank of the WISH 

beam line (bottom). Observed (×, black), calculated (line, red), and difference 

(line, blue) patterns are reported. Upper tick marks indicate the Bragg positions of 

the lead tungstate impurity, and the lower tick marks the ones of the main 

PMCW_50 phase. 
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Table 6-1 Crystal data and refinement reliability factors for PMCW_50. 

Chemical Formula Pb2Mn0.6Co0.4WO6 
Z 4 

Space Group Pmcn 
a(Å) 8.01546(8) 
b(Å) 5.73574(8) 
c(Å) 11.51064(18) 

Volume(Å3) 529.197(12) 
d (g cm−3) 9.42 

 WISH 
2θ=152.827° 

WISH 
2θ=121.66° 

WISH 
2θ=90° 

SPXRD 
λ=0.142Å 

Overall 

Gof 3.13 2.76 2.46 3.99 2.93 
R(F)obs 3.27 2.77 3.22 3.91 - 

Rp 3.61 3.40 3.61   5.30 5.11 
wRp 4.66 4.23 3.96 7.11 4.61 

 

 
Table 6-2 Fractional atomic coordinates, atomic displacement parameters and occupancy factor of 

the PMCW_50 sample. 

 x y z Occupancy Uiso (Å2) 
Pb 0.0061(3)  0.2773(3)   0.13717(9) 1 0.0260(4) 
W 0.25       0.7544(7)   0.1200(3)  1 0.0063(5) 

Mn 0.25       0.254(2)   -0.1227(9)  0.61(1) 0.0021(12) 
Co 0.25       0.254(2)   -0.1227(9)  0.39(1) 0.0021(12) 
O1 0.0089(2)  0.7339(6)   0.1319(2)  1 0.0438(8) 
O2 0.25      -0.0196(15)  0.0157(5)  1 0.0352(15) 
O3 0.25       0.5117(17) -0.0022(5)  1 0.0285(11) 
O4 0.25      -0.0333(13)  0.2542(5)  1 0.0194(19) 
O5 0.25       0.4910(15)  0.2356(5)  1 0.044(2) 

 
 

Although distorted from the stereoactivity of the lead atoms, the BO6 

octahedral framework does not show evident tilting. The asymmetric 

coordination of the lead atoms, resulting in short bonds (ranging from 2.571(5) 

to 2.672(3) Å) opposite to the lone pair, 5 is reported Figure 6-3b. 
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Figure 6-3  a) PMCW_50 crystal structure at room temperature: black and red spheres 

represent lead and oxygen atoms respectively, whereas tungsten and 

manganese/cobalt coordination octahedra are indicated in grey and violet. b) 

Projection of the structure on the bc plane, highlighting the four short Pb-O bonds. 

c, d) Graphical representation of  the distorted octahedra of the tungsten (grey) and 

cobalt/manganese (blue/violet) atoms; the arrows indicate the direction of the local 

rotation pseudoaxis preserved in the distortion (see text).  
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The WO6 polyhedra present a distortion typical of the d0 cations, 

characteristic for example of Ti4+ in the tetragonal phase of PbTiO3,7 generally 

associated to a second order Jahn-Teller effect. The distortion, showing a pseudo 

C4 type symmetry, consists in four almost equivalent basal bonds, ranging from 

1.9406(17) to 1.979(9) Å, and in two apical bonds, one elongated (2.013(9) Å) 

and the other remarkably shortened (1.767(8) Å) as drawn in figure 6-3c. 

Nevertheless, the presence in the A site of the active lone pair influences the 

direction and the magnitude of the distortion, as shown in figure 6-3b. 

Particularly evident is the effect produced by the shift of the apical O1 oxygen 

on the deviation of the O1-W-O1 angle (169.3(3)°) from the ideal values (Figure 

6-3a). The magnitude of the WO6 distortion, calculated according to ref. 6, can 

be considered weak (Δd = 0.25 Å) and in particular results smaller than the one 

of PMW at the same temperature. This indicates that the isovalent substitution of 

Mn2+ with Co2+ determines the relaxation of WO6 distortion.  

The Mn/Co octahedron is less distorted (Δd = 0.22 Å) with respect to the 

tungsten one, but presents a pseudo C2 type of distortion, moving from the centre 

of the octahedron towards a side, as indicated in figure 6-3d. The ADP’s of the 

oxygen atoms are relatively high if compared with those of the other atoms; this 

is basically due to the static disorder accounted by considering the compositional 

disorder of the Mn/Co site. Indeed, the different ionic radius for the two cations 

(Mn2+ = 0.83 Å and Co2+ = 0.74 Å), leads to an expected local disordering of 

oxygen positions.   

As pointed out by the structure analysis, all the coordination polyhedra 

are distorted and generate, locally, electrical dipoles. As shown in figure 6-4 the 

Pb dipoles are oriented along the [0 1 2] direction and are organized in rows 

parallel to the a axis and rotated of 90° respect to the neighbour one. In the same 

way, the sub-lattice of W dipoles is oriented along the same crystallographic 

direction and is organized with the same scheme. On the contrary, the Mn/Co 

dipoles are directed along the [0 1 0] direction and are arranged in stripes. Due 

to the presence of the inversion symmetry operation in the space group, the three 
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sub-lattices are perfectly balanced, suggesting a possible antiferroelectric 

character of the system, which however needs a deeper physical characterisation 

to be confirmed.  

 

 
Figure 6-4  Schematic representation of the electrical dipole sub lattices of a) lead, b) tungsten 

and c) manganese\cobalt atoms. The arrows indicate the direction of the shifts 

from the centre of the respective coordination polyhedra.   

 

6.2 Thermal evolution of the structure 

 

The thermal evolution of the structure was studied by PXRD in the 

range RT - 400 K and by ToF-NPD on the WISH instrument in the low 

temperature range from RT to 2 K. The PXRD high temperature measurements 

show the occurrence of an orthorhombic-cubic transition around 345 K. Both 

phases coexist in a narrow temperature region (10 K), as can be noticed by the 

thermal evolution of the (0 2 4) and (4 0 0) reflections shown in figure 6-5. The 

high temperature cubic phase, like PMW, shows the Fm-3m space group 

symmetry and keeps the NaCl type B site cations arrangement of the RT phase, 

indicating the size and charge difference as the driving force of the ordering. The 

refinement of the cubic phase does not indicate the presence of anti-site defects, 
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but a high value of the ADP of the lead atom was found and interpreted as a 

strong indication of structural disorder. In fact, a statistical displacement from 

the coordination centre is required in a high symmetry system to preserve the 

lone pair character of the Pb atom. 

 

 
Figure 6-5  Thermal evolution of the (0 2 4) (2θ = 44.7°) and (4 0 0) (2θ = 45.3°) reflections of 

the orthorhombic structure, collapsing in a unique peak at 345 K, indicating a 

transition to cubic symmetry.  

 

On the contrary, no structural transition was found by decreasing the 

temperature, where the initial behaviour of the lattice parameters is similar to 

PMW. Whereas the thermal behaviour of the a axis can be described by a typical 

phonon activate evolution, the b and c axes increase from RT to 200 K (figure 6-

6), where the parameters stabilize and no further macroscopic change is 

observed down to 2 K. At very low temperatures, below 30 K, two additional 

phenomena are pointed out by NPD measurements in the behaviour of the cell 

volume. First, an inflection is observed around 20 K (TA1), followed by a second 

change occurring nearby 10 K (TA2), as shown in figure 6-6 top; at the same 

temperature a small anomaly occurrs in the c axis, evidenced in the inset of 

figure 6-6 bottom. 
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Figure 6-6  Thermal evolution of lattice parameters and cell volume of PMCW_50: top) 

thermal evolution of the cell volume: a zoom of the low temperature region 

showing two anomalies at TA1 and TA2 is shown in the inset. Middle) thermal 

evolution of the a axis; bottom) Thermal evolution of the b axis compared with 

c/2: a zoom of the low temperature region, pointing out an anomaly for c/2, is 

reported in the inset. In all cases, the error bars are smaller of the symbol size and 

the red line represents only a guide for the eyes. 
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Figure 6-7   a,b,c) Thermal evolution of the metal-oxygen bond length in the structure; d) 

schematic representation of the Mn/Co electrical dipole sublattice below 200 K.  

 

Figure 6-7 shows the thermal evolution of the bond lengths in the 

structure, as determined by the ToF-NPD data refinements. Differently from the 

case of lead and tungsten, whose coordination polyhedra do not shown 

significant changes with the temperature, the Mn/Co mixed site shows a 

modified distortion of the surrounding octahedron. On one side, the Mn-O5 bond 

distance decreases strongly in the temperature range RT - 200 K, becoming the 

shortest bond of the octahedron. On the other, with the exception of the Mn-O1 

interaction that remains constant in all the temperature range, all the other bond 

lengths increase by decreasing the temperature in the same range; a comparable 

value is reached for the Mn-O3 and Mn-O4 bond, whereas Mn-O2 stabilizes as 

the longest bond. In this situation the local symmetry of the Mn/Co octahedron, 

that can be considered C2 type at RT, becomes C4 at 200 K, with a consequent 

rotation of the local Mn/Co dipole from the [010] to the [012] direction, as 

schematically drawn in figure 6-7d. Therefore, as indicated also by the 
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anomalous thermal behaviour of the b and c axes, the cubic to orthorhombic 

transition, occurring in the system at 345 K, is followed by an important 

structural re-arrangement that extends on a relevant range and is completed at 

200 K. Accordingly no evident change in the crystal structure is observed below 

this temperature. 

 

6.3 Magnetic characterization 

 

The magnetic characterization of the sample was performed on a 

sintered pellet of mass 62.9 mg by means of a SQuiD magnetometer. ZFC and 

FC measurements, performed with different applied fields (Ha = 10, 500, 5000 

Oe) are reported in figure 6-8. The measurements pointed out a first magnetic 

transition at TC1 = 188 K, strongly influenced by the applied field. By decreasing 

the temperature, a second magnetic transition, showing the characteristic cusp of 

an antiferromagnetic arrangement, was detected around TC2 = 9 K. Despite this, 

an irreversibility between ZFC and FC measurement observed for low applied 

field, indicates a weak ferromagnetic contribution. With the increase of the 

applied field the ZFC and FC curves tend to superimpose and the complete 

overlay is achieved for Ha > 5000 Oe. Simultaneously, the reduction of the 

susceptibility, particularly evident in the FC measurements, is observed in 

association with the disappearing of the first transition. This type of behaviour is 

observed in different double perovskites containing Mn2+ or Co2+ with 

diamagnetic atoms in the B' site,1, 8-10 where these features are correlated with the 

presence of point and line defects or short range magnetic ordering. It is worthy 

to note that, with respect to PMW, the temperature of the first magnetic 

transition is increased to 190 K, suggesting that it could be strongly influence by 

the presence Mn-O-Co interactions in the APB’s in mixed Mn-Co compounds.  

The Curie-Weiss fit of the high temperature paramagnetic part of the 

inverse susceptibility indicates an antiferromagnetic character of the exchange 

interactions with ΘC-W = -8.5(5) K and  µeff = 5.5(2) µB. 
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Figure 6-8 Field dependence of the FC and ZFC magnetization curves (top) measured at 

different applied field; the FC curves at 500 and 5000 Oe are scaled by a factor 5. 

Bottom) Hysteresis loops measured at 220 K and 2 K; as shown in the inset, a 

small coercive field HC = 0.05 T is observed at 2 K. 

 

The presence of Mn2+ (S = 5/2, µeff = 5.9 µB) and Co2+ (S = 3/2, µeff = 3.8 

µB) in high spin configuration is not sufficient to provide explanation of the high 

value for µeff, therefore a contribution from the orbital momentum has to be 
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considered. Since the coordination octahedron is highly distorted, the crystal 

field removes completely the degeneracy of the d-orbitals and consequently the 

spin-orbit coupling is the sole possible source of orbital momentum. Several 

examples of Co2+ compounds, which exhibit µeff values exceeding 3.8 µB and 

indicating orbital contributions, are present in literature.9-10 Moreover, by 

comparing Pb2MnWO6 and Pb2CoWO6, for which the µeff values are 5.7 and 4.5 

µB respectively, a spin-orbit coupling contribution results evident for the cobalt 

compound. Consequently, it is plausible to consider the Co2+ ions as source of 

spin-orbit coupling even in PMCW_50. 

It is interesting to note the peculiar evolution of the magnetization as a 

function of the temperature, recorded for the low field ZFC measurements in the 

region between 80 and 180 K (figure 6-8). In this range, by decreasing the 

temperature, the magnetization shows a broad peak that is suppressed by 

increasing the applied field. Figure 6-8 shows the hysteresis loops of the sample 

measured in the ±5 T field range at 220 K and 2 K. The small coercive field 

observed at 2 K (HC = 0.05 T) is consistent with a weak ferromagnetism, as 

hypothesized on the basis of the M(T) measurement; furthermore the 

predominant linear character and the absence of saturation, at least in the field 

range examined, are indication of  an AF nature of the sample. 

 

6.4 Electrical characterization 

 

Figure 6-9 shows the thermal behaviour of the DC resistivity. The 

sample shows high value of resistivity in all the temperature range and follows a 

thermally activated behaviour in the range from 200 to 350 K, with activation 

energy of 2.18(2) eV. For higher temperatures, the resistivity deviates from this 

trend and diverge at the orthorhombic to cubic transition. Below 200 K the curve 

presents three anomalies: two peaks, showing a maximum at 155 and 80 K, and 

a minimum at 12 K. The latter could be easily related with the AF magnetic 

transition highlighted in the M(T) measurement at 10 K, whereas the former 
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ones are not easy to understand at first sight. The resistivity measurements were 

also repeated with an applied magnetic field of a 2 T and such results are 

neglected since no appreciable variation connected to magnetoresistive effect 

was detected. 

 

 
Figure 6-9  DC electrical resistivity of the PMCW_50 sample in the temperature range 2- 380 

K. The resistivity peaks at 80 and 155 K are highlighted by the different scale 

choice on the bottom graph. 

 

The dielectric constant was measured in the temperature range 2 – 300 

K. The system shows high value of the dielectric constant in all the temperature 

range with negligible frequency dependence. The data point out a slope change 

at 190 K (for clarity see also the derivative in figure 6-10), the temperature of 

the first magnetic transition. A further change in the thermal behaviour (clearly 



130   | Pb2Mn0.6Co0.4WO6 (PMCW_50) 

 

visible in the inset) occurs around 30 K. It is worth to note the existence of two 

minima in the ∂ε/∂T curve at 150 and 65 K, in correspondence of the two 

maxima in the resistivity curve shown in figure 6-9. 

 

 
Figure 6-10. Dielectric constant measured in the temperature range 2-300 K at selected 

frequency; an enlargement of the low temperature region of the 0.8 MHz 

measurement is shown in the inset (top). Temperature derivative of the relative 

dielectric constant (bottom).  

 

Pyroelectric measurements were performed on the same sample used for 

the resistive characterizations. The typical measurement of the PMCW_50 

sample is shown in figure 6-11. The curve shows a complex behaviour of the DC 

polarization in the sample with the presence of three peaks. The most intense 

one at 340 K could be related to the cubic-orthorhombic transition observed at 

the same temperature in the PXRD measurements. The polarization change, 
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obtained by integrating the pyrocurrent and shown in figure 6-11, is indicative of 

the electrical nature of this transition, which could be identified as a para-

antiferroelectric transition (PE-AFE) by the crystal symmetry analysis. 

 

 
Figure 6-11  Pyrocurrent measurements of the PMCW_50 sample. Bottom) Typical pyrocurrent 

profile after poling at 380 K with voltage V = ±150 V. Top) Polarization variation 

obtained from the integration of the pyrocurrent measurements. In both cases a 

zoom of the low temperature region is shown in the inset. 

 

Beside the PE-AFE transition at 345 K, the measurement presents other 

features. At low temperature two peaks, denoted as T1 and T2 and occurring 

around 15 and 200 K, are present. The first one could be related to the 

antiferromagnetic transition observed in the magnetization measurement at 10 K 
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and the second with the first magnetic transition at 188 K. The assignment of T1 

and T2 are supported by the change in the polarization of the system around the 

magnetic transition temperatures (TC1 = 188 K and TC2 = 9 K) shown in figure 6-

11 (top). These effects, joined with the anomalies TA1 and TA2 detected in the 

behaviour of the cell volume (see figure 6-6) and to the magnetic measurements, 

represents a clear indication of a spin-lattice coupling in the system. Furthermore 

the inversion of the peaks present in the pyrocurrent measurements with the 

change of the poling filed sign indicate the possible ferroelectric character of 

these contributions. 

 

 
Figure 6-12  Comparison between the different electrical characterization measurements: (top) 

pyrocurrent measurement, (central) resistance and (bottom) dielectric constant. 
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Figure 6-12 shows the comparison among the various electrical 

measurements to better appreciate the corresponding relationships. First, the T1 

peak in the pyrocurrent measurement is related to a minimum in the resistivity 

connected to a change in the slope of the thermal behaviour of the dielectric 

constant, to the 9 K AF magnetic transition and to the TA1 anomaly in the cell 

volume as well. Then an abrupt change of the dielectric constant trend at T2 is 

associated to a further magnetic transition, evidencing a possible magneto-

dielectric coupling in the system.  

 

6.5 Magnetic structure analysis 

 

A series of ToF-NPD experiments were performed on the WISH 

instrument in the temperature range 1.5 – 300 K. As indicated in figure 6-13a, 

some extra reflections, having the characteristic temperature dependence of 

magnetic reflections, appear below 10 K, differently from what happens at the 

first magnetic transition (Tc1 = 188 K), below which only an increase of diffuse 

scattering in the d-range 7 - 12 Å (see figure 6-13b) is observed. The diffuse 

scattering becomes particularly evident below 80 K, joined to a strong 

temperature dependence of the paramagnetic background, as indication of 

changes in the magnetic interaction. 

To better analyse the evolution below TC1, the background on the long-d 

bank (2θ = 27.0°) was integrated in the d-range 14 – 18 Å and plotted in figure 

6-13c. The integrated value decreases monotonically from 190 K down to low 

temperature (the anomaly around 90 K is probably due to the switch of the 

exchange gas in the cryostat) as indication of a progressive increase of the 

magnetic interactions. Two main changes are observed in the temperature 

behaviour. The first one occurs around 190 K and is related to the first magnetic 

transition TC1. The second one, consisting in a drastic change of the slope, is 

related to the appearing of the magnetic peaks.  
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Figure 6-13 a) Superposition of the 1.5 K and 12 K ToF diffraction data, the arrows indicate 

the magnetic reflections. b) Evolution of the diffuse scattering at long d-spacing. c) 

Integration of the paramagnetic background in the d-range 14 -18 Å as function of 

the temperature. d) Intensity of selected magnetic reflections as function of the 

temperature; the indices refer to the magnetic unit cell. 

 

By the analysis of the diffraction pattern collected at 1.5 K, and in 

particular by the pure magnetic diffraction pattern obtained from the subtraction 

between the 12 and the 1.5 K data, it is evident that a propagation vector κ1 = (0 

0 0), referred to the presence of magnetic intensity on the nuclear reflections, is 

not sufficient to index the whole magnetic pattern. By the use of the k-search 

software11 of the Fullprof suite, it was possible to index the remaining peaks 

with a propagation vector κ2 = (½ 0 0). The magnetic symmetry was analysed by 

means of the ISODISTORT12 software combining the two propagation vectors 

κ1 and κ2; the output of the analysis is reported in table A-3 in appendix. A 

carefully analysis of the magnetic systematic absences was performed with the 
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help of the MAGNEXT13 software of the Bilbao crystallographic server,14-16 in 

order to reduce the possible space groups 

The Rietveld refinement was performed in all the possible magnetic 

space groups having the appropriate systematic extinctions by means of the 

Jana2006 software.2 The best agreement between observed data and the 

calculated model was obtained for the Pm'c21' space groups; the corresponding 

Rietveld plots are reported in figure 6-14, the results of the refinement are 

summarized in table 6-3 and the atomic coordinates of the magnetic cell are 

reported in table A-4 in the appendix. Beside the symmetry constrains imposed 

by the magnetic space group, further constrains were added in the last steps of 

the refinement, as suggested by the behaviour of some parameters achieving 

convergence. In particular the Mz moduli of the three independent Mn/Co sites, 

approaching similar values during refinement, were constrained to assume the 

same value. Similarly, Mx (for the Mn1 site) and My, assuming negligible values 

within the e.s.d.’s, were fixed to zero.  

 
Table 6-3  Crystal data and refinement reliability factor at 1.5 K 

Chemical Formula Pb2Mn0.6Co0.4WO6 
Space Group Pm'c21' 

a(Å) 15.9836(5) 
b(Å) 5.7421(2) 
c(Å) 11.5272(4) 

Volume(Å3) 1057.98(6) 
κ1 (0 0 0) 
κ2 (1/2 0 0) 

 WISH 
2θ=152.82° 

WISH 
2θ=121.66° 

WISH 
2θ=90° 

WISH 
2θ= 58.33° 

WISH 
2θ=27.08° 

Overall 

Gof 6.71 6.22 5.82 3.93 1.31 5.46 
R(F)obs 3.21 3.72 3.92 3.90 1.38 - 

Rp 3.60 3.60 3.73 2.92 0.88 3.22 
wRp 4.59 4.59 4.44 3.30 1.11 4.15 
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Figure 6-14  Rietveld plot of WISH bank with 2θ= 58.3° and 27.0° of the Pm'c21' model; the 

zoom of the high d-space region of the 2θ= 58.3° bank is shown in the inset. 

Observed (×, black), calculated (line, red), and difference (line, blue) patterns are 

reported; the tick marks show the calculated position of the reflections. 

 



Magnetic structure analysis |   137 

 

Table 6-4 Refined magnetic parameters. 

Atom site Mx (µB) My (µB) Mz (µB) 
Mn/Co1 0 0 1.47(3) 
Mn/Co2 0 0 -1.47(3) 
Mn/Co3 0 0 1.47(3) 

 

The refined values of the magnetic parameters are reported in table 6-4. 

The small value of the refined magnetic moment with respect to the expected 

one (5.11 µB in case of Mn2+ hs and Co2+ hs with unquenched orbital 

momentum) is probably due to the chemical disorder of the magnetic site. 

Moreover, from figure 6-13b, the presence of diffuse scattering is evident even 

at 1.5 K, indicating the partial occurrence of short-range interactions possibly 

generated by the frustration of the magnetic ordering in the system. 

 

 
Figure 6-15  Schematic representation of the magnetic structure of PMCW_50; only the 

magnetic atoms are represented for clarity, a) the “fundamental unit” (black lines) 

and alternate zig-zag stripes (blue line) of ferromagnetic interactions stacked in an 

AF way on the {111} plane of the fundamental perovskite; b) orientation of the 

considered magnetic planes with respect to the magnetic cell. 

 

The refined magnetic model, consisting in a collinear antiferromagnetic 

structure with the spin lying along the c direction, is reported in figure 6-15. The 

“fundamental unit” of the structure, shown in figure 6-15a, consists in four next 
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neighbour magnetic atoms arranged in triangular lattices with three almost 

equivalent distances ranging from 5.605(1) - 5.769(1) Å. If we consider the 

interactions generated by all the possible exchange paths, these are probably of 

the same intensity and, as suggested by the negative ΘC-W, of AF nature. In this 

scenario, the system shows the characteristics of a classical geometrical 

frustration, with only two of the three possible interactions having an AF nature. 

This would lead to six degenerate configurations, but the observed symmetry 

reduction from Pmcm to Pmc21 removes the degeneracy via a spin driven Jahn-

Teller effect, bringing to a small lattice distortions. The “fundamental units” lie 

on the {111} plane of fundamental perovskite cell and their disposition gives 

rise to a zig-zag arrangement of ferromagnetic interactions that are coupled in a 

AF way along the c direction of the magnetic cell. 

 

 
Figure 6-16  Refined value of the magnetic moment as a function of the temperature; the red 

line represents the best fit with equation 1 (see text). 

 

The proposed model was used to follow the thermal evolution of the 

magnetic structure. The refined value of the magnetic moment as a function of 
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the temperature is reported in figure 6-16. The experimental values of the 

magnetization were fitted with a classical power law: 

                                                  (1 

The obtained value of the Tc is in good agreement with the 

antiferromagnetic transition observed at TC1 in the magnetization measurements 

(figure 6-8). Nevertheless the irreversibility between ZFC and FC measurements 

and the M(H) loop clearly indicates that a weak ferromagnetic contribution is 

present in the systems. In the light of the magnetic structure this weak 

ferromagnetism may have two origins. On one side it could be produced by the 

short range interactions that survive at very low temperature, as indicated by the 

diffuse magnetic scattering present even in the 1.5 K diffraction pattern. 

Alternatively it could derive from a canting of the antiferromagnetic structure, 

since the magnetic space group Pm'c21' allows a ferromagnetic contribution 

along the b axis.  

 

6.6 Spin-lattice coupling 

 

The symmetry reduction at the establishing of the long-range magnetic 

order can be considered the evidence of a Spin Driven Jahn-Teller (SDJT) 

mechanism first shown by Yamashita and Ueda17 in pyrochlore systems, where 

the ground state degeneracy is removed by a lattice distortion driven by 

magneto-elastic striction.  

Other example of SDJT effect are reported in literature on both collinear 

and non-collinear magnetic systems.17-27 We focus here on collinear magnetic 

structures and on the possibly induced electrical polarization, whereas the effects 

of non collinear structure are discussed in chapter 2. One of the first examples is 

the orthorhombic rare earth manganite RMnO3(R= Ho, Y). This system shows 

incommensurate magnetic ordering below TN1 ≈ 42 K, and at TN2 ≈ 26 K the 
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propagation vector locks into a commensurate value to generate an E-type 

antiferromagnetic structure.18 Pyrocurrent measurements reveal, in conjunction 

with TN2, the appearance of electrical polarization. Since the s.g. of the nuclear 

structure is centric, Pbnm, and does not allows spontaneous polarization, the 

inversion centre breaking at the magnetic transition via SDJT is invoked. 

Sergienko at al.19, using the Landau theory, show that the E-type AF ordering 

could break the spatial inversion centre and give rise to a net polarization. In this 

frame, the electric polarization is generated in a microscopic model by the 

interplay between electron hopping and elastic energy, in presence of octahedral 

tilting. The elastic energy (magnetostrictive effect) tends to reduce the Mn-O-

Mn angles and changes the oxygen barycentre, inducing the polarization. 

Lorentz et al.18 found that the polarization is strongly influenced by the Ho 

sublattice; in particular a considerable increase of the polarization is observed 

when the rare earth orders magnetically, indicating that probably the spin orbit 

coupling of the Ho atoms plays an essential role. In any case the polarization 

experimentally observed in a polycrystalline sample is 0.008 µC/cm2,18 and 

increases at 0.15µC/cm2 in a single crystal, 20 remaining however well below the 

outstanding calculated values ranging between 0.5 and 12 µC/cm2.19 

Other examples are represented by the compounds of the series RMn2O5 

with R= rare earth. These charge-ordered compounds order magnetically below 

50 K with an incommensurate (IC) propagation vector that depends on the ionic 

radii of the rare earth.21 By decreasing the temperature the propagation vector 

locks to a commensurate value and the magnetic structure results an almost 

collinear AF structure. A further decrease of the temperature promotes a new 

transition to a different IC phase and finally, at very low temperature, some 

members of the series additionally display the ordering of the rare earth.21 It was 

pointed out that the system shows large variations of the dielectric proprieties in 

conjunction with all these magnetic transitions, in particular in the 

commensurate phase.21 Moreover clear evidences of magneto-electric coupling, 

indicating strong spin-lattice interaction, were observed, like reversal of the 
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electrical polarization by the application of a magnetic field23 and colossal 

magneto-dielectric effect.24 Also in this case the nuclear space group before the 

transition is the centrosymmetric Pbam and consequently the magnetic transition 

breaks the space inversion symmetry to the supposed P2ab'21m' (OG setting, 

BNS Paca21).25  In literature, some authors couple this symmetry break to SDJT 

and magnetostrictive effect.25-27 In particular Chapon at al.26, 27 shows that the 

observed polarization is the result of symmetric exchange striction. This 

mechanism is, in a certain way, a generalization in 3D of the spin-Peiers 

dimerization in 1D.28 If we take a one dimensional chain of two cations with 

different valence, the spin Hamiltonian could be written as: 

                                                  (2 

If the exchange interaction Ji,i+1 is modulated by the atoms displacement ui 

                                               (3 

the dimerization is spontaneous and lead to energy gain (figure 6-17). 

 

 
Figure 6-17  Schematic representation of the symmetric exchange striction mechanisms in a 1D 

chain with FM nearest neighbour interaction and AF next nearest neighbour 

interaction. The different colour indicates two chemical species with different 

charge. 

 

H = Ji,i+1(Si ⋅Si+1)
i=1

n

∑

Ji,i+1 = J0 +∂J(ui −ui+1)
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Now if the two magnetic atoms are isovalent, there is no electric 

polarization resulting from the dimerization; however, when the two ions in the 

chain have a different valence, a spontaneous polarization is developed from the 

spin-Peiers mechanism. The polarization could be expressed, also in absence of 

a complete dimerization, as: 

P = Cex
i,i+1

i

n

∑ (
!
Si ⋅
!
Si+1)                                              (4 

where Cex is the constant describing the strength of the symmetric 

exchange striction. This entire scenario could be explained in a less formal, but 

simpler, way. Let’s imagine to have an Ising 1D spin chain with FM nearest 

neighbour (NN) and AF next nearest neighbour interactions (NNN); the 

frustrated system has as ground state in the ááââ configuration if J2>|J1|/2. 

This spin arrangement breaks the spatial inversion centre and in presence of 

different ion charges or tilted polyhedra configuration generates an electrical 

polarization (figure 6-17), by shortening the bonds with the satisfied exchange 

interaction and by stretching the unsatisfied ones.29 In 3D these mechanism 

could be easy generalized by taking into account all the spin couples i, j: 

P = Cex
i, j

i, j

n

∑ (
!
Si ⋅
!
Sj )                                                 (5

 

In case of PMCW_50 the calculated polarization obtained by the 

application of equation 5 to the experimental values of the spins obtained from 

the long range magnetic structure is shown in figure 6-18, compared with the 

integration of the pyrocurrent from 150 K to 5 K. Clearly, the used model 

accounts in some extent the experimental polarization below the long range 

order transition, but is not describing all the characteristic of the observed 

polarization since it do not take into account the presence of small short-range 

ordered domains above and even below the transition.  
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Figure 6-18  Top) Experimental polarization obtained from the integration of the pyrocurrent 

(before the integration, a constant current value was subtracted as background 

correction due to the instrument set up). Bottom) Magnetic induced polarization in 

the PMCW_50 sample due to the long-range magnetic structure via symmetric 

exchange striction mechanism.  

 

To model the observed polarization, it is necessary to take into account 

the symmetric exchange striction contribution arising from these small domains. 

For this purpose, we integrated the paramagnetic background in the d-spacing 

range 14-18 Å (figure 6-13c), whose strong temperature dependence, that 

becomes appreciable thanks to the very low instrumental background of the 

WISH instrument, is an indication of the loss of pure paramagnetic region. 
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 Halpern and Johnson30 shown that the differential cross section of 

neutron due to a paramagnetic substance is: 

                                     (6 

where S is the spin quantum number, F is the amplitude of the form factor, γ is 

the neutron magnetic moment in µB, m is the mass of the neutron, e is the electric 

charge and c is the speed of light.  

 

 
Figure 6-19  Experimental (black line) and calculated (red triangles) polarization as function of 

temperature. 

 

If we assume that the major contribution to the variation of the 

background with the temperature is mainly due to the change in the magnetic 

behaviour of the system, then the reduction of the paramagnetic background is 

proportional to the increase of the fraction of interacting cations and in particular 

to S(S+1). By taking this value from the experimental integration of the 

background and by applying equation 5 one can follow the temperature 

evolution of the electrical polarization. The results are shown in figure 6-19, 
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where the calculated polarization has been scaled by a constant to take into 

account the unknown magnetoelestic coupling constant. A good agreement, at 

least from a qualitative point of view, is clearly visible in spite of the quite 

simplified model that does not take into account other possible source of 

electrical polarization. This suggests an important role of the symmetric 

exchange striction mechanism, confirming that the magnetic and electric 

ordering in the system are related by a solid spin-lattice interaction and that the 

frustration of the magnetic interaction is resolved via a SDJT effect. 
 

 

6.7 Conclusions 

 

Figure 6-20 reports a graphical representation of the PMCW_50 1D 

phase diagram constructed on the basis of the undertaken structural and physical 

characterization. At high temperature, in particular above 345 K, the system is 

paraelectric (PE) and paramagnetic (PM) with cubic symmetry. By decreasing 

the temperature a first transition is observed at 345 K from the cubic high 

temperature phase to the orthorhombic RT phase that is centrosymmetric with 

s.g. Pmcn. The physical characterization shows at this temperature the 

occurrence of different events, such as an intense pyrocurrent peak and a strong 

resistivity increase coupled with a progressive expansion of the bc plane with 

decreasing the temperature below the transition, indicating a stabilization of the 

distortion on cooling. These are all indications of an electrical transition that, 

because the centrosymmetric nature of the RT structure space group, should lead 

to an antiferroelectric (AFE) polar state. It’s worthy to underline that, on the 

basis of powder diffraction data, it is rather difficult to discriminate between 

centro or non-centro symmetry specially if a remarkable lattice distortion is 

absent. To clarify this point further physical characterizations, like electric 

hysteresis loops or single crystal diffraction experiments, are necessary.  
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Figure 6-20  Phase diagram of PMCW_50. At low temperatures the system presents a long-

range magnetically ordered phase (LMO) inducing a ferroelectric state (IFE) via a 

SDJT effect. By increasing the temperature the system undergoes a magnetic 

transition to a short-range order phase (SMO). At 190 K the system became 

magnetically disordered and the previously induced ferroelectric state is destroyed 

in favour of an antiferroelectric (AFE) and paramagnetic (PM) state. Finally at 345 

K the system undergoes an orthorhombic to cubic transition in which both the 

ferroic state are destroyed. 

 

By decreasing the temperature the systems undergoes a first magnetic 

transition at TC1 = 188 K, observed in the M(T) measurements. The progressive 

increasing of the applied magnetic field weakens this transition up to the 

complete suppression. No new reflections appear in the ToF-NPD pattern below 

this temperature, but the observed paramagnetic background is an indication of 

short-range interactions. The transition is connected to a series of phenomena 

that can be considered indications of changes in the electrical order of the 

system: a broad peak in the pyrocurrent measurement (indication of changes in 

the electrical polarization), a change of the transport properties and finally the 

change of the temperature dependence of the dielectric constant. Therefore the 

transition observed at TC1 could be described in terms of a conversion between 

the AFE/PM phase to a Short-range Magnetically Ordered (SMO) state inducing 

locally an improper ferroelectric state (IFE). In the stability range of this 

SMO/IFE phase, the magnetic interaction and consequently the polarization of 

the system manifest minor variations until 20 K, where the paramagnetic 

background, linearly related to the magnetic interactions of the system, changes 
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its temperature trend disclosing the final low temperature transition. At 9K all 

the electric properties (pyrocurrent, resistivity and dielectric constant) show 

noticeable variations in connection with the appearing of long range collinear 

antiferromagnetic ordering (LMO) in the non-centrosymmetric magnetic space 

group Pm'c21'.  This transition is a classic example of a Spin Driven Jahn-Teller 

effect,17, 26 in which a small lattice distortion is induced to resolve the ground 

state degeneracy of a magnetically frustrated system. The observed polarization 

is produced by the breaking of the spatial inversion symmetry caused by 

symmetric exchange striction mechanism, as supported by the modelling of the 

experimental polarization, obtained from the pyrocurrent measurement, by 

means of equation 5 and from the thermal evolution of the paramagnetic 

background.  

All the experimental evidences point towards the presence of a strong 

spin-lattice coupling deriving from the spin-orbit interaction of the Co2+ atoms, 

as suggested by the analysis of the paramagnetic part of the M(T) measurements. 

The structural and physical characterization of the sample indicates the 

Pb2Mn0.6Co0.4WO6 as a type II multiferroic material, surely below 10K but also 

probably below 190 K.  
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7 Pb2CoWO6 (PCW) 
 

 

 

 

 

 

7.1 Crystal structure at room temperature 

 

PXRD measurements performed on the PCW sample at RT reveal the 

classical pattern of a double perovskite system with a superstructure related to 

the fundamental perovskite by the relations a = 2ap, b = √2ap, and c = √2ap 

(ap≈3.9Å), different from the one we previously found in Mn-containing 

compounds. However, some low intensity extra peaks were detected in ToF-

NPD data collected at ISIS with HRPD and WISH instruments. These 

reflections revealed to be modulation satellites that can be indexed with a 

modulation vector κ≈(0.9 0 0.16), in agreement with the modulated structure 

already reported by Baltinozzi et al.1 in the I2/m(α0γ)0s superspace groups, 

using position modulation, up to second harmonic, for all the atoms in the 

structure. Owing to the quality of the high resolution and high intensity data 

collected, we decided to re-determine the structure. The solution we obtained is 

in agreement with the one previously reported, the main differences being 

related to the type and the values of the modulated functions. Thanks to the high 

resolution of the HRPD data, it was possible to determine the absence of high 

order satellites in the neutron diffraction data. This simplified the structural 

model, by reducing the modulation parameters, giving rise to a stable 

refinement.  
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Figure 7-1  Rietveld plots for PCW data collected at RT on WISH 2θ=152.8 (top) and 90° 

(bottom) banks. Observed (×, black), calculated (line, red), and difference (line, 

blue) patterns are reported. Lower and upper tick marks indicate the main and first 

order satellite reflections; Pb2WO5 diffraction contributions are indicated by (*). 
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Figure 7-2  Rietveld plots of PCW data collected at RT on HRPD high-resolution bank. 

Observed (×, black), calculated (line, red), and difference (line, blue) patterns are 

reported. Lower and upper tick marks indicate the main and first order satellite 

reflections respectively. 

 

The Rietveld plots, obtained thanks to the Jana2006 software,2 showing 

good agreement between the observed and calculated data, are reported in figure 

7-1 for the 2θ =152.8 and 90° WISH banks and in figure 7-2 for the high-

resolution bank of HRPD. The average nuclear structure, shown in figure 7-3, is 

a monoclinic double perovskite with a NaCl like arrangement of the B site 

cations, without any detectable anti-site defects.  

The lattice shows pseudo-symmetry, being the β angle very close to 90°. 

The symmetry reduction to monoclinic is mainly due to the B site ordering, not 

possible in the orthorhombic lattice with the observed superstructure. A 

remarkable tilt of the octahedra is detected along the a direction, whereas in the 

normal plane only a smaller distortion is required to accommodate the different 

size of the cations and the bond requirements of the lead atoms, which form five 
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short bonds ranging from 2.658(2) to 2.745(4) Å, generating a pyramidal 

coordination (figure 7-3).  

 

 
Figure 7-3  Top) Ball and stick representation of the PCW average structure at RT (black lead, 

blue cobalt, grey tungsten) pointing out the tilt of the octahedra along the a axis. 

Bottom) Coordination polyhedra of the lead atoms and relative orientation in the 

average nuclear structure.  

 

In order to fit the experimental data, we introduced only positional 

modulation functions, expressed in Fourier series truncated at the first order, 

since, as previously stated, no satellite reflections of the second and/or higher 

orders were experimentally detected. We found that the introduction of 

positional modulation functions for the Co and W atoms does not improve the fit 

and introduces correlation between the parameters, so that the positional 

modulation was introduced only for lead and oxygen atoms. Refined coordinates 

of the basic structure, occupancies, atomic displacement parameters and the 
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symmetry permitted Fourier amplitudes of the modulation functions are reported 

in table 7-1 and 7-2 respectively. 

 
Table 7-1 Crystal data and refinement reliability factors for Pb2CoWO6 at room temperature 

Chemical Formula Pb2CoWO6 
Space Group I2/m(α0γ)0s 

a(Å) 7.96894(5) 
b(Å) 5.66976(5) 
c(Å) 5.68384(5) 
β(°) 89.974(3) 
α  0.911(7) 
γ  0.159(3) 

Volume(Å3) 256.807(4) 
  

 HRPD 
2θ=168.3° 

HRPD 
2θ=89.6° 

WISH 
2θ=90° 

WISH 
2θ=121.66° 

WISH 
2θ=152.8° 

Overall 

Gof 1.74 2.61 7.04 6.91 6.61 5.39 
R(F)obs 5.03 4.70 3.42 5.16 7.82 - 

Rp 7.26 4.12 4.82 4.45 4.42 5.12 
wRp 7.51 4.39 6.17 5.75 5.60 5.81 

 
Table 7-2 Fractional atomic coordinates, atomic displacement parameters, occupancy factors and 

modulation parameters of the Pb2CoWO6 structure at RT. 

 x y z Occupancy U(Å2) 
Pb 0.2525(7)  0.00 0.5013(3) 1 0.0278(3) 
W 0.00 0.00 0.00 1 0.0095(9) 
Co 0.5 0.00 0.00 1 0.026(2) 
O1 0.2421(4) 0 0.0339(3) 1 0.0222(7) 
O2 -0.01718(18) 0.2393(4) 0.2389(4) 1 0.0182(5) 

 
Modulation parameters 

 x sin y sin z sin x cos y cos z cos 
Pb - 0.0037(10) - - 0.0267(4) - 
O1 - -0.0079(13) - - 0.0167(7) - 
O2 0.0059(5) -0.0061(10) 0.0011(9) 0.0017(3) 0.0206(6) -0.0192(4) 

 

The t-plots for the cations-oxygen bond lengths are shown in figure 7-4. 

The modulation concerns mainly the metal-O2 distance and the larger 

modulation is observed for the Pb-O2 bond length. This indicates that the bond 

requirements of the lead and the B site cations, which cannot be satisfied with a 

“simple” tilting of the octahedral network, is the driving force of the modulation. 

The complex bonds modulation is reflected in a variation of the in plane tilting 

angles, as indicated in the corresponding t-plot reported in figure 7-5. 
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Figure 7-4  t-plot of the Pb-O, W-O and Co-O bond lengths. 
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Figure 7-5  t-plot of the out of plane tilting angles (black line), and of the in plane tilting 

angles (red line). 

 

7.2 Low temperature orthorhombic structure  

 

On cooling, the PCW system undergoes a phase transition around 230 K. 

Below this temperature the diffraction pattern can be indexed with an 

orthorhombic superstructure related to the simple perovskite by the relations a = 

2ap, b = √2ap, and c = 2√2ap. The occurrence of a phase transition in this 

temperature range is confirmed also by the dielectric measurements performed 

on the sample. The temperature dependence of the dielectric constant, measured 

at different frequencies, is shown in figure 7-6, where a change of the behaviour 

of the relative dielectric constant is evident in the low frequency measurements. 

The transition has strong frequency dependence: it is shifted at higher 

temperature with the increase of the frequency and disappears for values higher 

of 800kHz. The strong dependence is probably related to the incommensurate 

character of the RT phase and in particular to the lead and oxygen modulations. 

The sudden drop of the dielectric constant, clearly visible at higher temperatures 

in the low frequency measurements, is related to the further phase transition 
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from the RT structure to the cubic elpasolite-type structure, confirmed by PXRD 

measurements.  

 

 
Figure 7-6  Dielectric measurements of the PCW sample at different frequencies. The 

measurement were performed on a planar capacitor of thickness t= 0.48 mm and 

area A= 9 mm2, using mica linings to avoid contacts effects. 

 

The orthorhombic structure observed below 230 K is isostructural with 

Pb2Mn0.6Co0.4WO6, showing the centrosymmetric space group Pmcn. The 

structure was refined using ToF-NPD data from the high-resolution bank of the 

HRPD instrument and of the WISH instrument bank with 2θ = 58.3°, 90°, 

121.6° and 152.8°, using the Jana2006 software.2 The Rietveld plot of selected 

banks are reported in figure 7-7 showing a good agreement between the 

observed and calculated data. The crystal data and reliability factors are reported 

in table 7-3, whereas atomic coordinates, occupancies and atomic displacement 

parameters are reported in table 7-4. Selected bond lengths and angles are 

reported in table A-5 in appendix.  
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Table 7-3 Crystal data and refinement reliability factors for Pb2CoWO6 at 150K 

Chemical Formula Pb2CoWO6 
Space Group Pmcn 

a(Å) 7.9434(5) 
b(Å) 5.7039(7) 
c(Å) 11.4397(13) 

Volume(Å3) 518.30(5) 
  

 HRPD 
2θ=168.3° 

WISH 
2θ=58.3° 

WISH 
2θ=90° 

WISH 
2θ=121.66° 

WISH 
2θ=152.8° 

Overall 

Gof 2.01 7.34 9.88 11.52 12.32 8.9 
R(F)obs 6.51 3.40 3.40 3.52 3.72 - 

Rp 3.41 3.89 5.24 5.55 5.26 4.21 
wRp 4.29 4.39 6.55 7.24 7.08 6.61 

 

 
Table 7-4 Fractional atomic coordinates, atomic displacement parameters and occupancy factor of 

the PCW sample at 150 K. 

 x y z Occupancy U(Å2) 
Pb 0.01176(15) 0.2829(3) 0.14243(8) 1 0.0110(4) 
W 0.25 0.7437(10) 0.1203(5) 1 0.0034(10) 
Co 0.25 0.221(2) -0.1112(11 1 0.018(3) 
O1 0.0093(4) 0.7315(4) 0.13376(16) 1 0.0208(6) 
O2 0.25 -0.0162(11) 0.0118(5) 1 0.0205(10) 
O3 0.25 0.5179(10) -0.0023(5) 1 0.0126(8) 
O4 0.25 -0.0379(9) 0.2563(4) 1 0.0124(16) 
O5 0.25 0.4787(10) 0.2363(4) 1 0.0232(17) 

 
 

Owing to their stereoactive character, the lead atoms form with the 

surrounding oxygen four short bond ranging from 2.446(3) to 2.590(3) Å 

opposite to the lone-pair. The displacements of the cations (figure 7-8) from the 

centre of the coordination polyhedra are arranged in an antipolar way similarly 

to the Pb2Mn0.6Co0.4WO6 compound.  
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Figure 7-7  Rietveld plots of PCW at 150 K: WISH data 2θ= 90° (top) and HRPD high-

resolution bank (bottom). Observed (×, black), calculated (line, red), and 

difference (line, blue) patterns are reported. The tick marks indicate the position of 

the Bragg reflections. 

 



Low temperature orthorhombic structure |   161 

 

 
Figure 7-8  bc plane of the orthorhombic phase at 150 K. Black spheres represent the lead 

atoms, showing four short bond with the surrounding oxygen atoms (red). The blue 

and grey octahedra represent the coordination of cobalt and tungsten atoms 

respectively.  

 

The tungsten coordination polyhedron is quite regular showing a small 

C4 type3 distortion with one short (1.848(8) Å) and one long (2.012(8) Å) bonds. 

The cobalt octahedron is more distorted, showing four almost equivalent bonds 

ranging from 2.082(13) to 2.103(13) Å, one short bond (1.952(14) Å) and a very 

long one (2.360(13) Å). This strong C4 distortion3 leads to a pseudo square 

pyramidal coordination of the Co2+ atoms, quite uncommon in double 

perovskites systems, which suggests a certain degree of covalence in the Co-O 

bond. The short bonds with oxygen of both B and B' sites are aligned along the 

[0 1 2] direction and are rotated by 90° respect to the neighbour sites, generating 

an antipolar distortion. The structural distortions suggest that the compound 

could be an antiferroelectric material, even if other electrical characterizations 

are needed to confirm this claim. 
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Figure 7-9 Thermal evolution of the lattice parameters and cell volume of the PCW 

orthorhombic phase. The dotted line indicates the temperature below which there is 

the appearance of the magnetic reflections. Inset) low temperature region of the c 

axis evolution showing the abrupt change of the thermal expansion coefficient. 
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The thermal evolution of the orthorhombic cell parameters, obtained 

from the WISH ToF-NPD data, is reported in figure 7-9. While a shows the 

classical thermal behaviour with a positive expansion coefficient at least down to 

10 K, b and c show, as in PMW and PMCW_50, a negative thermal coefficient; 

since the main cationic shifts lie in the latter plane, this is probably related to an 

increase of the antiferroelectric distortion with decreasing the temperature. It is 

interesting to note that the latter aspect predominates, so that the system shows a 

negative thermal expansion coefficient of the cell volume. At 10 K some 

anomalies in the thermal behaviour of the cell parameters are observed. In 

particular the c axis shows an abrupt change of the thermal coefficient at this 

temperature (see inset of figure 7-9) and at the same time the a axis changes is 

expansion coefficient in the opposite way. Since at the same temperature some 

extra peaks, whose thermal behaviour suggests a magnetic nature, appear in the 

neutron diffraction pattern, this could indicate the presence of a strong magneto-

striction effect in the system.  

 

7.3 Magnetic structure and properties 

 

ZFC and FC magnetization measurements, shown in figure 7-10, pointed 

out a magnetic transition around 10 K. The transition shows in the FC 

measurement a ferromagnetic character, whereas in the ZFC measurement a 

peak ascribable to an antiferromagnetic ordering is present. From the fit of the 

paramagnetic region of the inverse susceptibility with a Curie-Weiss law was 

obtained a ΘC-W = -17(5) K that indicates a general antiferromagnetic character 

of the exchange interactions. The value of the effective moment µeff = 4.5(3) µB 

is quite high for Co2+ in spin only configuration, indicating an unquenched 

orbital momentum. Since the crystal field of the highly distorted octahedron 

removes the degeneracy of the d-orbitals, the unquenched orbital momentum 

should originate from the spin orbit coupling of the Co2+ ion. In literature are 
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present some example of double perovskites showing Co2+ with unquenched 

orbital momentum.4-5  

 

 
Figure 7-10  ZFC and FC magnetization measurement of PCW performed by means of a SQuiD 

magnetometer with an applied field of 50 Oe; only the 2 -35 K region is shown, for 

higher temperatures the ZFC and FC measurements are perfectly superimposed 

and follow a Curie-Weiss law.  

 

Extra reflections ascribable to long range magnetic ordering appear 

below 10 K in the ToF-NPD data collected at WISH. The pure magnetic 

reflections can be indexed with a slightly incommensurate propagation vector 

κ1=(½ ½-δ 0), but magnetic intensity detected on the nuclear reflections 

indicates the presence of the additional propagation vector κ2 = (0 0 0). The 

magnetic structure was solved by means of the superspace formalism and the 

possible superspace groups were found by means of the Isotropy subgroups6 

combining the two propagation vectors; the obtained subgroups with the 

corresponding systematic absences are reported in table A-6 in appendix. All the 

possible subgroups that satisfy the systematic absence for the average magnetic 

structure7-9 were tried and the best solution was found in the Pm'c21'(½ β  0)000 

corresponding to the irreducible representations mGM2+ ⊕ mH1 with order 

parameter direction P1-P (a;b,b,0,0). The lower symmetry groups doesn’t give 
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better solutions; on the contrary the symmetry reduction makes the refinement 

unstable and the obtained solutions are qualitatively similar to the 

Pm'c21'(½β 0)000 ones. The structure refinement was performed on the data 

collected on the WISH bank with 2θ= 154.8°, 121.6°, 90°, 58.3°, 27.8° and on 

the HRPD ones with 2θ=168 and 90° by means of the Jana2006 software.2 

Crystal data and reliability factors of the refinement at 2 K are reported in table 

7-5, whereas atomic coordinates in the new subgroups obtained from the Pmcn 

structure refined at 12 K are reported in table A-7 in the appendix. The Rietveld 

plot of some selected banks are reported in figure 7-11. The refined moments of 

the basic structure and the amplitude of the modulation functions are reported in 

table 7-6. The missing components were imposed to zero. In some case this was 

required by symmetry constrains and in others it was suggested by the 

refinement on approaching convergence.  

 
Table 7-5 Crystal data and refinement reliability factors for Pb2CoWO6 at 2K 

Chemical Formula Pb2CoWO6 
Space Group Pm'c21'(1/2β0)000 

a(Å) 7.94913(8) 
b(Å) 5.71196(9) 
c(Å) 11.44791(18) 
β  0.4945(6) 

Volume(Å3) 519.794(13) 
  

 HRPD 
2θ =168° 

HRPD 
2θ=90° 

WISH 
2θ=27.8° 

WISH 
2θ=58.3° 

WISH 
2θ=90° 

WISH 
2θ=152.8° 

Overall 

Gof 1.91 4.40 1.95 7.96 10.96 14.21 7.93 
R(F)obs 5.20 4.51 6.91 4.15 4.31 4.04 - 

Rp 3.23 3.16 2.71 4.85 5.66 5.99 3.37 
wRp 4.07 4.31 1.81 6.18 7.27 7.80 6.59 

 
Table 7-6 Magnetic parameter of the incommensurate structure at 2 K. The parameters not shown 

are zero from symmetry or constrained to zero by as indicated from the refinement approaching 

convergence. 

 My,0 (µB) Mz,0 (µB) Mx,cos1 (µB) Mz,sin1 (µB) 
Co1 1.696(17) -2.429(13) - 1.78(3) 
Co2 1.696(17) 2.429(12) 1.780(18) - 
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Figure 7-11  Rietveld plots for PCW at 2 K: WISH data 2θ= 58.3 (top), 27.0° (middle), HRPD 

high-resolution bank (bottom). Observed (×, black), calculated (line, red), and 

difference (line, blue) patterns are reported. Lower and upper tick marks indicate 

the Bragg positions of the main and first order satellite reflections respectively. 
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Figure 7-12 Magnetic incommensurate structure representation in a commensurate supercell 2a 

x 5b x c. The magnetic moments of the Co1 planes are constrained in the bc plane, 

whereas the Co2 moments are alternatively canted from this plane.  

 

The nearly commensurate character of the propagation vector makes 

difficult to display the magnetic structure, unless to take into account a very high 

number of fundamental cells. A commensurate supercell with dimension 2a x 5b 

x c is shown in figure 7-12. The Co1 atoms have a moment that lie on the bc 

plane and possesses a sinusoidal modulation of the z component along the b axis. 

On the contrary, the Co2 atoms have a co-sinusoidal modulation of the x 

component of the magnetization that tilt the magnetic moment from the bc plane. 

The canting angle from this plane change with the propagation vector along the 

b direction. A supercell with dimension 2a x 60b x c, able to display the 

modulation of the canting angle, is shown in figure 7-13. A progressive 

reduction of the canting angle leading to its inversion, giving an “x-shape” to the 

magnetic moments, results evident from the figure. A further interesting feature 

of the structure is the ferromagnetic component along the a direction. This is in 

agreement with the magnetization measurements showing in the FC curve a 

clearly indication of ferromagnetism. In the other two directions the magnetic 

coupling are essentially antiferromagnetic (AF), confirming that the average 

magnetic interaction are AF as suggested from the value of the ΘC-W. 
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Figure 7-13 Magnetic incommensurate structure representation in a supercell 2a x 60b x c. The 

modulation of the spins is evident from the “x-shape” of the Co2 plane in witch the 

canting angle from the bc plane have a sinusoidal modulation. In the same way the 

Co1 plane shows a sinusoidal modulation of the z component. 

 

The refined value of the magnetic moment for both cobalt atoms are in 

agreement with the value of the effective magnetrons obtained from the fit of the 

inverse susceptibility. Figure 7-14 shows the t-plot of the magnetic moments that 

does not exceed the value of µeff = 4.5(3) µB. Finally is worthy to underline that, 

similarly to the case of Pb2Mn0.6Co0.4WO6, the symmetry reduction at the 

magnetic transition implies the removing of the inversion centre. This allows the 

generation of a spontaneous electrical polarization in the system, making PCW a 

type II multiferroics below 10 K. Furthermore the evidence, from the thermal 

evolution of the cell parameters, of a strong magnetostrictive effect at the 

magnetic transition is indicative of a spin lattice coupling in the compound.  
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Figure 7-14  t-plot of the magnetic moment for both cobalt atoms.  

 

7.4 Conclusion 

 

This chapter presents the structural characterization of Pb2CoWO6. The 

modulated RT structure was already known in literature,1 but the new, high 

quality data we collected were able to confirm the modulation vector and the 

superspace group already reported, pointing out however the absences of 

modulation for the Co and W atoms in the system and the lack of high order 

satellites, leading to a more simple structure definition. 

The system undergoes at 230 K a phase transition to a centrosymmetric 

orthorhombic structure, iso-structural with PMCW_50. The ToF-NPD data 

indicate the establishing of a long-range magnetic order in the system below 10 

K. The magnetic structure is incommensurate showing a complex sinusoidal 

modulation of the magnetic moments. The magnetic transition reduces the 

system symmetry removing the spatial inversion symmetry allowing the possible 

formation of a spontaneous electrical polarization indicated also from the strong 

magnetostrictive effect observed in the thermal evolution of the cell parameters. 
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8 Conclusions  
 

 

 

 

 

 

 

In the previous chapters of this thesis, the properties of the two end 

members and of an intermediate composition (x=0.4) of the Pb2Mn1-xCoxWO6 

solid solution were described in detail. These three compounds show very 

different structure evolution and in particular completely different magnetic 

ground states. Starting from the analysis of the room temperature structure, 

Pb2MnWO6 (PMW) shows a non-centrosymmetric structure with space group 

Pmc21.  The combined refinement from neutron and synchrotron data and the 

complete electrical characterization allowed establishing the ferrielectric 

character of the system. The electrical nature of the system is mainly 

characterized by the presence of two Pb sublattices with different coordination 

polyhedra producing local electrical dipoles. The two sublattices are grossly 

coupled in an antipolar way but, being unbalanced, they give rise to an electrical 

polarization along the c axis of the structure. The ferrielectric structure is stable 

in a wide temperature range, i.e. from 450 K, the para-ferrielectric transition 

temperature, down to 2 K. Pb2Mn0.6Co0.4WO6 (PMCW_50) shows on the 

contrary a centrosymmetric structure with Pmcn space group. In this structure all 

the Pb atoms have the same distorted PbO4E (E = lone pair) coordination, but the 

local dipoles generated from the asymmetric coordination are coupled in an 

antiferroelectric structure. The other end member, Pb2CoWO6 (PCW), shows at 

room temperature an incommensurate modulated structure with modulation 
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vector κ ≈ (0.9 0 0.16); the incommensurate structure is basically a modulation 

of the in-plane tilting angle between the CoO6 octahedra. By cooling, the 

modulation is removed and PCW undergoes to a phase transition to an 

orthorhombic structure basically iso-structural with the PMCW_50 RT one, with 

the Co ions in pseudo square pyramid coordination.  

The magnetic properties change significantly along the solid solution; in 

particular the three analysed compounds show three different magnetic ground 

states. PMW displays two different magnetic transitions at 45 K and 8 K. The 

first transition is characterized by the establishment of short-range interactions, 

ascribed to Mn-O-Mn exchange interactions generated by anti phase boundary 

(APB) defects. Below 8 K the systems undergoes a transition to a long range 

magnetically ordered state with propagation vectors κ1= (0 0 0) and κ2 = (¼ 0 0). 

The first transition is suppressed in the other end member, that shows only a 

unique long range order transition at 10 K, with a ferromagnetic component; the 

neutron diffraction data indicate a complex incommensurate structure with 

propagation vectors κ1= (0 0 0) and κ2 = (½ ½-δ 0). PMCW_50 shows a more 

complex magnetic behaviour. Like in case of PMW, a first transition showing a 

weak ferromagnetic character is observed, even if at a much higher temperature 

(190 K), followed by a second transition around 9 K. The neutron diffraction 

experiment shows below 190 K a diffuse scattering and a dependence of the 

paramagnetic background on temperature, indicating a progressive evolution of 

the exchange interactions. Even in this case the origin of the high temperature 

transition may be ascribed to APB’s, but differently from the case of PMW, 

three different exchange iterations are statistically present in PMCW_50: Mn-O-

Mn, Co-O-Co and Mn-O-Co. Among these, the latter is responsible for the 

increase of the transition temperature, being the effects of the other two known 

by the behaviour of the end members. However, the different characteristic 

temperatures of the interactions can explain the complex behaviour of the 

paramagnetic background and of the diffuse scattering. Below 9 K the systems 

undergoes a long-range magnetic transition and the magnetic reflections 
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observed in the diffraction pattern can be index with propagation vectors κ1= (0 

0 0) and κ2 = (½ 0 0). The observed collinear magnetic structure removes the 

inversion centre and allows a spontaneous electrical polarization via symmetric 

exchange striction mechanism confirmed by the observation, in the pyrocurrent 

measurements, of two peaks in correspondence of the magnetic transition 

temperatures. 

To better study the exchange interactions, two new intermediate 

composition of the solid solution, namely with the 25 % (PMCW_25) and 75 % 

(PMCW_75) of Co, were synthetized. The characterizations of these two new 

compounds are still preliminary, but some significant results we obtained are 

useful to construct a multiferroic phase diagram of the system. The ZFC and FC 

magnetization measurements of the two new compounds, carried out by means 

of a SQuiD magnetometer between 2 and 300 K, are reported in figure 8-1, 

compared with those of PMW and PMCW_50.  The PMCW_25 system shows at 

least two critical temperatures: the first one at 190 K, in analogy with the 

PMCW_50 compound, and a second magnetic transition around 70 K. The 

transitions are clearly visible in both ZFC and FC measurements. By the 

hysteresis loop obtained at 2 K (not shown) a small coercive field is detected, 

indicating a weak ferromagnetic component. Even PMCW_75 shows two 

critical temperatures, at 190 K and at 9 K, similarly to the case of PMCW_50. 

The second magnetic transition shows a cusp characteristic of an 

antiferromagnetic ordering. The irreversibility between ZFC and FC 

measurements indicates a weak ferromagnetism confirmed also in this 

compound by hysteresis loop measurement. It is worthy to note that the first 

magnetic transition at 190 K is present in all the compositions containing both 

Co and Mn in the B site but that the value of the susceptibility increases up to 

the x= 0.4 compound and then decreases. These features confirm that this 

transition is related to the Mn-O-Co interaction in the APB’s, that are 

statistically more probable in the PMCW_50 compound.  
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Figure 8-1  FC (top) and ZFC (bottom) measurements for the Pb2Mn1-xCoxWO6 solid solution 

systems.   

 

To better study the magnetic transition observed in the two new 

compositions ToF-PND experiments were performed at the WISH instrument at 

the ISIS facility. The high d-spacing part of the diffraction pattern obtained at 

1.5 K for all the compounds are compared in figure 8-2. 
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Figure 8-2  High d-spacing region of the time of flight neutron diffraction data from the WISH 

instrument for the Pb2Mn1-xCoxWO6 solid solution compounds. 

 

Is evident that all the compounds show different magnetic ground states 

indicating that the substitution of Mn atoms with Co ones completely changes 

the magnetic interactions and lead to different magnetic properties. PMCW_25 

does not show magnetic diffraction peaks down to 1.5 K, pointing out the 

absence of long-range ordered phases, but it is characterized by a strong diffuse 

scattering at high d-spacing indicating short-range order. On the contrary, 

PMCW_75 behaves like the other studied composition, showing diffuse 

scattering below the first magnetic transition, and the appearance of magnetic 

reflections below 9 K, indicating a long-range magnetic ordering below this 

temperature. The magnetic structure was not yet solved, but some preliminary 

considerations could be advanced. In particular the propagation vectors result to 

be very similar to those of PCW but, as can be deduced from figure 8-2, the 

relative intensities of the Bragg reflections are different, indicating a change in 

the spin arrangement.  
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Figure 8-3  Multiferroic phase diagram of the Pb2(Mn,Co)WO6 system. 

 

Even if the electric and magnetic characterization of the 

Pb2(Mn,Co)WO6 system has not been completed, the studies performed in this 

work make possible to sketch the multiferroics phase diagrams of the system 

that is shown in figure 8-3. Starting from the electrical properties, the system 

shows a ferrielectric character in the Mn rich region. By increasing the cobalt 

content, the system became antiferroelectric, at least in the paramagnetic 

temperature range. The transition temperature to the cubic phase, related to 

paraelectric state, decreases monotonically with the Co content. From the 

magnetic point of view, all the compositions sufficiently rich in both Mn and Co 

to present Mn-O-Co exchange interactions at the APB’s show a first magnetic 

transition at 190 K. Pyrocurrent measurements indicate a polarization changes at 

this temperature, indication of a possible improper ferroelectric state below this 

temperature induced by the short range magnetic ordering. The symmetry 

analysis, performed on the intermediate PMCW_50 compound and on the pure-

cobalt end member, confirmed an improper ferroelectric state below 10 K, where 
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both these systems undergo the breaking of both time and spatial inversion 

symmetry at the long range order magnetic transitions.  

In conclusion, the Pb2(Mn,Co)WO6 system can be considered a good 

example to illustrate as a double perovskite structure can allow a fine tuning of 

the physical properties by chemical substitution of the B site cations. The 

introduction of cobalt in the system changes the magnetic exchange interactions 

and reduces the ferrielectric distortion of the PMW systems leading from a 

ferrielectric to an antiferroelectric structure. However the small spin-orbit 

coupling of the Co atom allow the establishment of a strong-spin lattice coupling 

that generate a type II multiferroics state below the magnetic transition 

temperatures. 

Furthermore, this thesis offers an example of the symmetry analysis in these 

systems, where in particular the use of the magnetic space groups and of the 

superspace formalism allows a deep comprehension of the properties related to 

ferroic orders and of the relation between them, indicating the magnetic 

symmetry as a fundamental rule in the study of multifunctional materials. 
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9 Appendix  
 

 

Table A- 1 List of selected bond lengths (Å) and angles (degrees) of the Pb2MnWO6 compound at 

RT. 

 Bond length (Å)  Bond angle (°) 
Pb1-O1 2.923(10) O3-Mn1-O4 85.3(6) 
Pb1-O2 3.066(10) O4-Mn1-O8 108.2(6) 
Pb1-O3 3.000(10) O3-Mn1-O6 85.0(6) 
Pb1-O4 3.216(12) O6-Mn1-O8 81.6(6) 
Pb1-O5 3.063(9) O9-Mn1-O9 165.0(5) 
Pb1-O6 2.583(9) O1-W1-O5 88.4(6) 
Pb1-O7 2.567(10) O1-W1-O10 90.7(5) 
Pb1-O7 3.284(11) O2-W1-O10 82.4(5) 
Pb1-O8 3.233(9) O2-W1-O5 98.4(6) 
Pb1-O9 3.307(10) O9-W1-O9 166.8(4) 
Pb1-O9 2.493(10) O1-Mn2-O2 79.6(6) 

Pb1-O10 2.575(8) O1-Mn2-O5 94.4(7) 
Pb2-O1 2.871(10) O2-Mn2-O10 91.9(7) 
Pb2-O2 2.555(9) O5-Mn2-O10 94.1(6) 
Pb2-O3 2.775(10) O7-Mn2-O7 166.8(8) 
Pb2-O4 2.969(11) O3-W2-O4 101.1(6) 
Pb2-O5 3.138(10) O3-W2-O8 75.2(5) 
Pb2-O6 3.022(10) O4-W2-O6 93.1(6) 
Pb2-O7 2.595(10) O6-W2-O8 90.6(5) 
Pb2-O7 3.195(11) O7-W2-O7 162.5(5) 
Pb2-O8 2.366(7)   
Pb2-O9 2.711(9)   
Pb2-O9 3.146(10)   

Pb2-O10 2.977(8)   
Mn1-O3 2.184(17)   
Mn1-O4 2.147(17)   
Mn1-O6 2.361(16)   
Mn1-O8 2.112(15)   

Mn1-O9(X2) 2.133(8)   
W1-O1 1.884(14)   
W1-O2 1.947(16)   
W1-O5 1.802(12)   

W1-O9(X2) 1.917(8)   
W1-O10 2.091(12)   
Mn2-O1 2.191(17)   
Mn2-O2 2.273(18)   
Mn2-O5 2.196(17)   

Mn2-O7(X2) 2.159(8)   
Mn2-O10 2.078(17)   

W2-O3 1.889(14)   
W2-O4 1.805(14)   
W2-O6 1.928(15)   

W2-O7(X2) 1.896(8)   
W2-O8 2.134(11)   
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Table A- 2 List of selected bond lengths (Å) and angles (degrees) of the Pb2Mn0.6Co0.4WO6 

compound at RT. 

  Bond length (Å)  Bond angle (°) 
W1-O1 1.9406(17) O1- W1 -O1 169.3(3) 
W1-O1 1.9406(17) O1- W1 -O2 95.31(15) 
W1-O2 1.767(8) O1- W1 -O3 90.45(15) 
W1-O3 1.979(9) O1- W1 -O4 88.96(14) 
W1-O4 1.967(7) O1- W1 -O5 84.70(15) 
W1-O5 2.013(9) O2- W1 -O3 91.9(4) 
Pb1-O1 3.117(4) O2- W1 -O4 94.6(4) 
Pb1-O1 2.620(4) O3- W1 -O5 86.7(4) 
Pb1-O1 2.672(3) O4- W1 -O5 86.9(3) 
Pb1-O1 3.101(3) Mn- O5 -W1 172.2(5) 
Pb1-O2 2.946(6) Mn- O2 -W1 177.4(5) 
Pb1-O2 3.081(6) Mn- O4 -W1 169.8(5)   
Pb1-O3 2.864(6) W1- O3 -Mn 177.9(6) 
Pb1-O3 2.845(6) W1- O1 -Co/Mn  171.2(4) 
Pb1-O4 2.968(5) O1- Co/Mn -O1 173.1(6) 
Pb1-O4 2.637(5) O1- Co/Mn -O2 93.4(3) 
Pb1-O5 2.571(5) O1- Co/Mn -O3 90.7(3) 
Pb1-O5 3.009(6) O1- Co/Mn -O4 86.7(3) 

Co/Mn O1 2.0794(18) O1- Co/Mn -O5 89.0(3) 
Co/Mn O1 2.0794(18) O2- Co/Mn -O3 91.4(5) 
Co/Mn O2 2.238(14) O2- Co/Mn -O5 94.6(6) 
Co/Mn O3 2.025(14) O3- Co/Mn -O4 84.8(5) 
Co/Mn O4 2.137(14) O4- Co/Mn -O5 89.3(5) 
Co/Mn O5 2.155(14)   
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Table A- 3  Group theory analysis of the PMCW_50 sample conducted with the use of the 

ISODISTORT software.1  

Representation Order parameter  
direction 

Magnetic  
space group 

Lattice base vector Systematic 
absence 

mGM1+⊕mY1; 
mGM3-⊕mY1. 

P1(1)P1(1) (a;b,0) P mn21 basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(3/4,1/4,0) 

(0 0 l) I=0  
l=2n 

mGM3+⊕mY2; 
mGM1-⊕mY2. 

P1(1)P1(1) (a;b,0) Pm'n'21 basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(3/4,1/4,0) 

(0 0 l) I=0  
l=2n 

mGM2+⊕mY1; 
mGM4-⊕mY1. 

P1(1)P1(1) (a;b,0) P m'n21' basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(1/4,1/4,0) 

(0 0 l) I=0  
l=2n+1 

mGM4+⊕mY2; 
mGM4-⊕mY2. 

P1(1)P1(1) (a;b,0) Pmn'21' basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(1/4,1/4,0) 

(0 0 l) I=0 
 l=2n+1 

mGM1+⊕mY2; 
mGM3-⊕mY2. 

P1(1)P1(1) (a;b,0) P mc21 basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(1/4,1/4,0) 

(0 0 l) I=0 
 l=2n 

mGM2+⊕mY2; 
mGM4-⊕mY2. 

P1(1)P1(1) (a;b,0) Pm'c21' basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(3/4,1/4,0) 

(0 0 l) I=0  
l=2n+1 

mGM3+⊕mY1; 
mGM1-⊕mY1. 

P1(1)P1(1) (a;b,0) Pm'c'21 basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(1/4,1/4,0) 

(0 0 l) I=0  
l=2n 

mGM4+⊕mY1; 
mGM4-⊕mY2. 

P1(1)P1(1) (a;b,0) Pmc'21' basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(3/4,1/4,0) 

(0 0 l) I=0  
l=2n+1 

mGM1+⊕mY1; 
mGM2+⊕mY1; 
mGM3-⊕mY1. 

P1(1)P3(1) (a;b,b) P21/c basis= 
{(0,0,-1),(0,1,0),(2,0,1)} 

origin=(0,0,0) 

(0 k 0) I=0  
k=2n 

mGM1+⊕mY2; 
mGM2+⊕mY2 

P1(1)P3(1) (a;b,b) P21/c basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(1/2,0,0) 

(0 k 0) I=0  
k=2n 

mGM3+⊕mY2; 
mGM4+⊕mY2. 

P1(1)P3(1) (a;b,b) P21'/c' basis= 
{(0,0,-1),(0,1,0),(2,0,1)} 

origin=(1/2,0,0) 

(0 k 0) I=0 
 k=2n+1 

mGM3+⊕mY1; 
mGM4+⊕mY1. 

P1(1)P3(1) (a;b,b) P21'/c' basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(0,0,0) 

(0 k 0) I=0  
k=2n+1 

mGM1-⊕mY2; 
mGM4-⊕mY1. 

P1(1)P3(1) (a;b,b) P21/c' basis= 
{(0,0,-1),(0,1,0),(2,0,1)} 

origin=(0,0,0) 

(0 k 0) I=0  
k=2n 

mGM1-⊕mY1; 
mGM2-⊕mY2. 

P1(1)P3(1) (a;b,b) P21/c' basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(1/2,0,0), 

(0 k 0) I=0  
k=2n 

mGM3-⊕mY1; 
mGM4-⊕mY1. 

P1(1)P3(1) (a;b,b) P21'/c basis= 
{(0,0,-1),(0,1,0),(2,0,1)} 

origin=(1/2,0,0) 

(0 k 0) I=0  
k=2n+1 

mGM3-⊕mY2; 
mGM4-⊕mY2. 

P1(1)P3(1) (a;b,b) P21'/c basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(0,0,0) 

(0 k 0) I=0  
k=2n+1 

 

 
                                                        
1 Campbell B. J., Stokes H. T., Tanner D. E. and Hatch D. M., "ISODISPLACE: An 

Internet Tool for Exploring Structural Distortions." J. Appl. Cryst., (2006) 39, 607-614. 
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Table A- 3 continue 

Representation Order parameter 
direction 

Magnetic 
space group 

Lattice base vector Systematic 
absence 

mGM1+⊕mY1; 
mGM2+⊕mY1; 
mGM3-⊕mY2; 
mGM4-⊕mY1. 

P1(1)C1(1) (a;b,c) Pc basis= 
{(0,0,-1),(0,1,0),(2,0,1)} 

origin=(0,1/4,0) 

no absences 

mGM1+⊕mY2; 
mGM2+⊕mY2; 
mGM3-⊕mY2; 
mGM4-⊕mY1. 

P1(1)C1(1) (a;b,c) Pc basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(0,1/4,0) 

no absences 

mGM3+⊕mY2; 
mGM4+⊕mY2; 
mGM1-⊕mY2. 

P1(1)C1(1) (a;b,c) Pc' basis= 
{(0,0,-1),(0,1,0),(2,0,1)} 

origin=(0,1/4,0) 

no absences 

mGM3+⊕mY1; 
mGM4+⊕mY1; 
mGM1-⊕mY1; 
mGM2-⊕mY2. 

P1(1)C1(1) (a;b,c) Pc' basis= 
{(2,0,0),(0,1,0),(0,0,1)} 

origin=(0,1/4,0) 

no absences 
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Table A- 4 Fractional atomic coordinates of the Pb2Mn0.6Co0.4WO6 sample at 1.5 K in the Pm'c21' 

space group.2 

 x y z Occupancy Uiso(Å2) 
Pb1 0.63069 0.03241 0.14034  1 0.0117 
Pb2 0.13069 0.03241 0.14034  1 0.0117 
Pb3 0.88069 0.46759 0.85966  1 0.0117 
Pb4 0.38069 0.46759 0.85966  1 0.0117 
W1  0.75  0.49963 0.12119  1 0.0015 
W2  0  0.00037 0.87881  1 0.0015 
W3  0.5  0.00037 0.87881  1 0.0015 

Mn1/Co1 0.75  -0.006  0.8665   0.61/0.39 0.0011 
Mn2/ Co2 0  0.506  0.1335   0.61/0.39 0.0011 
Mn3/Co3 0.5  0.506  0.1335   0.61/0.39 0.0011 

O1  0.62935 0.47535 0.13202  1 0.0349 
O2  0.12935 0.47535 0.13202  1 0.0349 
O3  0.87935 0.02465 0.86798  1 0.0349 
O4  0.37935 0.02465 0.86798  1 0.0349 
O5  0.75  0.72943 0.01101  1 0.0149 
O6  0  0.77057 -0.01101 1 0.0149 
O7  0.5  0.77057 -0.01101 1 0.0149 
O8  0.75  0.26582 -0.00381 1 0.0292 
O9  0  0.23418 0.00381  1 0.0292 

O10 0.5  0.23418 0.00381  1 0.0292 
O11 0.75  0.70236 0.25246  1 0.0154 
O12 0  0.79764 0.74754  1 0.0154 
O13 0.5  0.79764 0.74754  1 0.0154 
O14 0.75  0.22847 0.23958  1 0.0328 
O15 0  0.27154 0.76042  1 0.0328 
O16 0.5  0.27154 0.76042  1 0.0328 

 
  

                                                        
2 the atoms coordinates are reported without e.s.d.’s because they were not refined in the 

magnetic low symmetry phase.  
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Table A- 5 List of selected bond lengths (Å) and angles (degrees) of the Pb2CoWO6 compound at 

150 K. 

  Bond lenght (Å)  Bond angle (°) 
Pb1-O1 3.147(3) O1-W1-O1  169.9(3) 
Pb1-O1 2.561(3) O1-W1-O2  94.64(18) 
Pb1-O1 2.582(2) O1-W1-O3  91.98(18) 
Pb1-O1 3.165(2) O1-W1-O4  87.71(18) 
Pb1-O2 2.954(5) O1-W1-O5  85.40(18) 
Pb1-O2 3.123(4) O1-W1-O2  94.64(18) 
Pb1-O3 2.849(4) O1-W1-O3  91.98(18) 
Pb1-O3 2.861(4) O1-W1-O4  87.71(18) 
Pb1-O4 2.937(4) O1-W1-O5  85.40(18) 
Pb1-O4 2.590(3) O2-W1-O3  90.4(3) 
Pb1-O5 2.446(3) O2-W1-O4  93.5(3) 
Pb1-O5 3.043(4) O2-W1-O5  179.1(4) 
W1-O1 1.919(3) O3-W1-O4  176.1(4) 
W1-O1 1.919(3) O3-W1-O5  88.7(3) 
W1-O2 1.848(8) O4-W1-O5  87.4(3) 
W1-O3 1.904(8) O1-Co1-O1 159.4(7) 
W1-O4 1.993(7) O1-Co1-O2 100.3(3) 
W1-O5 2.012(8) O1-Co1-O3 88.2(3) 
Co1-O1 2.094(4) O1-Co1-O4 79.7(3) 
Co1-O1 2.094(4) O1-Co1-O5 88.2(3) 
Co1-O2 1.952(14) O1-Co1-O2 100.3(3) 
Co1-O3 2.103(13) O1-Co1-O3 88.2(3) 
Co1-O4 2.360(13) O1-Co1-O4 79.7(3) 
Co1-O5 2.082(13) O1-Co1-O5 88.2(3) 

  O2-Co1-O3 97.5(6) 
  O2-Co1-O4 173.8(7) 
  O2-Co1-O5 103.0(6) 
  O3-Co1-O4 76.3(4) 
  O3-Co1-O5 159.4(7) 
  O4-Co1-O5 83.1(5) 
  W1-O1-Co1 164.9(4) 
  W1-O2-Co1 176.0(5) 
  W1-O3-Co1 168.9(5) 
  W1-O4-Co1 168.6(4) 
  W1-O5-Co1 164.4(5) 
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Table A- 6  Group theory analysis of the Pb2CoWO6 sample conducted with the use of the 

ISODISTORT software.3 

Representation Order 
parameter 
direction 

Magnetic 
space group 

Lattice base vector Systematic 
absence 

mGM1+⊕mH1; 
mGM3-⊕mH1 

P1-P 
(a;b,b,0,0) 

P21ma(0,1/2,γ)000 basis= 
{(0,0,-1,0),(1,0,0,0),(0,1,0,0),(0,0,0,1)} 

origin= (3/4,-1/4,0,0) 

(h 0 0) I=0  
h=2n 

mGM3+⊕mH1; 
mGM1-⊕mH1; 

 

P1-P 
(a;b,b,0,0) 

P21m'a'(0,1/2,γ)000 basis= 
{(0,0,1,0),(1,0,0,0),(0,1,0,0),(0,0,0,1)} 

origin=(1/4,1/4,0,0) 

(h 0 0) I=0 
 h=2n 

mGM2+⊕mH1; 
 

P1-P 
(a;b,b,0,0) 

P21'm'a(0,1/2,γ)000 basis= 
{(0,0,1,0),(1,0,0,0),(0,1,0,0),(0,0,0,1)} 

origin=(1/4,1/4,0,1/4) 

(h 0 0) I=0 
h=2n+1 

mGM4-⊕mH1 
 

P1-P 
(a;b,b,0,0) 

P21'm'a(0,1/2,γ)000, basis= 
{(0,0,-1,0),(-1,0,0,1),(0,1,0,0),(0,0,0,1)} 

origin=(-3/4,1/4,0,1/4) 

(h 0 0) I=0 
h=2n+1 

mGM4+⊕mH1; 
 

P1-P 
(a;b,b,0,0) 

P21'ma'(0,1/2,γ)000 basis= 
{(0,0,-1,0),(1,0,0,0),(0,-1,0,0),(0,0,0,1)} 

origin=(3/4,-1/4,0,1/4) 

(h 0 0) I=0 
h=2n+1 

mGM2-⊕mH1 
 

P1-P 
(a;b,b,0,0) 

P21'ma'(0,1/2,γ)000 basis= 
{(0,0,-1,0),(-1,0,0,1),(0,1,0,0),(0,0,0,1)} 

origin=(-1/4,1/4,0,1/4), 

(h 0 0) I=0 
h=2n+1 

mGM1+⊕mH1; 
 

P1-P 
(a;b,0,b,0) 

P21/b(1/2,0,γ)00 basis= 
{(-1,0,-1,-1),(0,0,1,0),(0,1,0,0),(0,0,0,1)} 

origin=(0,0,0,0) 

(0 k 0) I=0 
 k=2n 

mGM3+⊕mH1; 
mGM4+⊕mH1 

P1-P 
(a;b,0,b,0) 

P21'/b'(1/2,0,γ)00 basis= 
{(1,0,-1,0),(0,0,1,0),(0,-1,0,0),(0,0,0,1)} 

origin=(-1/2,0,0,0) 

(0 k 0) I=0 
k=2n+1 

mGM1-⊕mH1; 
mGM2-⊕mH1 

 

P1-P 
(a;b,0,b,0) 

P21/b'(1/2,0,γ)00 basis= 
{(-1,0,-1,-1),(0,0,1,0),(0,1,0,0),(0,0,0,1)} 

origin=(0,0,0,1/4) 

(0 k 0) I=0 

k=2n 
mGM3-⊕mH1 

 
P1-P 

(a;b,0,b,0) 
P21'/b(1/2,0,γ)00 basis= 

{(1,0,-1,0),(0,0,1,0),(0,-1,0,0),(0,0,0,1)} 
origin=(-1/2,0,0,1/4), 

(0 k 0) I=0 
k=2n+1 

mGM4-⊕mH1 
 

P1-P 
(a;b,0,b,0) 

P21'/b(1/2,0,γ)00 basis= 
{(-1,0,1,-1),(0,0,-1,0),(0,-

1,0,0),(0,0,0,1)} origin=(1/2,0,0,1/4) 

(0 k 0) I=0 
k=2n+1 

mGM1+⊕mH1; 
mGM3+⊕mH1; 

 

P1-P 
(a;b,b,b,-b) 

P21/b(α,β,0)00 basis= 
{(-2,-1,0,0),(1,1,0,0),(0,0,-1,0),(0,0,0,1)} 

origin=(0,0,0,0) 

(0 k 0) I=0 
k=2n 

mGM2+⊕mH1; 
mGM4+⊕mH1 

P1-P 
(a;b,-b,b,b) 

P21'/b'((α,β,0)00 basis= 
{(-2,-1,0,0),(1,1,0,0),(0,0,-1,0),(0,0,0,1)} 

origin=(0,0,0,0) 

(0 k 0) I=0 
k=2n+1 

mGM2-⊕mH1 
mGM4-⊕mH1 

 

P1-P 
(a;b,b,b,-b) 

P21'/b(α,β,0)00 basis= 
{(2,-1,0,0),(-1,1,0,0),(0,0,1,0),(0,0,0,1)} 

origin=(0,0,0,1/4) 

(0 k 0) I=0 
k=2n+1 

mGM1-⊕mH1; 
mGM3-⊕mH1 

 

P1-P 
(a;b,b,-b,b) 

P21/b'(α,β,0)00 basis= 
{(-2,-1,0,0),(1,1,0,0),(0,0,-1,0),(0,0,0,1)} 

origin=(0,0,0,0) 

(0 k 0) I=0 
k=2n 

mGM1+⊕mH1; 
mGM2+⊕mH1 
mGM3-⊕mH1 
mGM4-⊕mH1 

P1-C 
(a;b,c,b,c) 

Pb(1/2,0,γ)0 basis= 
{(-1,0,-1,-1),(0,0,1,0),(0,1,0,0),(0,0,0,1)} 

origin=(0,1/4,0,0) 

no 
absences 

  
                                                        
3 Campbell B. J., Stokes H. T., Tanner D. E. and Hatch D. M., "ISODISPLACE: An 

Internet Tool for Exploring Structural Distortions." J. Appl. Cryst., (2006) 39, 607-614. 
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Table A- 6 continue 

Representation Order 
parameter 
direction 

Magnetic 
space group 

Lattice base vector Systematic 
absence 

mGM3+⊕mH1; 
mGM1-⊕mH1; 
mGM4+⊕mH1 

P1-C 
(a;b,c,b,c) 

Pb'(1/2,0,γ)0 basis= 
{(-1,0,-1,-1),(0,0,1,0),(0,1,0,0),(0,0,0,1)} 

origin=(1/2,1/4,0,0) 

no 
absences 

mGM2-⊕mH1 
 

P1-C 
(a;b,c,b,c) 

Pb'(1/2,0,γ)0 basis= 
{(1,0,-1,0),(0,0,1,0),(0,-1,0,0),(0,0,0,1)} 

origin=(-1/2,-1/4,0,0) 

no 
absences 

mGM1+⊕mH1; 
mGM3+⊕mH1; 
mGM3-⊕mH1; 
mGM1-⊕mH1; 

 

P1-C 
(a;b,b,c,-c) 

P21(α,β,0)0 basis= 
{(0,1,0,0),(1,0,0,0),(0,0,-1,0),(0,0,0,1)} 

origin=(1/4,1/4,0,0) 

(0 k 0) I=0 
k=2n 

mGM2+⊕mH1; 
mGM4+⊕mH1 

P1-C 
(a;b,-b,c,c) 

P21'(α,β,0)0 basis= 
{(0,1,0,0),(1,0,0,0),(0,0,-1,0),(0,0,0,1)} 

origin=(1/4,1/4,0,0) 

(0 k 0) I=0 
k=2n+1 

mGM2-⊕mH1 
mGM4-⊕mH1 

P1-C 
(a;b,-b,c,c) 

P21'(α,β,0)0 basis= 
{(0,-1,0,0),(-1,0,0,0),(0,0,-1,0),(0,0,0,1)} 

origin=(-1/4,-1/4,0,0) 

(0 k 0) I=0 
k=2n+1 

All 
combinations 

 

P1-C 
(a;b,c,b,-

c)) 

P-1(α,β,γ)0 basis= 
{(0,1,0,0),(1,0,0,0),(0,0,-1,0),(0,0,0,1)} 

origin=(0,0,0,0) 

no 
absences 

All 
combinations 

 

P1-4D 
(a;b,c,d,e) 

P1(α,β,γ)0 basis= 
{(0,1,0,0),(1,0,0,0),(0,0,-1,0),(0,0,0,1)} 

origin=(0,0,0,0) 

no 
absences 
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Table A- 7 Fractional atomic coordinates of the PCW sample at 2 K in the Pm'c21' space group.4  

 x y z 
Pb1 0.7565   0.0332 0.1461 
Pb2 0.2569   0.465  0.8575 
W1  0        0.506  0.1073 
W2  0.5     -0.007  0.8803 
Co1 0        0.016  0.8809 
Co2 0.5      0.496  0.1303 
O1  0.761    0.482  0.1409 
O2  0.261    0.022  0.8705 
O3  0        0.76   0.02   
O4  0.5      0.767  -0.001 
O5  0        0.269  -0.006 
O6  0.5      0.262  -0.007 
O7  0        0.694  0.244  
O8  0.5      0.785  0.749  
O9  0        0.239  0.231  

O10 0.5      0.313   0.76  
 

 

 

                                                        
4 the atoms coordinates are reported without e.s.d.’s because they were not refined in the 

magnetic low symmetry phase. 
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