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Abstract

Recent solid-state research has focused on 2D layered perovskite structures, due to their wide

range of properties, such as photocatalytic, magnetic and ferroelctric properties. There are

many kinds of layered perovskite-related structures, including Ruddlesden-Popper, Aurivillius

and Dion-Jacobson compounds. All three are structurally related but with different layers

between perovskite blocks. Recent research, however has been drawn to these two-thirds

occupied A-site deficient perovskites, due to the BO6 octahedra maintaining 3D connectivity

but having a 2D nature through the ordering of the A-site cations.1

Ferroelectricity is the spontaneous reversible polarisation of a material upon the applica-

tion of an electric field. Some layered structures have the potential to display hybrid-improper

ferroelectricity; hence they are a topic of research for many solid-state research groups around

the world. Hybrid-improper ferroelectricity comes from the coupling of two non-polar distor-

tions (such as octahedral rotations) to break inversion symmetry and induce a ferroelectric

effect.

Both Nd0.33NbO3 and LixNd0.33NbO3 were successfully synthesised and analysed using

various techniques, such as PXRD, NPD, SEM, SQUID and DFT. It was seen, from analysis,

that the structure undergoes a phase transition to P4/mmm symmetry upon Li+ insertion.

Solid solutions of La4Mg3W3O18 doped with various elements, such as A-site doping with

Nd, B -site doping with Cu and Zn, as well as double B -site substitution with Fe/Ta and

analysed using various techniques, such as PXRD, SQUID and SEM. It was found that small

amounts of dopant could be put into a structure, however, some of the solid solutions were

extremely limited.
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Chapter 1

Introduction

1.1 Perovskites

The perovskite structure is named after the mineral calcium titanate (CaTiO3, Figure 1.1).

It was first discovered in the Ural Mountains in Russia in 1839 by Gustav Rose and named

after Count Perovsky. The general formula of these perovskite-like structures is ABX 3, where

A and B are cationic, and X is anionic.

Figure 1.1: An illustration of the ideal ABX3 perovskite structure showing A and X ions in

blue and red, respectively, and BX6 octahedra in green.2

The A-site cation is usually the larger cation in the structure, typically a larger group one

or two metal cation, or a larger lanthanide ion. The B -site cations are smaller cations, often

transition metals. The X anions are often oxide ions, however there are kinds of perovskite-

related structures, such as MAPI (Methylammonium Lead Iodide) which have the halide

ions on the anion sites. There are now many different kinds of perovskite structures, such as

MOFs (Metal—Organic Frameworks), and perovskites exhibit a wide variety of properties,

such as ferroelectricity3 and magnetism.4
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1.2 Magnetism

Magnetism arises from the behaviour of unpaired electrons, and the response to an applied

magnetic field can be described as diamagnetic, paramagnetic, ferromagnetic, antiferromag-

netic or ferrimagnetic. Ferromagnetic behaviour is a property whereby the moments of un-

paired electrons are aligned parallel, unlike antiferromagnetic behaviour, where the magnetic

moments are aligned antiparallel to each other; in a ferrimagnet, moments are again antipar-

allel but unequal in size, resutling in a net magnetic moment. Paramagnetic behaviour, on the

other hand, is where the magnetic moments are randomly oriented. Diamagnetic behaviour is

where the unpaired electron spins in a structure are repelled by a magnetic field. Magnetism

in extended structures can also be tuned; for example, in La1−xSrxMnO3, the structure is

tuned between ferromagnetic and antiferromagnetic depending on the La:Sr ratio.5

1.3 Ferroelectricity

Ferroelectricity is when there is a spontaneous reversible polarisation of a material upon the

application of an electric field (as seen in Figure 1.2). This spontaneous polarisation comes

from the electric dipoles within the structure ordering in the same direction. This property

comes from the polar displacement of cations relative to anions within a non-centrosymmetric

structure, such as the displacement of Ti in PbTiO3, meaning that the magnitude of the

polarisation is dependant on the electron configuration of the ion being displaced.

This is analogous to ferromagnetism, as it involves alignment of electric dipoles within a

structure due to an applied electric field. Due to their spontaneous polarisation, there is a

wide range of potential application for materials that show this property, such as non-volatile

memories and mass data storage.6

Figure 1.2: A diagram showing the dependence of polarisation (P) on an applied electric

field (E)7
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1.3.1 Proper Ferroelectricity

Proper ferroelectricity usually relies on the electronic structure of one or more of the cations

within the structure, as the ferroelectricity in the structure is driven by the displacement of

one of these ions. An example of proper ferroelectricity is that found in one of the polar

phases of BaTiO3, whose origin was found by Megaw in 1952.8 Above 130oC, BaTiO3 adopts

a non-polar cubic structure, but on cooling, undergoes phase transitions to polar tetragonal

and then polar rhombohedral phases.9

An important feature of proper ferroelectricity is that the permittivity of the compound

is dependent on temperature.

1.3.2 Hybrid Improper Ferroelectricity

In contrast, hybrid improper ferroelectricity arises from the coupling of two non-polar dis-

tortions that break the inversion symmetry and induce a ferroelectric effect in the structure.

The coupling of these non-polar distortions, such as the tilting and the rotation of BO6 oc-

tahedra,10 break the inversion centre of a structure and stabilises polar displacements. The

reduction in symmetry induces a polar change in the structure.11

The balance between octahedral tilting and cation displacements depends on the ionic size

and the configurations of the cations, meaning that the balance between proper and hybrid

improper ferroelectricity can be tuned. There are many potential technological applications

for improper ferroelectrics.12 An example of this, is the Ruddlesden-Popper phase Ca3Mn2O7

characterised by Lobanov in 2004.4 The MnO6 octahedra are significantly tilted so as to

satisfy the coordination environment of the Ca2+, such that the inversion symmetry is broken,

giving rise to ferroelectricity through the hybrid improper mechanism. Hybrid improper

ferroelectricity differs from proper ferroelectricity in that the permittivity is independent of

temperature.

1.4 Layered perovskite-related Structures

A focus of recent research has been 2D layered perovskite-related structures due to the wide

variety of potential applications for these compounds, such as photocatalytic properties.13

Other properties have also been investigated, such as magnetic and dielectric properties, in

particular their potential for ferroelectric properties through the hybrid improper mecha-

nism.3 Layered perovskite-related structures include the Ruddlesden-Popper, Aurivillius and

Dion-Jacobson family of compounds (see Figure 1.3). All three are structurally related but

differ with respect to the layers between the perovskite blocks. These structures have a wide

9



variety of potential applications, such the potential for hybrid improper ferroelectricity in

these structures due to their layered nature and their compositional and structural flexibility.

Figure 1.3: A diagram showing the crystal structure of the Aurivillius phase Bi2WO6 as

characterised by Rae et al,14 the Ruddlesden-Popper phase Ca3Mn2O7 characterised by

Lobanov et al,4 and the Dion-Jacobson phase RbLa2Ti2NbO10 characterised by Hong et al15

1.4.1 Aurivillius phases

Aurivillius structures have the general formula Bi2An−1BnO3n+3 and were first discovered

in 1949 by Bengt Aurivillius.16 Their structures are composed of perovskite blocks stacked

along the [001], separated by fluorite [Bi2O2]
2+ layers (see Figure 1.3, left).

The fluorite-like layer is preferentially occupied by non-spherical, inert pair ions, such as

Bi3+ and Pb3+,whilst the A-site of the perovskite block contains a higher concentration of

spherical ions. The range of atoms that can sit in the B -site is much less than that of the

perovskite structure and the Ruddlesden-Popper family.

1.4.2 Ruddlesden-Popper phases

This range of compounds was first discovered in 1958, when Ruddlesden and Popper char-

acterised Sr3Ti2O7 and Sr2TiO4.
17 These materials have the general formulaAn+1BnO3n+1.

In between each of the perovskite blocks in the structure, is an AO rock salt like layer. As

with the Aurivillius phase, the A-site accommodates larger cations, whereas the B -sites are

occupied by smaller cations, such as iron18 (see Figure 1.3, centre). Recent theoretical and

experimental studies have shown that Ruddlesden-Popper phases, such as Ca3Mn2O7,
4 have

the potential to be hybrid improper ferroelectrics.10
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1.4.3 Dion-Jacobson phases

This layered structure has the general formula A’ [An−1BnO3n+1]. This kind of layered struc-

ture was first discovered by Dion in 198119 and further researched by Jacobson in 1986.20 On

the 8-coordinate A’ -site, there would usually be an alkali metal, such as potassium, caesium

or rubidium, due to their ability to form large coordination environments (see Figure 1.3,

right). The metals on the A-site are usually group 2 metals, like calcium or strontium; or the

larger lanthanide cations, like lanthanum or neodymium.

As with the other two phases, the B -site is where the smaller cations, such as transition

metals sit, due to their size and their ability to coordinate in a corner-shared octahedral

conformation. As with the other layered structures, Dion-Jacobson phases also have the po-

tential of being hybrid improper ferroelectrics10 and have a wide variety of applications, more

recently photovoltaics,13 where the phase has an organic molecule in the A’ -site. However,

recent work has shown that separating the perovskite blocks along the [001] direction reduces

the correlation length of structural distortions along [001]21 which could be detrimental to

properties.

1.5 A-site Deficient Perovskites

Perovskite materials have also been discovered in which the A-sites are only partially occupied

in an ordered fashion. The A-site cations in these materials are ordered in layers, with alter-

nating partially occupied and vacant layers within the structure (see Figure 1.4). They have

the potential to be hybrid improper ferroelectrics because of their layered nature. However,

due to the three-dimensional connectivity of the BO6 octahedra, the correlation length of

polar distortions is likely to be larger than in the Dion-Jacobson phases, improving physical

properties. Lanthanide tantalate and niobate compounds are most commonly studied due to

their ability to adopt polar structures.22,23
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Figure 1.4: A diagram showing the crystallographic presentation of the A-site deficient

perovskite La0.33NbO3, with the La atoms in blue, and the Nb octahedra in green. Space

group: Cmmm24

1.5.1 A-site defcient niobates (Ln0.33NbO3)

Results have only been published for the larger lanthanide niobate compounds, such as the

ones containing lanthanum and neodymium22 25 . The smaller lanthanide niobates have not

been reported. Earlier work on the Ln0.33NbO3 phases reported structures of several different

symmetries, but studies using NPD have suggested that a model of Cmmm symmetry (a−b0c0

tilts) best describes their crystal structures (see Table 1.1).

On heating, the Ln0.33NbO3 structures undergo a phase transition from the Cmmm struc-

ture to the tetragonal P4/mmm structure as the a− b0 c0 tilt is lost. For example, Nd0.33NbO3

undergoes a phase transition from Cmmm to P4/mmm at 650oC.22
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1.5.2 A-site deficient tantalates (Ln0.33TaO3)

Figure 1.5: A diagram showing the crystallographic presentation of the A-site deficient

perovskite La0.33TaO3, with the La atoms in blue, the Ta octahedra in brown and the O

atoms in red. Space group: P4/mmm23

The symmetries of the tantalate analogues (see figure 1.5) are similar to those of the niobates,

but a wider range of Ln3+ analogues have been reported23(see Table 1.1). The symmetry of

the Ln0.33NbO3 is lowered with decreasing Ln3+ radius, with polar structures being reported

for Ln = Ho, Er. The magnitude of the tilts of the TaO6 octahedra increase with decreasing

Ln3+, something which is seen in the niobate analogues26 and the corresponding titanate

analogues.27
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Table 1.1: Table showing the structural comparison between the A-site deficient tantalates

and niobates at room temperature

Lanthanide Tantalate analogue Niobate analogue

La P4/mmm 23 Cmmm 26

Ce Cmmm 23 -

Pr Cmmm 23 Cmmm 22

Nd Cmmm 23 Cmmm 28

Pm - -

Sm Cmmm 23 -

Eu Cmmm 23 -

Gd Cmmm 23 -

Tb Pbmm(Pnma)23 -

Dy Pbmm(Pnma)23 -

Ho P21am(Pmc21)
23 -

Er P21am(Pmc21)
23 -

Tm Incommensurate23 -

Yb - -

Lu - -

A-site deficient titanates (Ln0.67TiO3)

There has been some research into A-site deficient lanthanide titanates.27,29 Various analogues

have been synthesised and analysed, with further analysis done on lanthanum and neodymium

only.30 The tilting in these compounds again depends on the size of the lanthanide ion: the

smaller the ion, the bigger the tilt. In these structures, however, the octahedral tilting is

competing with some second order Jahn-Teller effects from the TiO6 themselves, just as in

the Nb and Ta analogues.30 Intercalations on lanthanum and neodymium analogues have

been done, meaning that elements such as lithium and calcium can be put into the vacant

sites.30,31

1.5.3 A-site deficient double perovskites

Perovskite structures containing two kinds of B -site cations (B and B’ ), which differ in size

and charge, can adopt B -site ordered structures, in which the BO6 and B’O6 are arranged

in a checkerboard, or rock salt fashion (such as Ba2MnWO6,
32 Figure 1.6). This therefore

makes the general formula for these double perovskite structures A2BB’X6.
33 In addition to

B -site ordering, A-site ordering can also occur, more commonly in layers, giving the general
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formula AA’BB’X6 An example of this is in the double perovskite structure NaLaM WO6

(where M = Co, Ni).34 In the structure of this double perovskite, the sodium and lanthanum

ions are ordered in alternating layers34 .

Figure 1.6: A diagram showing the double perovskite structure Ba2MnWO6 as characterised

by Azad et al.33 The Ba atoms are in blue, the Mn octahedra in pink, and the W octahedra

are in grey

In principle, A-site deficient B -site ordered perovskites should also exist and two have been

reported: La4Mg3W3O18
35 and La5/3MgTaO6.

36 Both have checkerboard ordering of B -site

cations described using the R1+ irrep, (see Figure 1.7). La4Mg3W3O18 also has a complicated

ordering of La3+ cations and vacancies described using the Z4 irrep. These lower symmetry

perovskite structures involving cation-ordering or octahedral rotations can be described in

terms of the parent perovskite structure with symmetry-adapted distortion modes (either

occupancy or displacive modes, corresponding to, for example, checkerboard ordering, or

octahedral rotations) imposed on it. In this work, these modes were explored using the

ISODISTORT software37 and are labelled by their irreducible representations (irreps) relative

to the parent Pm3m perovskite structure.

Combined, this A and B -site ordering lowers the symmetry of the structure to the Ibam

symmetry (see Figure 1.7). La4Mg3W3O18 adopts this structure above 700 K, but on cooling,

undergoes a phase transition to a monoclinic structure of C 2/m symmetry, which in addition

to the A and B -site ordering, this transition also allows a−b0c0 tilts, described by the R4+

irrep (see Figure 1.7).
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Figure 1.7: A symmetry map showing range of tilt and ordering distortions that a structure

can undergo with respect to the Pm3m space group

1.6 Aims

Our aims in investigating the A-site deficient perovskites were to explore their compositional

flexibility and whether this could be used to tune structure (e.g. octahedral tilting) and

properties (e.g. polar properties, or by introducing magnetic ions). The research described

in this thesis had the following aims:

• To investigate whether reductive cation insertion reactions could tune the structure and

properties of Nd0.33NbO3

To investigate the compositional-flexibility through the doping of La4Mg3W3O18 includ-

ing:

• Investigating whether smaller Ln3+ ions can be introduced to the A-sites

• Investigating whether Zn2+ or Cu2+ ions can be introduced to the Mg2+ B -sites

• Investigating whether magnetic ions such as Fe3+ or Mn3+ can be introduced to the

perovskite B -sites by a double substitution strategy
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Chapter 2

Experimental and Analytical

methodology

2.1 Experimental

2.1.1 Solid State Synthesis

This is the most common route used in solid-state chemistry to synthesise polycrystalline

samples. It involves taking solid oxide reagents, grinding them in an agate pestle and mortar

and heating them at high temperatures in a furnace. There are many issues related to this

synthetic route. One of the main issues is that this type of reaction is diffusion limited.

In order for the reagents to react this way, high temperatures and long reaction times are

required to overcome the diffusion barrier. The main reason that diffusion is so slow in these

reactions is that the energy requirement is usually very high.

As a result of the high temperatures required, there is little to no kinetic control over

the product formed. This means that the product obtained will almost always be the most

thermodynamically stable phase, meaning that the macro, or microstructure desired may

not be obtained. Some control may be obtained by quenching the reaction from a high

temperature, which allows some access to metastable structures.

2.2 Analytical Methods

2.2.1 Powder X-Ray Diffraction (PXRD)

X-Ray Powder Diffraction (PXRD) is a powerful tool when it comes to determining phase

purity of a product, as well as the size and symmetry of its unit cell. A cathode ray tube

(CRT) generates X-Rays through the heating of a filament, which produces high energy
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electrons. The electrons are then accelerated through the application of a voltage towards

a target and X-rays are generated when an accelerated electron excites an electron from the

inner shell of the target metal and cause an electron to relax to the ground state, emitting

an X-ray. These X-rays are focused onto the sample and scattered by its crystalline lattice

(see Figure 2.1).

The interaction of the incident rays with the sample produces constructive interference

(and a diffracted ray) when conditions satisfy Bragg’s Law, where Bragg’s law is:

nλ = 2d sin θ (2.1)

where n is an integer, λ is equal to the wavelength of the radiation (Cu has a Kα1

wavelength of 1.5406 Å), d is equal to the spacing in between layers of atoms and θ is equal

to the angle of the diffracted X-Ray.

Figure 2.1: A diagram representing Bragg’s law

PXRD is a very easy analytical method, due to its availability, as well as the time taken

for each pattern to run. X-rays are scattered by electron density in the crystalline sample,

meaning that PXRD also works well when the elements being analysed are electron dense,

such Nb, or Bi, or any of the Ln elements. However, when there are light elements in a

structure (such as lithium and oxygen), it becomes more difficult to determine their atomic

positions within the structure due to the lack of sensitivity.

Room temperature powder X-Ray diffraction (PXRD) patterns were collected using a

Rigaku miniflex 6000 with Cu Kα radiation (40 kV, 15 mA) and a D/tEX Ultra detector. Low

temperature PXRD patterns were obtained using a PANalytical Empyrean diffractometer

(with a Ge monochromator, an X’Celerator detector and an Oxford Cryosystems Phenix

Cryostat).
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2.2.2 Neutron Powder Diffraction (NPD)

NPD is complementary to PXRD in that neutrons are scattered by nuclei in a crystalline

sample, often giving greater sensitivity to lighter elements, such as oxygen. This means that

we are able to learn more about the role of oxygen in phase transitions, as it allows us to be

able to see tilting and other symmetry breaking operations. Neutrons can also be scattered

by long range magnetic order, but that has not been used in this project.

Neutron Powder Diffraction (NPD) data were collected via the HRPD Xpress route on

the High-Resolution Powder Diffraction (HRPD) beamline at ISIS (Rutherford Appleton

Laboratory). Bulk samples were loaded into 6 mm diameter vanadium cans (the lithiated

sample was loaded in Ar in a glovebox and the can was then sealed with indium wire).

2.2.3 Rietveld Refinements

This is a whole pattern fitting technique which uses a least squares method to refine parame-

ters (both structural and instrumental) to give the best fit of a calculated diffraction pattern

to the experimental data.38 In this project, Rietveld refinements were carried out using the

TOPAS Academic Software.39 For data collected in chapter 3, full Rietveld refinements were

carried out for NPD data, refining peak shape, lattice parameters, atomic coordinates (as

allowed by symmetry) and atomic displacement parameters. For PXRD data collected in

chapters 4 to 5, only zero point, peak shape, unit cell parameters and phase fractions were

refined. An important statistic obtained from Rietveld refinements is the weighted profile

R-factor, Rwp, which tells us how well the experimental pattern is fitted to the calculated

pattern. The mathematical expression which defines this value is shown below:

Rwp =
{∑

wi(yi(obs)−yi(calc))2∑
wi(yi(obs))2

}1/2

A refinement method used frequently throughout this project was the Pawley (Le Bail)

technique. A Pawley fit is a whole pattern fitting method where observed peaks in a powder

pattern are fitted without the use of a structural model. In this kind of fitting, the peak

positions are constrained by the size of the unit cell. This process is usually used as a

precursor to Rietveld fitting, as the best possible symmetry for the structure is obtained.40

ISODISTORT37 was used to explore possible structural distortions.

2.2.4 Magnetic Susceptibility Measurements (SQUID)

A Superconducting Quantun Interference Device (SQUID) is a very sensitive instrument

which allows the experimental determination of magnetic moments in a sample. A SQUID

consists of superconducting loop containing insulating layers, which creates Josephson junc-
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tions. A magnetic sample being analysed is moved up and down within the loop, producing

an alternating magnetic flux.

In the temperature vs magnetisation plots, paramagnetism, ferromagnetism and antifer-

romagnetism are all portrayed differently. In the T vs χ plot of a paramagnetic sample, the

susceptibility increases at a steady rate as the temperature decreases. In a ferromagnetic

sample, the susceptibility increases dramatically on cooling below the Curie temperature.

On the other hand, in an antiferromagnetic sample, the susceptibility increases on cooling

down to the Nèel temperature, below which, the susceptibility decreases.

Field-cooled (FC) and zero-field-cooled (ZFC) magnetisation were measured on warming

in an applied field of 0.1 T using a QD MPMS.

2.2.5 Density Functional theory (DFT)

The results stated in this thesis are from calculations carried out by Dr Eric Bousquet and

Dr Nick Bristowe.

The first principles calculations of the effective A2+ models were performed using the

VASP41,42 and ABINIT43 packages both employed the PBEsol44 exchange correlation func-

tional and PAW pseudopotentials. The plane wave cut-off was set to 1000 eV and we used a

5*5*3 k-point mesh for the 18-atom cell, which was scaled proportionally for other size cells.

2.2.6 SEM/TEM measurements

Scanning Electron Microscopy (SEM) analysis involves focusing a beam of electrons onto a

sample in order to ascertain information about its surface topography. Electrons are fired

from an electron gun through various lenses and apertures, which produces a focused electron

beam that hits the sample surface. In SEM, two kinds of electron signals are given off, the

Secondary Electron (SE) and the Backscattered Electron (BSE), which give complementary

information about the sample. BSE imaging gives information about the compositional

homogeneity of the sample, the more electron-dense the sample is in a certain area, the

brighter it appears in the image. Secondary electrons, on the other hand, give information

about the surface topography of the sample. SEM can also be paired with Energy-Dispersive

X-Ray (EDX) analysis, which detects X-Rays emitted from the surface of the sample which

are characteristic of the elements present. EDX can be used to determine the composition of

a sample as well as for elemental mapping so that the elemental distribution on the surface

can be seen.

By contrast, in Transmission Electron Microscopy (TEM) electrons pass through the sam-
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ple, and can be diffracted, giving structural information. In this thesis, TEM was used in

Chapter 3 to ascertain the local structure of one of the samples due to its complicated in-

commensurate modulation using Electron Diffraction.

SEM/EDX analysis was undertaken on a Hitachi S3400N microscope with an Oxford

Instruments XMax80 EDX, with a 80mm2 beam and analysed on the INCA software. Accel-

eration voltage was 20 kV.

Selected area electron diffraction (SAED) patterns were recorded on a CCD camera with

a Philips CM20 transmission electron microscope operating at 200 kV.
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Chapter 3

Tuning the octahedral tilts in the

A-site deficient perovskite

Nd0.33NbO3 through intercalation

with Li+ ions

3.1 Introduction

As mentioned in Chapter 1, A-site deficient perovskites are partially occupied layered struc-

tures, which are ordered in alternating partial occupancy and vacancy layers. The main focus

of this chapter was on the Nd0.33NbO3 structure, and its reductive intercalation reaction with

Li+ ions.

Nd0.33NbO3 was reported to crystallise in the orthorhombic space group Cmmm, with

a−a−c0 tilts.22 In 1988, Nadiri reported the possibility of reductively intercalating Li+, which

in turn reduces the Nb5+ cations to Nb4+.45 The effect of this reduction is briefly reported,

but there was little structural work done. This reductive intercalation reaction contrasts with

the La2/3−xLi3xTiO3 solid solution in that the B site ions are partially reduced, whilst no

Ti4+ ions are reduced in La2/3−xLi3xTiO3.

The aim of this experiment was to understand the structural chemistry of the Ln0.33NbO3

system and to investigate whether reduction though the intercalation of Li+ ions would change

the octahedral tilting in the system.
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3.2 Experimental

3.2.1 Synthesis of Nd0.33NbO3

Stoichiometric amounts of Nd2O3 and Nb2O5 were ground intimately in an agate pestle and

mortar. The sample was then pressed as a pellet and heated at 1000oC for 12 h and then

at 1300oC for 12 h several times (with intermittent grinding) to prepare Nd0.33NbO3. The

sample was then analysed using PXRD and other characterisation methods as discussed in

Chapter 2.

3.2.2 Reductive Intercalation to form LixNd0.33NbO3

This was done in collaboration with Dr E. R. Clark. Nd0.33NbO3 (2 g, 10.6 mmol) was

transferred into a Schlenk flask and placed under vacuum for 1 minute to degas, after which

the flask was refilled with Ar and nBuLi (80 cm3 , 1.6 M in a mixture of hexanes, 128 mmol)

was added to the stirring solid, forming a dark blue suspension which was stirred at room

temperature for a week. Due to the air sensitivity of the sample, all handling was done in an

Ar-filled glovebox, and Powder X-Ray Diffraction (PXRD) data were collected in an Ar-filled

sealed sample holder.

3.2.3 Iodometric Titrations

To determine the lithium content in LixNd0.33NbO3, iodometric titrations were done. I2

solution (0.217 g, 8.5 x 10−4 mols) in dry acetonitrile (15 ml) were added to LixNd0.33NbO3

(0.3 g, 1.57 x 10−3 mols) under argon and left to stir for 12 h under argon. The solution was

then diluted to 0.05 dm3 and titrated with Na2S2O3 (0.02 M). A starch indicator was used

so that the end point could be identified.

3.3 Complementary Techniques

3.3.1 SQUID Magnetometry

Field-cooled (FC) and zero-field-cooled (ZFC) magnetisation were measured on warming in

an applied field of 0.1 T using a QD MPMS.

3.3.2 Density Functional Theory

DFT calculations were carried out by Dr N. C. Bristowe and Dr E. Bousquet. See section

2.2.5 for more details.
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3.3.3 Electron Diffraction (ED)

This was carried out by Dr J. Hadermann at the University of Antwerp.

See chapter 2 for more details on analytical methodology.

3.4 Results and Discussion

3.4.1 Synthesis and initial characterisation of Nd0.33NbO3 and LixNd0.33NbO3

The starting oxide Nd0.33NbO3 prepared was consistent with the structure reported by

Roudeau in 2007.22,28 After the initial heating there were impurities which were identified as

unreacted Nd2O3 and Nb2O5 in the PXRD pattern, as well as Weberite-like phases, such as

NdNbO4 and Nd3NbO7. Upon further heating, the impurities decreased enough to give a pure

bulk sample. Rietveld refinements (See figure 3.1a) suggested that the unit cell parameters

were similar to those reported in literature.28

Figure 3.1: (a) Rietveld Refinement profile using the PXRD data of Nd0.33NbO3 fit to

Cmmm symmetry (a = 7.814520(9) Å, b = 7.762557(9) Å, c = 7.838586(9) Å, Rwp =

5.821%) and (b) LixNd0.33NbO3 fit to P4/mmm symmetry (a= 7.767825(2), 7.766895(2)

and c = 7.824828 (4). Rwp = 5.575%)

PXRD data for LixNd0.33NbO3 (see Figure 3.1b) were collected in an air-sensitive sample

holder that gave an increased background to the data. Again, the main peaks were similar

to those observed in Nd0.33NbO3, consistent with an A-site ordered perovskite structure with

small traces of impurities, such as LiCl, LiNdO2 and LiNbO3 also present.

Iodometric titrations were used to determine the number of moles of Li per formula unit in

in LixNd0.33NbO3. The number of moles calculated based on the titration was 0.34, meaning

that all of the vacancies in the structure had been filled with Li, indicating a successful
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intercalation reaction had taken place. The redox half equations (equations 3.1 - 3.3) were

as follows, as well as the redox reaction for the iodometric titration (equation 3.4):

I2 + 2e− → 2I− (3.1)

LixNd0.33NbO3 → xLi+ + xe− +Nd0.33NbO3 (3.2)

2[S2O3]
2− → [S4O6]

2− + 2e− (3.3)

2[S2O3]
2− + I2 → 2I− + [S4O6]

2− (3.4)

As can be seen from the equations above, LixNd0.33NbO3 reduced some of the iodine (in

excess) during the titration to iodide; the remaining iodine in the solution was titrated with

thiosulfate in order to determine the concentration of Li+ ions in LixNd0.33NbO3.

We note that the presence of soluble Li-containing impurities would affect the calculated

moles of lithium per formula unit, however, refinements using NPD data (see below) indicate

negligible amounts of these impurities in the sample and so negligible impact on the calculated

lithium content.

3.4.2 Characterisation of Nd0.33NbO3 by NPD

To confirm the tilts present in Nd0.33NbO3 using NPD, the peaks not fitted by the P4/mmm

model were investigated (Figure 3.2a). A Pawley refinement using the P222 unit cell shows

these additional reflections at 113000 µs, 87000 µs, and 63000 µs (d-spacing of 2.35Å, 1.79 Å

and 1.32 Å respectively) that result from the lowering of symmetry (due to octahedral tilts)

that are not indexed by the P4/mmm model.
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Figure 3.2: (a) A LeBail fit to the P222 space group to fit room temperature NPD data

(168o bank) collected for Nd0.33NbO3 (a = 7.814520 (4) Å, b = 7.762557 (5) Å, c =

7.838586 (3) Å, Rwp = 5.821%)(top) and (b) Rietveld refinement profile fit to the Cmmm

space group using NPD data for Nd0.33NbO3 (a = 7.81442(5) Å, b = 7.76249(5) Å, c=

7.83859(5) Å, Rwp = 4.45%) where the superstructure peaks have been fitted (bottom)

Symmetry analysis using ISODISTORT mapped out unit cell dimensions and symmetries

expected for A-site ordered perovskites with different combinations (see figure 3.3) of tilts.

Pawley refinements using these different models indicated that a model of Cmmm symmetry

(which allows for a−b0c0 tilts, M5- irrep) gave a good fit to the data. Refined lattice param-

eters and bond lengths (see Table 3.1) are given as well as the structure (see Figure 3.4) are

shown.

Figure 3.3: Symmetry analysis from ISODISTORT showing range of tilt distortions that

Nd0.33NbO3 can undergo with respect to the P4/mmm space group

We note that the peak shape for the superstructure reflections is not well fitted with

these peaks being slightly broader than the main phase peaks. This could indicate a shorter

correlation length of octahedral tilts than of the cation sublattice.This characterisation of the

26



Nd0.33NbO3 starting oxide gives a reference with which to compare the lithiated sample.

Figure 3.4: A crystallographic representation of the starting oxide Nd0.33NbO3, with Nd

atoms in orange and NbO6 octahedra in green

Table 3.1: A table showing the refined bond lengths in Nd0.33NbO3 in orthorhombic Cmmm

symmetry

Bond Length (Å) Bond Length (Å)

Nd – O(1) 2 × 2.527(2) Nb – O(2) 1.8943(8)

Nd – O(1) 2 × 2.992(2) Nb – O(4) 1.957(1)

Nd – O(3) 2 × 2.539(2) Nb – O(5) 2 × 1.9684(1)

Nd – O(5) 4 × 2.6500(8) Nb – O(3) 1.983(1)

Nd – O(4) 2 × 2.870(1) Nb – O(1) 2.0680(8)

3.4.3 Characterisation of LixNd0.33NbO3 by NPD

The main peaks observed in the high resolution NPD pattern for LixNd0.33NbO3 (See Fig-

ure 3.5) could be indexed by the untilted, A-site ordered model of P4/mmm symmetry, as

reported by Nadiri et al.45 However, broadening, as well as a decrease in intensity of the

additional peaks was observed at 112000 µs, 91000 µs, and 63000 µs (d-spacing of 2.35Å,

1.79 Å and 1.32 Å respectively). These peaks could not be indexed using commensurate unit

cells, or any impurity phases.

This broadening of the superstructure peaks comes from disorder, or possibly even short-

range ordering from with the structure. A possible reason for this disorder is that there may

be some incommensurately modulated O-Li sublattices forming across the entire structure in

a disordered fashion, causing the additional peaks in the pattern to broaden.
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Figure 3.5: A LeBail fit to the P222 space group to fit room temperature NPD data (168o

bank) collected for Li0.34Nd0.33NbO3 (a = 7.814520 (4) Å, b = 7.762557 (5) Å, c =

7.838586 (4) Å, Rwp = 5.821%)

To further understand the cause of these broadened superstructure peaks, a more local

probe (such as electron diffraction and solid-state NMR) is needed. This is because, with

electron diffraction, it will become easier to see where the diffuse scattering is within the

structure, and if/how it is ordered, as well as the general ordering of the structure. Solid-

state NMR on the other hand, is used to see the local environments of individual elements,

and what they are bound to within the structure.

Niobium and lithium Solid-State NMR will be done to further understand the local en-

vironments of these elements within the structure. An issue that may be faced with this, is

that upon intercalation, the Li+ ion donates an electron to the d0 Nb5+ cation, causing it to

become paramagnetic, meaning that there may be a broadening of the peaks in the pattern.

3.4.4 Electron Diffraction of LixNd0.33NbO3

Figure 3.6: A figure showing the Electron Diffraction patterns for LixNd0.33NbO3 down the

[100] zone axis. The pattern on the left shows the Bragg reflections, whereas the figure on

the right is a close up of the zone axis showing the diffuse scattering in the structure

Preliminary characterisation using electron diffraction data collected down the [100] zone axis

(Figure 3.6) reveals clear, sharp spots consistent with the parent P4/mmm model. However,

incommensurate reflections (like those seen in Li3xNd2/3−xTiO3
30) are observed (see Figure
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3.6, right). In addition, some more diffuse scatter is observed in these electron diffraction

images (e.g. off-axis ”fuzzy” spots in the right panel of Figure 3.6). This is consistent with

the broad superstructure peaks observed in NPD data and as noted above, this may reflect

a more complex O/Li sublattice, and further work is needed to fully understand this.

3.4.5 Magnetic Susceptibility measurements

Magnetic susceptibility measurements (see Figure 3.7) collected in an applied field of 0.1 T

show that both materials remain paramagnetic down to 2 K. Graphs showing the inverse

susceptibility against temperature show a reasonable agreement with the Curie-Weiss law

when T>150 K.

Figure 3.7: T vs χm data for both Nd0.33NbO3 and Li0.34Nd0.33NbO3 (left), T vs χ−1 for

Nd0.33NbO3 and Li0.34Nd0.33NbO3 (blue and orange correspond to Nd0.33NbO3 ZFC and FC,

respectively. Grey and yellow correspond to Li0.34Nd0.33NbO3 ZFC and FC respectively).

For Nd0.33NbO3, the paramagnetic moment from this data (see Figure 3.7) suggests a

moment of µ = 2.09 µβ per formula unit (3.618 µβ per Nd 3+ ion). Expected moment

calculations were done using Russell-Saunders coupling scheme, where S = 3/2, L = 6 and

J = 9/2, meaning that the Nd3+ (4f3) is in fact a 4I9/2 ion.? The expected moment was

calcuated to be µ = 2.10 µβ which was in good agreement to the experimentally obtained

moment. The Weiss temperature (θCW ) calculated from the plots was -79 K.

For Li0.34Nd0.33NbO3, a similar Curie-Weiss approach was taken, which suggests a moment

of µ = 2.68 µβ per formula unit. This increased paramagnetic moment is a result of the

reduction of approximately a third of the Nb5+ ions to the paramagnetic 4d1 Nb4+ ion.

Whilst most of the moment per formula unit results from the Nd3+ ions, the data suggest a

moment of 2.88 µβ per Nb4+ ion. The Weiss temperature (θCW ) obtained was -136 K.
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3.4.6 Density Functional Theory

Figure 3.8: Energies of possible lower symmetry structures (relative to the ideal P4/mmm

model) for the A2+
0.5NbO3 series. Relative energies are given per 9 atom chemical formula

unit. Stabilisation energies for the lithiated sample are shown inset.

To overcome the difficulty of building models for DFT calculations with alternating layers of

sites which are only two-thirds occupied, by Ln3+ ions, an alternate series of models, with

alternating layers of fully occupied A2+ ions were used. The results (See Figure 3.8) suggest

that, as the divalent cation becomes smaller, polar distortions give larger energy gains than

octahedral tilt distortions. This is consistent with the polar crystal structures reported for

Ln0.33TaO3 with smaller Ln cations (See Table 1.1).23

Calculations on the Li-inserted model (inset) show a significant increase in energy gain

for the distortions considered, and the largest energy gain from the a−a−c0 tilts. Such tilting

over a long range would give superstructure reflections at similar time-of-flight to the broad

reflections observed, suggesting that this tilt system may be present, but only over shorter

length scales.

3.5 Conclusions and Future Work

Both the non-lithiated and the lithiated samples were successfully synthesised and charac-

terised. The analysis done on both samples shows the structure undergoes a change when

some of the vacancies in the structure are occupied by Li+. Unfortunately the ordering of

Li+ within the structure is still mostly unknown. Theory suggests that upon lithiaton, the

energy gain from tilting within the structure increases.
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3.5.1 Future Work

Solid-state NMR would be able to aid in the determination of the ordering of Li ions within the

structure, as well as the origin of the incommensurate modulation in the structure. Something

that would confirm the polar nature post-lithiation, would be to use second harmonic gener-

ation (SHG), which would show us whether or not the structure was non-centrosymmetric.

It would be interesting to explore the possibility of intercalating higher concentrations of

Li ions: there have been reports that adding higher concentrations of Li tunes the electronic

structure such that it becomes more metallic.46 From our composition of Li0.34Nd0.33NbO3,

it should be possible to introduce more lithium into the structure to give a maximum lithium

content of Li0.66Nd0.33NbO3 with lithium ions on all A-sites and it would be interesting to

explore influence of lithium content per formula unit on the magnetic and electronic proper-

ties.
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Chapter 4

Synthesis and characterisation of

La4Mg3W3O18 and

La(4−x)NdxMg3W3O18 (0 6 x 6 2)

4.1 Introduction

Having explored the A-site deficient Ln0.33NbO3 in Chapter 3, we were interested in the B -

site ordered material La4Mg3W3O18. This was reported in 2005 by Khalyavin and analysed

using PXRD which indicated that there was a checkerboard ordering of the Mg2+ and W6+

on the B -sites. This is due to the fact that there is a large charge and ionic radius difference

between the two cations (0.72 Å vs 0.6 Å for 6-coordinate Mg2+ and W6+, respectively). This

checkerboard B -site ordering can be described by the R1+ irrep (compared to the Pm3m

ideal structure).
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Figure 4.1: A diagram showing both crystal structures for La4Mg3W3O18, with the left hand

figure showing the lower symmetry C2/m structure, and the figure on the right showing the

higher temperature, higher symmetry Ibam structure

In addition to B -site ordering, the A-sites are not fully occupied , and La3+ ions adopt a

complicated ordering pattern (see Figure 4.1), in which some sites are fully occupied, some are

partially occupied and others vacant. This ordering is described using the Z4 irrep (compared

to the Pm3m space group). This combined A- and B -site ordering lowers the symmetry of the

system to Ibam, and Khalyavin et al.observed this phase at high temperature.35 On cooling,

the La4Mg3W3O18 undergoes a phase transition to the C2/m structure (through the R4+

distortion) which also allows the a−b0c0 tilts. Both of these structures are centrosymmetric,

however, if a further tilt (a0b0c+, M3+ irrep) is induced in the C2/m structure, inversion

symmetry would break and a give a non-centrosymmetric C2 structure.

Our aim here was to explore the compositional flexibility of La4Mg3W3O18 and to see

whether the structure, as well as the properties could be tuned. In this chapter, A-site

doping in La(4−x)NdxMg3W3O18 is considered, and in the following chapter, B -site dopants

are explored.

4.2 Synthesis of La4Mg3W3O18 and La(4−x)NdxMg3W3O18 (0 6

x 6 2)

Stoichiometric amounts of La2O3, Nd2O3, MgO and WO3 were ground intimately using an

agate pestle and mortar. The sample was then pressed as a pellet and heated at 1350oC for

24 h to prepare both La4Mg3W3O18 and La(4−x)NdxMg3W3O18 where 06x62.

33



Samples were also characterised by PXRD, SQUID magnetometry and through Rietveld

refinements (see Chapter 2 for more details).

4.2.1 SEM/EDX analysis

SEM/EDX analysis was done on a Hitachi S3400N microscope with an Oxford Instruments

XMax80 EDX, with a 80mm2 beam and analysed on the INCA software. The acceleration

voltage was 20 kV.

4.3 Results and Discussion

4.3.1 La4Mg3W3O18

Powder X-Ray Diffraction

Figure 4.2: Rietveld refinement profile using PXRD data of the unquenched La4Mg3W3O18,

with the red, blue and grey lines showing experimental, calculated and difference patterns

respectively fit to C2/m symmetry(a= 17.643191(2) Å, b= 7.824886(4) Å, c= 7.824676(2)

Å, β = 116.36421o (4), Rwp = 12.517%) and the Rietveld refinement profile using PXRD

data of the quenched La4Mg3W3O18 post-quenching, with the red, blue and grey lines

showing experimental, calculated and difference patterns respectively, fit to Ibam

symmetry(a= 7.819604 Å, b = 15.802158 Å, c = 7.831448 Å, Rwp = 9.431%). Upper ticks

correspond to the pure phases and the bottom ticks correspond to the La2WO6 impurity (Le

Bail fit)

Room temperature PXRD patterns (Figure 4.2a) show there is a good fit to the C 2/m

structure reported in literature.35 As can be seen from the PXRD pattern, an additional peak

is observed at 28o 2θ which is due to La2WO6. Unfortunately, whilst this additional peak

could be fitted by a Pawley phase, it was not fitted by a Rietveld phase. This additional peak
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could result from the main phase being lanthanum-deficient. An attempt was made to make

a more A-site deficient structure, La2.5Mg0.5W0.5O12. However, characterisation by PXRD

(See fig 4.3) showed that the intensity of the La2WO6 peak at 28 2θ had not decreased, ruling

out deficiency as a reason.

Figure 4.3: A diagram showing the PXRD pattern of the deficient La2.5Mg0.5W0.5O12 fit to

the C2/m space group (a = 7.818048(9), b = 15.811272(3) c = 7.828363(8), Rwp =16.07%)

To attempt to see the phase transition reported at 700 K, a pellet of La4Mg3W3O18 was

quenched from the furnace at 1100oC. As can be seen from the PXRD pattern obtained (see

Figure 4.2b), the product had indeed crystallised in the higher symmetry orthorhombic Ibam

structure. The main difference between the patterns for the two symmetries is the peak at

approximately 13o 2θ. In the pattern for C 2/m symmetry, the peak has observed intensity,

whereas upon transition Ibam, a peak is predicted, but no intensity is observed.

4.3.2 La4−xNdxMg3W3O18

The potential solid solution La4−xNdxMg3W3O18 was investigated. Initial PXRD analysis

indicated that for samples in the 0 6 x 6 2 range, the main peaks were consistent with

the C2/m model reported for La4Mg3W3O18 (see figure 4.2). For x > 2, impurity peaks,

attributable to NdWO4 were observed, as well as peaks for the unreacted reagents.

Figure 4.4: A diagram showing the PXRD pattern of the highest doped concentration

La2Nd2Mg3W3O18, with the pink, blue and grey lines showing experimental, calculated and

difference patterns respectively, fit to C2/m symmetry (a = 17.63347(3) Å, b = 7.787392(8)

Å, c= 7.808331(8) Å, β = 116.3326(4)o, V = 962.696(4) Å3, Rwp = 15.886%). Upper ticks

correspond to the pure Nd doped phase and the bottom ticks correspond to the La2WO6

impurity (Le Bail fit)
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Unit cell parameters obtained from Rietveld refinements using the PXRD data suggest a

smooth decrease in unit cell volume with increasing Nd content (see Figure 4.6(d)), consistent

with the smaller ionic radius of Nd3+ compared to La3+ (1.36 Å for La3+ and 1.41 Å for

Nd3+).47 The main difference between the patterns of the undoped and the doped compounds,

is that there is an increase in the splitting of the peak at 32o 2θ, with increasing Nd content

(see Figure 4.5).

Figure 4.5: A diagram showing the evolution of the splitting of the main phase [2,-2,-2] peak

at 32o 2θ in the La4−xNdxMg3W3O18 solid solution
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Figure 4.6: A diagram showing the lattice parameter plots for the La4−xNdxMg3W3O18 solid

solution for the C2/m space group

These results suggest that some La 3+ cations can be replaced by Nd3+ in La4Mg3W3O18

but that the proposed solid solution is limited to x 6 1.5 (see Figure 4.6). The greatest

decrease is in the b lattice parameter; this is due to contraction of the cell along that axis

when the smaller cation is introduced to the structure.

SEM and EDX measurements were also carried out on this sample to look at the surface

and the elemental composition of the sample. As can be seen from the BSE images (see

Appendix Figure 2), the powder was inhomogeneous (as shown by the contrast in brightness

in the BSE images). However, elemental mapping (see Appendix Figure 4.7) showed that

the distribution of La and Nd was even throughout the sample surface. Further analysis is

needed to identify the composition of the impurity phases. EDX analysis of an area indicated

a ratio of La:Nd:Mg:W of 1.9(1):1.9(1):3.0(1):3.2(1) (see Table 2) consistent with the target

stoichiometry of La2Nd2Mg3W3O18.
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Figure 4.7: T vs χm and T vs χ−1 data for La2Nd2Mg3W3O18 (blue and orange lines

correspond to ZFC and FC respectively).

Magnetic susceptibility measurements were done on the highest concentration La2Nd2Mg3W3O18.

As can be seen from the susceptibility plots (Figure 4.7), the sample is paramagnetic down to

2 K. On the 1/χ plot, the sample shows Curie-Weiss behaviour when T > 150 K, below which

the plot starts to curve. There are some reasons for this. The effective magnetic moment

(µeff ) obtained for La2Nd2Mg3W3O18 was 2.557 µβ (3.618 µβ per Nd3+ ion) with a Weiss

temperature θCW of -59 K.

4.4 Conclusions and Future work

La4Mg3W3O18 was successfully synthesised and characterised using the techniques detailed

above. The PXRD pattern shows that the unquenched sample is of C2/m symmetry (con-

sistent with literature). However, as could be seen from the PXRD patterns of both the

unquenched and the quenched sample, there is a marked difference in the intensity of the

peak at approximately 13o 2θ, showing that the phase transition had taken place and the

sample had crystallised in the higher symmetry Ibam structure, meaning that this high tem-

perature, high symmetry could be isolated.

Attempts to introduce Nd3+ ions onto the La3+ site suggest that the solid solution is

limited (x61.5) and that Nd4Mg3W3O18 could not be prepared (see Appendix Figure 1).

This was surprising given that the difference between ionic radii is smaller then 15%.48 This

therefore shows that these B -site ordered, A-site deficient perovskites are relatively inflexible

in terms or composition. Within the solution range (0 6 x 6 1.5), the unit cell volume

decreases, which is consistent with the ionic radii, and the monoclinic angle does not change

systematically with Nd content.
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4.4.1 Future Work

It would be interesting to explore the C2/m to Ibam phase transition in these La4−xMxMg3W3O18

(where M is other lanthanides or trivalent cations) through thermal and structural analyses

(such as variable temperature PXRD and NPD, as well as DSC). It would also be inter-

esting to investigate whether introducing smaller A-site cations on to the La site (which

reduces the average tolerance factor from 0.956 for the hypothetical La(Mg,W)O3 to 0.944

for the hypothetical (La0.625Nd0.375)(Mg,W)O3) would increase the temperature of the struc-

tural phase transition, as well as whether further structural distortions might occur during

cooling, meaning low temperature PXRD is of interest.

39



Chapter 5

B-site doping of La4Mg3W3O18 with

Cu/Zn and double B-site

substitution with Fe/Mn and Ta

5.1 Introduction

Continuing from Chapter 4, this chapter focuses on B -site substitution in La4Mg3W3O18 in an

attempt to tune the structure and properties. Substitution with d10 Zn2+ was attempted, with

the hope that the more flexible coordination environment of this non-transition metal cation

would be ideal for the substitution for the s-block Mg2+ cation. Magnetic ions, including

Cu2+, Fe3+ and Mn3+were also considered for substitution due to their similar ionic radii.

However, in order to balance the structure when introducing the trivalent Mn3+ and Fe3+, a

double substitution was attempted, with Ta5+ replacing W6+.

5.2 Experimental

5.2.1 Cu/Zn-doped La4Mg3W3O18

Stoichiometric amounts of La2O3, CuO, ZnO, MgO, WO3 and Ta2O5 were ground intimately

in an agate pestle and mortar. The samples were then pressed as pellets and heated at 800oC

for 12 h, then at 1350oC for 24 h to prepare La4Mg3−x(Cu, Zn)xW3O18 where 06x60.4 for

both solid solutions.

An issue that was faced when doping with Cu, was that CuO has a lower melting point

than the reaction temperature. This meant that the samples melted in the boats. In order to

combat this, a two-step thermal treatment was devised so that the Cu-doping did not melt
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the sample in the alumina crucibles. This involved heating the samples first at 800oC for 6

hours and then grinding, and then heating a second time at 1300oC for 24 hours.

5.2.2 Double substituted La4Mg3W3O18

Stoichiometric amounts of La2O3, Fe2O3, Mn2O3, WO3 and Ta2O5 were ground intimately

using an agate pestle and mortar. The sample was then pressed as a pellet and heated at

800oC for 12 h, then at 1350oC for 24 h to prepare La4Mg3−x(Fe, Mn)xW3−xTaxO18 where

06x60.4 for both samples.

An issue faced with the synthesis of this solid solution, was that the melting point of Mn2O3

was lower then the reaction temperature, meaning that, just like the Cu-doped samples, a

two-step synthesis was needed to stop the samples from melting. This involved heating the

samples first at 800oC for 6 hours and then grinding, and then heating a second time at

1300oC for 24 hours.

5.2.3 SEM/EDX analysis

SEM/EDX analysis was undertaken on a Hitachi S3400N microscope with an Oxford Instru-

ments XMax80 EDX, with a 80mm2 beam and analysed on the INCA software. Acceleration

voltage was 20 kV.

Samples were characterised by PXRD, SQUID and Rietveld refinements. See Chapter 2

for more details.

5.3 Results and Discussion

5.3.1 Cu-doped La4Mg3W3O18

Room temperature PXRDs were taken for the Cu-doped solid solution (See Figure 5.1) to

measure phase purity as well as unit cell size and symmetry. As can be seen from the PXRD

patterns below, the samples crystallised in the lower symmetry monoclinic C 2/m space group,

as there was intensity at 13o 2θ, which is representative of the monoclinic structure. As can

be seen from the PXRD pattern (see Figure 5.1), there is an increase in the intensity of the

peak at 31o 2θ. Based on the PXRD patterns obtained, it was predicted that the solution

limit of the Cu-doped La4Mg3W3O18 was 0.4, meaning only a limited solid solution was

attainable due to the purities of the products obtained increasing.
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Figure 5.1: Rietveld refinement using the PXRD pattern of La4Mg2.6Cu0.4W3O18, with the

red, blue and grey lines showing experimental, calculated and difference patterns respectively,

fit to C2/m symmetry (a= 17.642628(12) Å, b= 7.822713(10) Å, c= 7.825271(12), β =

116.3404(3)o Å, Rwp = 12.517%).

Another thing worth noting, is the evolution of lattice parameters as the concentration

of Cu increases. As can be seen from the volume plot (see figure 5.2d), there was a sharp

decrease in the volume of the unit cell. This is surprising, considering the similarity in the

ionic radii for Mg2+ and Cu2+ (0.72 Å and 0.73 Å, respectively). However, due to the

fact that the Cu2+ cation has a d9 configuration, there is the possibility of the octahedra

undergoing a Jahn-Teller distortion, which as can be seen from the lattice parameter plots,

also affects the a parameter (see Figure 5.2a). This also means the Jahn-Teller distortions

Cu2+ undergoes could hinder its substitution into the structure. Further experiments, such

as neutron powder diffraction measurements would be needed to confirm this.
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Figure 5.2: A diagram showing the lattice parameter plots for the La4Mg3−xCuxW3O18 solid

solution for the C2/m space group.

Magnetic susceptibility measurements (see Figure 5.3) were carried out on the highest

concentration La4Mg2.6Cu0.4W3O18. As can be seen from susceptibility, there is no evidence

of long range magnetic ordering in the structure. However, the sample does not show any

Curie-Weiss behaviour in the temperature range measured (see Figure 5.3). This may be due

to the sample becoming more metallic on the addition of Cu (the colour of the samples in

the solid solution became more black coloured as the Cu concentration increased compared

to the white of the undoped sample).

Figure 5.3: Susceptibility measurements for La4Mg2.6Cu0.4W3O18 (blue and orange lines

correspond to ZFC and FC respectively)
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5.3.2 Zn-doped La4Mg3W3O18

PXRD patterns were collected for this sample at room temperature to ascertain their purity,

symmetry and unit cell size. PXRD patterns , there was a good fit to the C2/m model. Unlike

the Cu-doped solid solution, there is not an increased peak intensity at 31o 2θ. Unfortunately,

the solid solution was extremely limited, only 13% doping was possible before a significant

amount of impurity had appeared in the form of unreacted ZnO and ZnWO6 (see Appendix

Figure 5). As can be seen from the lattice parameter plots (see Figure 5.5), there is a smooth

decrease in the a parameter as well as the volume, however, the other lattice parameters do

not show this smooth change. It is not clear why the solid solution is so limited given that

Mg2+ and Zn2+ have similar ionic radii (0.72 Å and 0.74 Å respectively).47

Figure 5.4: Rietveld refinement using the PXRD pattern of La4Mg2.6Zn0.4W3O18, with the

green, blue and grey lines showing experimental, calculated and difference patterns

respectively, fit to Ibam symmetry(a= 17.646532(14) b = 7.83328(3) c = 7.819315(3), β =

116.33263o(6) Å, 968.819 (23) Å3, Rwp = 12.517%). Upper ticks correspond to the pure

Zn-doped phase and the bottom ticks correspond to the La2WO6 impurity (Le Bail fit).
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Figure 5.5: A diagram showing the Vegard’s law plots for the La4Mg3−xZnxW3O18 solid

solution for the C2/m space group

5.3.3 Fe/Ta doped La4Mg3W3O18

Room temperature PXRD patterns were collected for the Fe/Ta doped solid solution (See

Figure 5.6) to measure phase purity as well as unit cell size and symmetry. As can be seen

from the PXRD patterns below, the samples crystallised in the higher symmetry Ibam space

group. The main difference between the C 2/m and Ibam structures is the lack of a peak at

13o 2θ. As can be seen from the patterns, there is a peak that appears at approximately 31o

2θ, which is attributed to the Z4 distortion. Another thing that can be seen is that there is

that there is an impurity peak at around 35o 2θ, which can be attributed to the magnetic

impurity LaFeO3.
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Figure 5.6: A diagram showing the PXRD pattern of La4Mg2.4Fe0.6W2.4Ta0.6O18 taken at

300 K, with the green, blue and grey lines showing experimental, calculated and difference

patterns respectively, fit to Ibam symmetry(a = 7.848057(3) Å, b = 15.834075(4) Å, c =

7.835732(7) Å, Rwp = 24.162%). The upper ticks correspond to the pure phase, the middle

ticks to the LaFeO3 impurity (92.994(3)%), middle ticks to the LaFeO3 impurity

(7.006(3)%), and the bottom ticks correspond to the La2WO6 impurity (Le Bail fit)

It was postulated that the phase transition in this structure (which had crystallised in the

Ibam structure), could have a much lower phase transition temperature that the undoped

sample.Variable temperature PXRD (See Figure 5.7) was done in order to ascertain whether

or not the phase transition occurred at a lower temperature due to disorder on the B -sites.

As can be seen in the PXRD pattern taken at 12 K, the structure has not made the transition

from orthorhombic to monoclinic symmetry. As can be seen from the evolving lattice pa-

rameters (see Figure 5.8), there is a smooth increase in the lattice parameters, as well as the

volume. This therefore suggests that there was no structural phase transition in the Fe/Ta

doped sample. A possible reason for this, is that on doping of both the B and B’ sites may

hinder long-range octahedral rotations due to there being 4 cations occupying those sites.

SEM/EDX analysis was also done on the x = 0.6 sample (see Appendix Figure 8) in order

to show sample homogeneity, as well as to confirm composition of the structure. As can be

seen from the SEM image, as well as the elemental maps and EDX data (see Appendix Figure

8 and 9), substitution had taken place across both B -sites. Again, further analysis is needed

to identify the composition of the impurity phases. EDX analysis of an area indicated a

ratio of La:Mg:Fe:W:Ta of 4.0(1):2.9(1):0.4(1):3.3(1):0.7(1) (see Table 2), close to the desired

stoichiometry of La4Mg2.4Fe0.6W2.4Ta0.6O18, but slightly iron-deficient and tungsten rich.
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Figure 5.7: A diagram showing the PXRD pattern of La4Mg2.4Fe0.6W2.4Ta0.6O18 taken at

12 K, with the pink, blue and grey lines showing experimental, calculated and difference

patterns respectively, fit to Ibam symmetry(a = 7.838355(4) Å, b = 15.810431(6) Å, c =

7.820534(3) Å, Rwp = 24.568%). Upper ticks correspond to the pure Fe/Ta doped phase

(97.994(3)%), the middle ticks correspond to the LaFeO3 impurity (2.006(3)%) and the

bottom ticks correspond to the La2WO6 impurity (Le Bail fit).

Figure 5.8: A diagram showing the evolving lattice parameters from VT-PXRD for the

La4Mg2.4Fe0.6W2.4Ta0.6O18 solid solution for fit to the Ibam space group

As can be seen from the magnetic susceptibility (see Figure 5.9), the material is param-

agnetic down to 2 K. The inverse susceptibility vs T showed the sample having Curie-Weiss

behaviour when T > 200 K. A key thing to note from the T vs 1/χ data is the slight curve

in the plot between 200 and 150 K. This is due to the magnetic impurity LaFeO3 (approxi-

mately 2%) being present in the sample, which made it more difficult to calculate the Weiss

temperature and the effective magnetic moment per formula unit. The Weiss temperature

and magnetic susceptibilities, due to the magnetic impurity were calculated using a fit above

200 K. The susceptibility calculated for Fe3+ (3d5, 6I7/2) was calculated to be 5.16µβ per
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Fe3+ ion, and 1.68 µβ per formula unit.

Figure 5.9: T vs χm and T vs 1/χm plots for La4Mg2.4Fe0.6W2.4Ta0.6O18 (blue line ZFC,

FC line is orange)

5.3.4 Mn/Ta doped La4Mg3W3O18

Room temperature PXRD patterns were taken of the solid solution synthesised. As can be

seen from the PXRD pattern, the La4Mg2.8Mn0.2W2.8Ta0.2O18 gave a good fit to the Ibam

model reported by Khalyavin et al. in 2007.36 It was the purest sample obtained in the

sample solution, however, the sample still contained significant impurities, thus no further

analysis was done on this sample. The impurities seen in the sample below (see Figure 5.10)

increased with an increase in the concentration in the dopants (see Appendix Figure 10).

This suggests that the solid solution is extremely limited, which may be due to the more

demanding coordination preference of the Jahn-Teller Mn3+ ion compared with Mg2+.

Figure 5.10: A diagram showing the PXRD pattern of La4Mg2.8Mn0.2W2.8Ta0.2O18. Upper

ticks correspond to the pure Mn/Ta doped phase and the bottom ticks correspond to the

La2WO6 impurity (Le Bail fit).

5.4 Conclusions and Future Work

Given the similar ionic radii of Mg2+ and Zn2+ (0.72 Å and 0.74 Å, respectively) ions, as

well as the flexible coordination for the d10 Zn2+ ion, it was thought that replacing Mg2+

with Zn2+ would have been feasible. Little change is observed in lattice parameters (which is

perhaps unsurprising, due to the similar ionic radii of the cations), but the low sample purity
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again suggested a very limited solid solution.

The Cu solid solution was similar, suggesting a very limited structural flexibility of the

sites. The sample with the highest Cu concentration and purity (La4Mg2.6Cu0.4W3O18) was

dark grey in colour (on contrast to the undoped sample), and samples only got darker with

addition of more copper compared to the white colour of the undoped sample. Magnetic

susceptibility measurements of this La4Mg2.6Cu0.4W3O18 sample suggests that doping with

Cu gives a more delocalised system.

The Fe/Ta double substitution (La4Mg3−xFexW3−xTaxO18) was another attempt to in-

troduce magnetic ions into the structure. As expected (based on the limited solid solutions

for the Cu/Zn doped solid solutions), there was a very limited solid solution. The highest

Fe/Ta doped sample that was investigated was La4Mg2.4Fe0.6W2.4Ta0.6O18, and even then,

there was LaFeO3 impurity present, which dominated the magnetic susceptibility.

Another attempt was made to introduce magnetic ions through the double substitution

of Mn/Ta. Again, the solid solution obtained was extremely limited, as can be seen from the

PXRD patterns (See Appendix Figure 10). Unfortunately, the sample purity was too low to

attempt any further analysis on this solid solution.

5.4.1 Future Work

It would be interesting to explore whether or not the B -sites in this structure are more flexible

than is seen in the results above. The way this could be done, is by attempting single B -site

substitutions into the structure, using Co, Ni, and other transition metals. Something else

that would be interesting to try, is to tune the octahedral tilting through doping the A-site

with a smaller cation. Finally, it would be interesting to try some of these syntheses (such

as Mn) under different conditions, so as to inhibit the possible changing of oxidation states

during the reaction.
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Chapter 6

Conclusions and future work

6.1 Li+ insertion into the A-site deficient Nd0.33NbO3

As can be seen from the results obtained in Chapter 3, the intercalation of Li+ into the A-site

deficient Nd0.33NbO3 was successful. Characterisation by NPD shows that upon intercala-

tion, incommensurately modulated O/Li sublattices form through out the structure, causing

the broadening of superstructure peaks seen in the NPD pattern for Nd0.33NbO3. Electron

diffraction analysis confirms this incommensurate modulation, as well as some diffuse scatter-

ing in the structure also, which may be due to some disorder, or short range ordering in the

structure caused by these O/Li sublattices. Unfortunately, little is known about the ordering

of the Li+ ions in the structure, and further analysis is required to learn about this ordering.

These results show that the tuning of A-site deficient perovskite structures is possible; this

is significant as it may allow the tuning of more complicated structures with smaller cations,

such as Li, giving these A-site deficient materials a wide variety of potential applications,

such as battery materials, or ionic conductors.

6.2 A-site doping of the A-site deficient double perovskite

La4Mg3W3O18

The results from Chapter 4 show that the parent structure, La4Mg3W3O18 was synthe-

sised as well as the doping of the A-site using Nd. They also show that, for the undoped

La4Mg3W3O18, both crystal structures (the room temperature, low symmetry C2/m, as well

as the high temperature, high symmetry Ibam structure) could both be isolated (the higher

temperature Ibam structure was accessed through the quenching of La4Mg3W3O18 at 1100oC.

As can be seen from the data obtained, doping of the A-site worked until almost half of the
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A-sites were equally occupied by both La and Nd. As can be seen from the lattice parameter

plots, there is a smooth decrease in the volume, which suggests that the Nd was going into

the structure until the occupancies were equal. However, based on the lattice parameter plots

obtained (see Figure 4.6), it can be seen that there was only a limited solution, which was

surprising, due to the similarity of the ionic radii of the cations. These results, although

disappointing due to the possible structural inflexibility of the A-site, are promising, due

to the potential there is to tune the A-site in this family of A-site deficient, B -site ordered

compounds.

6.3 B-site doping of the A-site deficient double perovskite

La4Mg3W3O18

Attempts to dope the B -site showed that the solid solutions formed were extremely limited,

which suggests limited structural flexibility of the B -sites in this structure. In the Cu sample,

this could be due to the Cu2+ cation being Jahn-Teller active, however further work is needed

to prove this. Surprisingly, the Zn solution was also very limited; it was expected to be easier

to introduce Zn to the structure, due to the flexibility of its coordination, however the sample

purities say otherwise. The double B -site substitutions were relatively successful, however

doping with Fe/Ta produced the LaFeO3 magnetic impurity after 0.6 concentration. The

results shown in Chapter 5 are promising, as they show that with the right dopant (or

combinations of dopants) the B -sites in this structure can be tuned, and properties, such as

magnetic order could be induced.

6.4 Future work

Based on the results in Chapter 3 on Nd0.33NbO3, it would be interesting to try intercalating

Na into the vacancies of the structure; the magnitude of the tilts may decrease, but there is

a potential for an Na-intercalated material to become a Na-ion conductor. However, more

local structural work is also required in order to learn how the cation ordering takes place

upon intercalation, as well as the where the broadening of the additional peaks in the neutron

powder data comes from post-intercalation. In the A-site double perovskites, it was shown

that limited tuning could take place with the dopants tried in this thesis. However, if the right

dopant was chosen, there is the potential to have a whole solid solution where the dopant

occupies that site. Metals such as Co/Ni were considered, but unfortunately, due to time

constraints could not be attempted. it would also be interesting to intercalate the vacancies

of this structure with Li, as was done in Chapter 3, in order to see whether these structures
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can be structurally tuned further.
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Appendix

Nd-doped La4Mg3W3O18

Figure 1: Various figures showing Rietveld refinement profiles from PXRD patterns obtained

from the Nd-doped La4Mg3W3O18 solid solution. Upper ticks are shown for the pure doped

samples and the lower ticks are for the La2WO6 impurity (LeBail fit)
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Figure 1: Continued from page 56

Table 1: A table showing the evolution in lattice parameters with varying Nd concentrations

Nd Concentration a(Å) b (Å) c (Å) V (Å3) β (Degrees

0 17.646093 (7) 7.8271 (2) 7.823169 (4) 968.397 (2) 116.36421 (4)

0.25 17.641052 (3) 7.821174 (6) 7.821006 (7) 967.148 (7) 116.32932 (2)

0.5 17.637554 (2) 7.81576 (3) 7.814828 (7) 965.731 (3) 116.279 (2)

0.75 17.638779 (2) 7.810049 (3) 7.817758 (4) 964.58 (4) 116.2936 (1)

1 17.6418 (3) 7.7966508 (5) 7.80995 (5) 963.688 (8) 116.31271 (1)

1.25 17.635637(4) 7.786104 (9) 7.816696 (1) 962.529 (9) 116.31825 (1)

1.5 17.632654 (3) 7.7806 (8) 7.810029 (8) 960.484 (3) 116.31644 (6)

1.75 17.635625 (8) 7.783181 (4) 7.806352 (9) 956.297 (6) 116.3234 (8)

2 17.63347 (3) 7.787392 (8) 7.808331 (8) 962.696 (4) 116.33256 (4)

2.25 17.635737 (2) 7.788748 (1) 7.754346 (1) 956.071 (9) 116.33455 (4)
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SEM + EDX data for La2Nd2Mg3W3O18

Figure 2: Various figures showing SEM images and the element maps for La2Nd2Mg3W3O18.

Images (from top left to right), secondary electron image for La2Nd2Mg3W3O18,

backscattering electron image for La2Nd2Mg3W3O18, Nd element map, La element map

Figure 3: figure showing the EDX pattern for La2Nd2Mg3W3O18

58



Table 2: A table showing the atomic weight percentages of elements in La2Nd2Mg3W3O18

based on EDX

Element Atomic%

Mg 30.02

La 18.96

Nd 19.03

W 31.99
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Cu-doped La4Mg3W3O18

Figure 4: Various figures showing Rietveld refinement profiles from PXRD patterns obtained

from the Cu-doped La4Mg3W3O18 solid solution. Upper ticks show the pure Cu-doped

sample, lower ticks show the La2WO6 impurity (LeBail fit).

Table 3: A table showing the evolving lattice parameters in Cu-doped La4Mg3W3O18 with

increasing concentrations of Cu

Cu Concentration a (Å) b (Å) c (Å) V (Å3) β (Degrees)

0 17.646075 (6) 7.827105 (1) 7.823139 (4) 968.394 116.36421 (4)

0.2 17.642633 (3) 7.82429 (1) 7.82435 (1) 968.141 116.32788 (2)

0.3 17.641381 (3) 7.824045 (1) 7.821402 (2) 967.413 116.34716 (1)

0.4 17.642628 (2) 7.82271 (1) 7.825271 (2) 967.808 116.34038 (2)

1 17.640022 (6) 7.814872 (6) 7.825789 (5) 966.812 116.35984 (4)

60



Zn-doped La4Mg3W3O18

Figure 5: Various figures showing Rietveld refinement profiles from PXRD patterns obtained

from the Zn-doped La4Mg3W3O18 solid solution. Upper ticks show the pure Cu-doped

sample, lower ticks show the La2WO6 impurity (LeBail fit).

Table 4: A table showing the varying lattice parameters with varying Zn concentrations

Zn Concentration a (Å) b (Å) c (Å) V (Å3) β (Degrees)

0 17.646075 (6) 7.827105 (2) 7.823139 (4) 968.394 (14) 116.36421 (4)

0.2 17.644115 (2) 7.82694 (8) 7.824378 (9) 968.308 (8) 116.34587 (5)

0.4 17.646532 (4) 7.833282 (3) 7.819315 (3) 968.819 (23) 116.33263 (6)

1 17.634484 (2) 7.830509 (4) 7.816503 (4) 968.017 (16) 116.25345 (6)
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Fe/Ta-doped La4Mg3W3O18

RT PXRD patterns

Figure 6: Various figures showing Rietveld refinement profiles from PXRD patterns obtained

from the Fe/Ta-doped La4Mg3−xFexW3−xTaxO18. Upper ticks show the pure Cu-doped

sample, lower ticks show the La2WO6 impurity (LeBail fit).
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VT PXRD patterns for La4Mg2.4Fe0.6W2.4Ta0.6O18

Figure 7: Various figures showing the Variable Temperature PXRD patterns for the

Cu-doped La4Mg2.4Fe0.6W2.4Ta0.6O18 in the 12 K to 300 K temperature range. Upper ticks

correspond to the pure Fe/Ta doped phase (97.994(3)%), middle ticks to the LaFeO3

impurity (2.006(3)%), and the bottom ticks correspond to the La2WO6 impurity (LeBail fit)
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Figure 7: Continued from page 63
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Figure 7: Continued from page 63
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Figure 7: Continued from page 63
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Figure 7: Continued from page 63
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SEM and EDX data for La4Mg2.4Fe0.6W2.4Ta0.6O18

Figure 8: Various figures showing SEM images and the element maps for

La4Mg2.4Fe0.6W2.4Ta0.6O18. Images (from top left to right), secondary electron image for

La4Mg2.4Fe0.6W2.4Ta0.6O18, Mg element map, Fe element map, W element map, Ta element

map
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Figure 9: figure showing the EDX pattern for La4Mg2.4Fe0.6W2.4Ta0.6O18

Table 5: A table showing the atomic weight percentages of elements in

La4Mg2.4Fe0.6W2.4Ta0.6O18 based on EDX

Element Atomic%

Mg 25.24

Fe 4.11

La 35.34

Ta 5.82

W 29.49

69



Mn/Ta-doped La4Mg3W3O18

Figure 10: Various figures showing the PXRD patterns for the Mn/Ta-doped

La4Mg3−xMnxW3−xTaxO18. Upper ticks correspond to the pure Mn/Ta doped phase and the

bottom ticks correspond to the La2WO6 impurity (LeBail fit)
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