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Lay summary 
Materials that consist of transition metal elements and oxygen play an important role in a wide 

variety of applications such as solar cell, solid-state data storage devices and rechargeable 

batteries in portable electronics. The desire to discover new technological advancements is the 

driving force behind extensive scientific research in the synthesis and study of the structure-

property relationship in this field, as the atomic arrangements and cation interactions are the 

main reason behind these interesting properties. Understanding the structure-property 

relationship on a small-scale is essential for developing materials with useful properties, which 

can then be used in large-scale applications. 

The work in this thesis explores the magnetic and structural properties of a new member of the 

perovskite oxide materials, which synthesise under high pressure and high temperature 

conditions (HPHT). High-pressure (HP) is used to insert a small magnetic cation such as Mn2+ 

at the A-site that is usually occupied by large non-magnetic cations such as alkaline earth 

metals and rare earth elements, which will affect the magnetic properties. A Walker type multi-

anvil apparatus was utilised to generate HP (max. 20 GPa) and high-temperature (HT), reaching 

1600 ⁰C, which could possibly synthesise small cations at the A-site in the perovskite structure 

that cannot be synthesised at ambient pressure.  

HPHT was employed in the synthesis of Mn2NiReO6 (Chapter 3), CaMnCrSbO6 (Chapter 4) 

and CaMnMnWO6 (Chapter 5), while their structures were analysed by using powder X-ray 

diffraction (PXRD) and neutron powder diffraction (NPD) techniques. Magnetic properties 

were primarily studied via a Quantum Design Magnetic Property Measurement System 

(MPMS) XL, using the direct current mode before being sent to neutron facilities to determine 

both the magnetic and nuclear structure of these materials. Furthermore, neutron beams that 

can be generated by either a particle accelerator or a nuclear reactor not only reveal the nuclear 

structure of the materials but can also confirm the magnetic structure.  
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Abstract  

Perovskites, with the general formula, ABO3, have been extensively studied due to their large 

variety of intriguing electronic and magnetic properties, which can be achieved via a number 

of possible chemical compositions. The use of A and B site cations of various sizes and charges 

induce cation order, giving rise to A2BB’O6 and AA’B2O6 double perovskites (DPv), while, 

the combination of cation order into both sublattices in an AA’BB’O6 double double perovskite 

(DDPv) is uncommon. However, the well-known DDPv arrangement in A and B-sites is a 

layered arrangement of A and A’, which coexists with the rock-salt motif of B and B’. The A-

site is usually occupied by a large cation with 12-fold coordination, but it can host smaller 

cations comparable in size to B-site cations as it becomes distorted (e.g. larger tilt angles). The 

smaller the ionic radius of A, the higher the distortion, and higher pressure is required to 

stabilise the structure. Employing the formula A= Mn2+ demonstrates some significant 

structural features and magnetic properties. An attempt has been made to synthesise new DPv 

and DDPv materials, which contain Mn2+, into the A-site to enhance the physical properties of 

the material. Three different compounds were successfully synthesised: Mn2NiReO6, 

CaMnCrSbO6 and CaMnMnWO6.  

Firstly, Mn2NiReO6 is a new member of the ´all transition metal’ (ATM) double perovskite 

family and is obtained under high pressure (8 GPa) and high temperature (1573 K) conditions. 

The crystal structure was confirmed by PXRD and NPD, with monoclinic P21/n symmetry, 

which shows fully ordered Ni2+ and Re6+ within the octahedral sites in a rock-salt motif and a 

large distortion, with the greatest tilt angles observed to date, in A-site manganite double 

perovskite oxides. Magnetic structure refinement indicates that all moments are ordered 

antiferromagnetically below TM1 = 80 K. However, the unusual continuous spin rotation of Mn 

spins occur down to a second transition (TM2 = 42 K). This effect has not been reported in any 

of the previous Mn2BB’O6 compounds. 

Secondly, CaMnCrSbO6 was synthesised under high pressure (10 GPa) and high temperature 

(1373 K) conditions. The compound crystallises via PXRD and NPD with a DDPv structure, 

which combines columnar order in the A-site cations (Ca and Mn) and rock-salt order of the 

B-site cations (Cr and Sb). The Mn in the A and A` sites show alternating square planar and 

tetrahedral coordination. CaMnCrSbO6 has a single magnetic transition at 49 K, where Mn2+ 

and Cr3+ spin order into antiparallel FM sublattices.  
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Finally, CaMnMnWO6 crystallises via PXRD and NPD at 10 GPa with the monoclinic P21/n 

space group in a DPv structure with rock-salt order of the B sites at a high temperature (1573 

K). While at a lower temperature (1273 K), a DDPv structure with the P42/n space group is 

observed with A-site cations ordered in the columnar order and B-site cations in the rock salt 

environment. The magnetic refinement reveals a spin glass behaviour for the DPv structure, 

whereas, the DDPv magnetic structure shows antiferromagnetic coupling between 

ferromagnetic sublattices at TC = 45 K. 

 

 

 

 

 

 

 

 

 

 

 



 

v 
 

Acknowledgements 
This research thesis could not have been achieved without the support from the individuals 

listed below. 

First and most importantly, I would like to give a huge thanks to my PhD supervisor, Prof. J. 

Paul Attfield, for being such an amazing supervisor during my time at the Centre for Science 

at Extreme Conditions (CSEC) in the past four years. Paul has made enormous contributions 

to the direction of this work and helped me to improve my knowledge through the attendance 

of various conferences and training schools to gain a better understanding of the field.  

I am fortunate to have learned from everybody in Prof. J. Paul Attfield’s research group and 

grateful for their ongoing support during these years: Dr. Yao Yuan, Dr. Paula Kayser, Dr. 

Alex Browne, Dr. Giuditta Perversi, Dr. Edward Pace, Dr. Paul Sarte, Dr. Elise Pachoud, 

Patricia Kloihofer, and Padraig Kearins, with whom I spent most of my lab time during the 

past four years and who made a contribution to the CaMnMSbO6 paper, which is a part of the 

chapter, CaMnCrSbO6. A special thanks to Michael Milton who spent his holiday proofreading 

my thesis before joining our group to do his PhD studies. I have also had the pleasure to meet 

and work with many other project students and visitors: Maria Herz and Ciaran Lennon who 

both contributed scientifically to the Mn2NiReO6 and CaMnMSbO6 papers, respectively, and 

Viliam Hakala, Pavitra Shanbhag, Himanshu Yadav, Gessica Moyo and Gessica Bedward.  

Additionally, with the individuals mentioned above, I would like to give a special thanks to Dr 

Elena Solana Madruga, with whom I published all my work; she was the first person I met after 

joining Prof. Attfield’s group. She taught me how to use the multi-anvil press, MPMS and 

manage the FullProf software, spending more time to correct my articles, posters and results to 

improve their overall appearance, while providing a detailed explanation. I would also like to 

thank Dr. Kunlang Ji who spent more time with me in the lab, during an unusual year as the 

coronavirus pandemic was still dangerous to many lives, in order to help me finish all 

CaMnMnWO6 laboratory work early so it could be published together in the AMnMnB’O6 

paper. I cannot forget Dr. Ka Hou (Jacky) Hong for spending hours via Microsoft Teams 

helping me to understand more about magnetic refinement as well as answering numerous 

questions.  

In addition, this work would not have been completed without contributions from our kind 

collaborators. Thanks to Dr. Pascal Manuel who is the local contact for WISH instruments at 



 

vi 
 

the ISIS Neutron and Muon Facility as well as Dr. Fabio Orlandi and Dr. Dmitry Khalyavin 

for their assistance during neutron experiments. Thanks also to our D20 local contact, Dr. 

Clemens Ritter from the Institute Laue Langevin reactor source for his assistance in the 

collection of neutron diffraction data. Furthermore, I would like to thank Dr. Gary Nichol for 

offering the X-ray training courses and maintaining the D2 X-ray diffractometers in the School 

of Chemistry and Dr Steve Hankin for providing excellent D8 X-ray diffractometers for the 

preliminary phase analysis in this thesis.  

All the work described in this thesis would not have been possible without the financial support 

from King Abdulaziz City of Science and Technology (KACST) and the Saudi Arabian 

Cultural Bureau in the UK (UKSACB) and also their ongoing support during the coronavirus 

pandemic with frequent contact either by emails or phone calls. 

On a personal note, I would like to thank my brothers and sisters for their emotional and 

financial support throughout these years. Thanks also to Lynn Holmes, who is a great friend to 

my family and has helped us by teaching my wife and my nephew English as well as 

proofreading all my articles and reports. Thanks to my mum who has always had nothing but 

encouragement for my academic pursuits and has offered up lots of prayers for me to reach the 

higher stages in my career. Thanks to my kids who put a smile on my face every time, when I 

take them to school or when I arrive home from work. Thanks to the Saudi Club in Edinburgh 

that is funded by UKSACB for enriching my spare time during my PhD by arranging monthly 

meetings, games, and academic courses.  

Last but not least, I would like to thank my lovely wife Amani for her unending support and 

love that has pushed me towards achieving my final goal. She has never complained about the 

long hours and late nights that were spent in the laboratories, or travelling away from home to 

attend different conferences, or doing experimental works in different neutron facilities. 

 

 

 

 



 

vii 
 

Table of Contents 
Declaration ................................................................................................ i 

Lay summary ........................................................................................... ii 

Abstract ...................................................................................................iii 

Acknowledgement .................................................................................... v 

Chapter 1: Introduction .......................................................................... 1 

1.1: Perovskite Structure.......................................................................................... 1 

1.1.1: Tolerance factor:  ....................................................................................... 2 

1.1.2: Glazer notation system:  ............................................................................. 3 

1.1.3: Jahn –Teller effects:  .................................................................................. 4 

1.2: Double Perovskite:  .......................................................................................... 5 

1.3: Double Double Perovskite:  .............................................................................. 9 

1.4: Triple Perovskite:  .......................................................................................... 11 

1.5: Quadruple Perovskite:  ................................................................................... 12 

1.6: Perovskite Applications:  ................................................................................ 14 

1.6.1: Ferroelectricity:  ....................................................................................... 14 

1.6.2: Superconductivity:  .................................................................................. 15 

1.6.3: Magnetoresistance:  .................................................................................. 16 

1.6.4: Photovoltaics:  .......................................................................................... 17 

1.7: Research Outline:  .......................................................................................... 19 

1.8: References:  .................................................................................................... 20 

Chapter 2: Experimental techniques  ................................................... 23 

2.1: Synthesis Methods of Solid-State Materials: ................................................... 23 

2.1.1: Ceramic method:  ..................................................................................... 23 

2.1.2: High pressure synthesis:  .......................................................................... 24 

2.1.3: Walker multi-anvil device:  ...................................................................... 25 

2.2: Structural Characterisation: ............................................................................ 27 

2.2.1: General view of diffraction techniques:  ................................................... 27 

2.2.2: X-ray diffraction:  .................................................................................... 29 

2.2.3: X-ray laboratory source:  .......................................................................... 32 

2.2.4: Neutron diffraction:  ................................................................................. 34 

2.2.5: Neutron diffraction facilities:  .................................................................. 37 



 

viii 
 

    2.2.5.1: The Institute Laue-Langevin:  ............................................................ 37 

            2.2.5.2: ISIS Neutron and Muon Source:  ...................................................... 39 

2.2.6: Rietveld refinement:  ................................................................................ 42 

2.2.7: Bond valence sum:  .................................................................................. 45 

2.3: Magnetic Measurement: ................................................................................. 46 

2.3.1: Magnetism:  ............................................................................................. 46 

2.3.2: Magnetometer:  ........................................................................................ 49 

2.4: References: ..................................................................................................... 51 

Chapter 3: Synthesis of All Transition Metal Mn2NiReO6 Double 

Perovskite Oxide with Unconventional Magnetic Behavior  ............... 54 

3.1: Introduction and Background of Double Perovskite:....................................... 54 

3.2: Experimental Methods: ................................................................................... 55 

3.2.1: Synthesis of Mn2NiReO6:  ........................................................................ 55 

3.2.2: Structural characterisation of Mn2NiReO6:  .............................................. 56 

3.2.3: Magnetic measurement of Mn2NiReO6: ................................................... 56 

3.3: Results and Discussion: .................................................................................. 57 

3.3.1: Structural characterisation of Mn2NiReO6:  .............................................. 57 

3.3.2: Magnetic properties of Mn2NiReO6:  ........................................................ 66 

3.4: Conclusion: .................................................................................................... 77 

3.5: References: ..................................................................................................... 79 

Chapter 4: Synthesis of Ferrimagnetic CaMnCrSbO6 Double Double 

Perovskite Oxide under High-Pressure and High-Temperature 

Conditions. .............................................................................................. 81 

4.1: Introduction and Background of Double Double Perovskite: .......................... 81 

4.2: Experimental Methods: ................................................................................... 82 

4.2.1: Synthesis of CaMnCrSbO6:  ..................................................................... 82 

4.2.2: Structural characterisation of CaMnCrSbO6:  ........................................... 83 

4.2.3: Magnetic measurement of CaMnCrSbO6:  ................................................ 83 

4.3: Results and Discussion: .................................................................................. 83 

4.3.1: Structural characterisation of CaMnCrSbO6:  ........................................... 83 

4.3.2: Magnetic properties of CaMnCrSbO6:  ..................................................... 89 

4.4: Conclusion: .................................................................................................... 93 

4.5: References: ..................................................................................................... 94 



 

ix 
 

Chapter 5: Novel Phase Transition of CaMnMnWO6 Perovskite 

Oxide. ...................................................................................................... 96 

5.1: Introduction and Background of Perovskite Oxides: ....................................... 96 

5.2: Experimental Methods: ................................................................................... 97 

5.2.1: Synthesis of CaMnMnWO6:  .................................................................... 97 

5.2.2: Structural characterisation of CaMnMnWO6:  .......................................... 97 

5.2.3: Magnetic measurement of CaMnMnWO6:  ............................................... 98 

5.3: Results and Discussion: .................................................................................. 98 

5.3.1: Structural characterisation of CaMnMnWO6:  .......................................... 98 

    5.3.1.1: Mixture phases of DPv and DDPv structures:  ................................... 98 

    5.3.1.2: Double perovskite (Ca0.5Mn0.5)2MnWO6:  ....................................... 100 

           5.3.1.3: Double double perovskite CaMnMnWO6:  ...................................... 105 

5.3.2: Magnetic properties of CaMnCrSbO6:  ................................................... 109 

    5.3.2.1: Double perovskite (Ca0.5Mn0.5)2MnWO6:  ........................................ 109 

            5.3.2.2: Double double perovskite CaMnMnWO6:  ..................................... 112 

5.4: Conclusion: .................................................................................................. 116 

5.5: References: ................................................................................................... 118 

Chapter 6: Conclusion and Future Work. .......................................... 120 

6.1: References: ................................................................................................... 122 

Appendix A. – Additional Results for Mn2NiReO6: ............................................. 123 

Appendix B. – Additional Results for CaMnCrSbO6: .......................................... 127 

Appendix C. – Additional Results for CaMnMnWO6: ......................................... 129 

Appendix D. – Publications: ................................................................................ 134 

 

 

 



  

  Chapter 1. Introduction  
 

1 
 

Chapter 1. Introduction 

Perovskite structures, including perovskite types such as double perovskite and double double 

perovskite, will be described in this section with a view to covering their interesting 

applications. The PhD research outline will be explained at the end of this chapter. 

1.1. Perovskite Structure: 

Perovskite (Pv) is a large family of compounds with a crystalline structure related to the 

naturally occurring CaTiO3 structure, which was discovered by Gustav Rose and named after 

his patron, Perovski. The perovskite family has one of the most interesting material structures 

in solid-state chemistry and physics that exhibits numerous physical properties useful for a 

wide range of technological applications.1 The ideal perovskite structure is cubic and has ABX3 

stoichiometry with the space group Pm3m, as shown in figure 1.1. The A-site cations sit in 

cubo-octahedral cavities with 12 coordinates, which are usually occupied by large cations such 

as alkaline earth and rare earth elements. The B-site is occupied by smaller cations such as 

transition metals that are of a smaller size compared to A-site cations, and are often highly 

charged cations, which are needed to form a corner sharing BX6 three-dimensional octahedra 

network. X is an anion, very commonly an oxygen atom, but may also be occupied by other 

anions such as Cl and Br. The main advantage of the perovskite structure is its flexibility in 

being able to accommodate varied perovskite combinations across the periodic table.2  

 

Figure 1.1: Ideal perovskite structure of SrTiO3 is a cubic unit cell with space group Pm3m, where 

the Sr cation is in the central position in yellow, which is surrounded by 8 green octahedra [TiO6], 

while oxygen atoms are in red.3
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Many perovskites distort from the ideal perovskite structure due to the tilting of corner-sharing 

[BX6] octahedra. These arise in perovskite oxides [ABO3] when the A-site cation is either too 

small or too large for the cubo-octahedral cavity, leading to A-O bonds which are no longer 

equivalent and that change the A-site coordination number. This change in the coordination 

number of the A-site cation creates a distortion of perovskite that needs the BO6 octahedral to 

tilt to compensate for the A-site cavity, as illustrated in figure 1.2.4 

 

Figure 1.2: Perovskite distorted from the ideal perovskite structure, which is cubic (left) to be 

orthorhombic (right).5 

 

1.1.1. Tolerance factor: 
 

The stability of the perovskite crystal structure is determined by the Goldschmidt tolerance 

factor, which calculates the ratio of A-O and B-O bond lengths, as shown in equation 1.1.6 

    𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
                                                                               

                                  

(1.1) 

Where the tolerance factor (t) is dimensionless, whereas 𝑟𝐴 𝑎𝑛𝑑 𝑟𝐵 are the ionic radii of the A 

and B cations respectively, while 𝑟𝑋  is the ionic radii for the anion site. The tolerance factor 

not only measures the stability of different cation combinations in the perovskite structure, but 

it also indicates the degree of distortion from the ideal perovskite structure.7 Distorted 

perovskites occur when the A-site is too small or too large for the 12 coordinate cavity, so when 

the tolerance factor value is higher than the undistorted Perovskite, ranging between 0.75 ≤ t ≤ 

1, then the A-cation is too large for the cavity. Therefore, instead of forming a perovskite 

structure, a hexagonal packing structure will be presented, while the small A-cation gives a 
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tolerance value less than the range of the undistorted perovskite leading to a structure type 

related to perovskite, as shown in figure 1.3.8 

 

Figure 1.3: Tolerance factor of ABO3 illustrates how the ionic radii affect the final structure of the 

compounds; Rh2O3 – II and post-Perovskite polymorphs are shown (+ P), which means high pressure 

is required to be synthesised.9 

 

1.1.2. Glazer notation system: 
 

Octahedral tilting affects the structure symmetry, thereby higher tilting results in a high 

distorted structure. These degrees of tilting can be classified by the most common method, 

known as Glazer tilting or the Glazer notation system, first reported in 1972 by A. M. Glazer.10 

Two parameters can determine different kinds of tilting in the octahedron as [BO6] rotates 

around Cartesian axes (a, b and c) in the unit cell of the perovskite structure. The first parameter 

describes the magnitude of the rotation around the a, b and c axes such as a+a+a+ which means 

the rotation angle for this system is the same for all axes, while in the a+a+c+ system, this shows 

that the rotation angle of the c-axis is different from the a and b axes. The second parameter 

indicates that tilting is either in-phase or out-phase: for in-phase tilting, a positive superscript 

(+) is denoted which shows the rotation of layers of successive octahedra along the rotational 

axis tilt in the same direction, whereas the out-phase tilting, represented as a negative 

superscript (-), shows how neighbouring octahedra rotate in the opposite direction along the 

tilt axis. The undistorted perovskite would present as an a0a0a0 system, signifying no tilt along 

any axis in the structure.11 The tilting system is divided into three system: a three tilt system 
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(e.g. a+b+c+), relatively few octahedron have this tilt system, as shown in figure 1.4, a two tilt 

system (e.g. a0b+c+), a one tilt system (e.g. a0a0c+) and a zero tilt system (e.g. a0b0c0).  

 

Figure 1.4: This schematic, which was taken from A. M. Glazer’s paper, shows different examples 

of the three-tilt system along all the axes.12  

 

1.1.3. Jahn –Teller effects: 
 

In 1937, Hermann Jahn and Edward Teller discovered a geometric distortion that reduces both 

symmetry and energy of a non-linear system, which is famously known as the Jahn-Teller 

effect. The Jahn-Teller effect is observed in octahedral complexes, where the two axial bonds 

can be shorter or longer than those of the equatorial bonds due to the ground state configuration 

being unevenly occupied. The five sets of d orbitals of the octahedral crystal field are split into 

two degenerate groups: the first group is the orbital eg (𝑑𝑧2 and 𝑑𝑥2−𝑦2), where the orbital points 

directly at the surrounding anion, and the second group is the lower energy orbital t2g (𝑑𝑥𝑦, 𝑑𝑦𝑧 

and 𝑑𝑥𝑧), which orients between the surrounding anions. The Jahn-Teller distortion of the 

degeneracy of eg and t2g in the octahedron can arise when these orbitals are partially occupied.13 
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This effect is strongly recognised in the eg orbitals of the octahedron when these orbitals are 

unevenly filled, such as high spin Cr+2 (3d4), or low spin Co2+ and Ni3+ (3d7), when the 

octahedron form either elongates where the axial bonds are longer than the equatorial bonds or 

compresses as the equatorial bonds are longer than the axial bonds, as illustrated in figure 1.5. 

This effect is well known as the first-order Jahn Teller (FOJT). The second order Jahn Teller 

(SOJT) arises from weak covalent bonding or lone pair effects, where the energy gap between 

the lowest and highest occupied molecular orbitals is small, leading to a high possibility of 

mixing these orbitals.14 

 

Figure 1.5: This figure shows elongation and compression of the first order Jahn-Teller effect in the 

degeneracy of octahedron orbitals.15   

 

1.2. Double Perovskite: 

Both A- and B- sites can be half substituted with other transition metals to achieve distinctive 

long cationic ordering that is well known as double perovskite (DPv). In this way, the physical 

properties of perovskite compounds will be enhanced. There are two types of DPv: A-site 

ordered double perovskite AA’B2O6, and B-site ordered double perovskite A2BB’O6. These 

DPv have three different patterns of ordering, as illustrated in figure 1.6. The ordered patterns 

are named rock salt (RS), columnar (C) and layered (L).16 RS is the most symmetrically ordered 
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compared to other patterns because the cation position is equivalent to the anion. It is also the 

most favourable pattern because the separation between the two highly charged cations is 

higher compared to layered ordering, where the separation between the cations is minimised 

and is considered a less favoured ordering type. 

  

Figure 1.6: RS, L and C are the three patterns of DPv orderings for both A- (left) and B (right)- site 

cations, where the red and blue octahedrons are B/B’ for A2BB’O6 and the green and grey colours are 
A/A’

 for AA’B2O6.
17 

 

B-site cations can order more easily compared to A-site cations as a general rule of cation 

ordering. When the difference in oxidation states between B/B’ is high, a long-ordered 

arrangement is observed, while a low difference in oxidation states produces either disordered 

or a partially ordered arrangement. From a practical point of view, when the charged mismatch 

of B/B’ in A2BB’O6 differs by less than two then a disordered arrangement exists. The 

difference in oxidation states with exactly two indicates that disordered, partially ordered, and 

fully ordered arrangements have the possibility to exist. RS type is the most common B-cation 

arrangement due to the minimising of both the steric and electrostatic repulsion between the 

highly charged electrons. However, few examples of layered and columnar types synthesise 
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successfully. Columnar ordering exists with mixed-valent compounds such as 

NdSrMn+3Mn+4O6 and LaCaMn+3Mn+4O6 due to the strain associated with accommodating 

SOJT distortion of the B-site cations which stabilise the columnar arrangement.18,19,20 Whereas 

the layered arrangement found in Cu-based DPv as a result of JT distortion of Cu+2 stabilises 

this ordering, such as in La2CuZrO6 and Sm2CuSnO6.
17,21,22,23. 

A-site orderings are more difficult to observe, compared to B-site orderings because the 

difference in oxidation states is two or less between A/A’ cations, where the oxidation states 

differential among B/B’ can reach up to seven, as in Sr2LiReO6. The preferred A-sites 

arrangement is in a layered fashion instead of the highest symmetric pattern, which is the rock 

salt ordering. The anion environment in ABX3 should be considered in order to understand that 

the reason behind the layered pattern being the dominant one in AA’B2O6 is because each anion 

is surrounded by four A-site cations and two B-site cations. RS ordering is preferred in 

A2BB’O6 due to the anion which remains crystallographically and chemically equivalent as 

each anion in the structure is surrounded between a B and B’ ion, and the anion will shift toward 

the smaller B’ to optimise bonding between the B-site cations. Whereas the A-site cations 

cannot order in an RS pattern due to the four cations in the A-site being in trans fashion leading 

to the anion sitting in inverted symmetry, which is difficult to shift in response to different sizes 

of A and A’, as shown in figure 1.7.17,24 

 

Figure 1.7: RS pattern of AA’B2O6 is shown, where the anion (red) sits on an inversion centre of a 

trans configuration of A-site cations. The A-cation is in white, the A’-cation is in orange and the B-

cation is in blue.17 
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The layered ordering of A-site cations has three different anion environments, which is 

completely different to the rock salt pattern, as the schematic shows in figure 1.8. Two-thirds 

of the anions surrounded by the A-site cations are in cis fashion, which lets the anion shift to 

optimise the bond length between the A/A’-site cations. However, this cation ordering creates 

bonding instabilities that can be relieved by A-site vacancy, driven by octahedral tilting, anion 

vacancies and A-site management.17,24 

 

Figure 1.8: The schematic shows the anion environment in a layered ordering of AA’B2O6 as there 

are three different anion environments, where O(1) is surrounded by four A-cations (white), O(2) is 

surrounded by two of both A/A’ cations in cis fashion and O(3) is surrounded by four A’-
cations(orange), whereas the B-cation is depicted in blue.17 

 

The double perovskite structure is similar to the simple perovskite as the overall charge of the 

compound should be zero, where the larger cations occupy the A-site and smaller cations with 

high oxidation states fit the B-site.25 The tolerance factor of B-site ordered DPv can be 

calculated, as shown in equation 1.2, and A-site ordered DPv can be expressed by equation 1.3. 

 𝑡 = 𝑟𝐴 + 𝑟𝑋/ √2(0.5𝑟𝐵 + 0.5 𝑟𝐵′ + 𝑟𝑋)                                                                               

                                                                      

(1.2) 
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 𝑡 = 0.5𝑟𝐴 + 0.5𝑟𝐴′ +  𝑟𝑋/ √2(𝑟𝐵 + 𝑟𝑋)                                                                         (1.3) 

The combination of B-site cation in DPv enhances the physical properties of the perovskite 

structure. By using a diverse combination of cations in A2BB’O6, a wide range of properties 

can be displayed as B-site cations, which are governed by these properties as explained above. 

Sr2CrMO6, where M represents different metals, will show how changing the cation 

combination, affects the properties, thus when M is rhenium the compound is metallic, half-

metallic for Sr2CrWO6, and Sr2CrMoO6 provides insulating behaviour. The magnetic property 

is strongly enhanced in B-site ordered double perovskite due to having two paramagnetic 

cations rather than the Pv compound, which has one paramagnetic cation.25 

1.3. Double Double Perovskite: 

Double double perovskite (DDPv), with the general formula AA’BB’O6, is a rare type of 

perovskite which have a cationic ordering at both of A- and B-sites. Nine different 

combinations of DDPv can be synthesised as it is shown in figure 1.9, however only two of 

these possible combinations have been previously reported. This is because it is necessary to 

take into account the difference in ionic radii, charge mismatch in both cation sites in DDPv 

structure and octahedral tilting in the B-site. The first type showed a layered ordering of the 

A/A’ and an RS arrangement of the B/B’. The DDPv schematic structure is shown in figure 

1.9.26  

 

Figure 1.9: This is the experimentally discovered structure of a DDPv structure with layered 
arrangement of A/A’, where A is grey and A’ and rock salt ordering of B/B’ in blue (B), green (B’) 

and red (O).17 
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The first known example of this arrangement is NaLaMgWO6, reported in 1984 and was 

followed by synthesising different combinations with interesting properties such as 

NaLaMnWO6.
24,27 This is a low temperature antiferromagnet with effective magnetic moments 

of 5.9 µB, where the magnetic structure is stabilised by the AFM superexchange interaction in 

Mn-O-W-O-Mn. Another example is NaNdMgWO6, an insulator with a band gap of 

approximately 4.0 eV. Both compounds have layered ordering in the A-site and rock salt 

arrangement in the B-site.25 

The second possible combination was discovered recently with a columnar pattern of A/A’ and 

RS ordering of the B/B’, as seen in MnRMnSbO6, where R= La, Pr, Nd and Sm. The materials 

were synthesised under HPHT conditions to stabilise the Mn cation in the A’-site with four 

coordinates, which alternate between square planar and tetrahedral geometries and ten 

coordinate Lanthanide cations (R3+) occupying the A-site, as shown in figure 1.10. The main 

driving force, which should be taken into account while replacing cations in either A- and B-

sites, are size difference, as a great ionic radii difference of R3+/Mn2+ stabilises the columnar 

ordering at the A-sites. The mischarge differential between Mn2+ and Sb+5 stabilises the 

preferred pattern of  B-sites, which is the RS arrangement.26 This new arrangement of DDPv 

drove many scientists to synthesis different combination that have a transition metals in the A-

site to increase the magnetic properties of the compound, which may also increases the total 

magnetic moment comparing to the first combination.   

 

Figure 1.10: An idea for the second possible combination, where A (R3+) has 10-coordinates and 
A’(Mn2+) with 4 coordinates, which alternate with square planar (MnA’) and tetrahedral (MnA) 

geometries ordered in a columnar phase, while MnB and Sb are ordered in the RS ordering. O is in 

red.26 
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1.4. Triple Perovskite: 

Triple perovskite (TPv) oxides with the general formula of A3BB’2O9, are designated as 1:2 

TPv oxides due to the B-site cation ordered in a 1:2 ratio (Figure 1.11), and are rarely 

synthesised as only a few examples are known: A = Ba, Sr, Ca and La. They often display 

typical octahedrally tilted structures.28,29 This structure reveals some interesting properties such 

as A3CoNbO9 with its dielectric and photocatalytic properties, while Ba3MnNb2O9 and 

Ba3NiNb2O9 are multiferroic materials.30,31,32,33 

 

 

Figure 1.11: The figure above depicts a  Ba3SrTa2O9 1:2 triple perovskite oxide structure with space 

group P3̅𝑚1 in a cubic lattice. Whereas, Ba is shown in green, blue and brown represent Sr and Ta, 

respectively, while oxygen is in red.34 

 

HPHT methods synthesised the first 1:2 TPv oxide compound with Mn at the A-site 

(Mn3MnNb2O6), which is also known as an A-site manganite with a A3BB’2O9 TPv structure. 

This material reveals four independent Mn sites, as shown in figure 1.12, with a full 1:2 ratio 

of cation order between Mn and Nb at the B-sites. Furthermore, Mn3MnNb2O9 shows B-site 

octahedral distortions that are greater than those observed in all reported 1:2 TPv oxides up to 

date.35  
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Figure 1.12: The figure above depicts Mn3MnNb2O9, which has been synthesised under the HPHT 

methods to form a 1:2 triple perovskite structure. Mn has 3 independent A-sites represented in black, 

red and green, while B-site cations (Mn and Nb) are shown in blue and grey, respectively.35 

 

1.5. Quadruple Perovskite: 

Quadruple perovskite is known to occur in two types. The first type is AA’3B4O12, which is 

well-known as an A-site ordered quadruple perovskite, where three quarters of the A-sites in a 

simple perovskite are occupied by transition metal ions at the A’-sites. This usually crystallises 

in a cubic lattice with a space group of Im-3, as illustrated in figure 1.13. A high pressure 

technique is essential for inserting small cations such as transition metals into the A’-site to 

form a square planar coordinated A’O4 unit, thus some cations such as Mn3+ and Cu2+, known 

as Jahn-Teller active ions, can be used to occupy the A’-sites. 36 

  

Figure 1.13: The figure above shows the A-site ordered quadruple perovskite in a cubic lattice with 

space group Im-3.36  
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A and A’ ions are ordered in a 1:3 ratio at the A-sites, whereas B and B’ are ordered in a rock-

salt type on the B-sites of the ABO3 Pv structure, resulting in a heavily tilting framework of 

BO6 and B’O6, as the typical B-O-B bond angle is approximately 140° due to a filling in of the 

gap produced by the A’O4 unit. AA’3B4O12 shows interesting electrical and magnetic 

interactions, which can take place via A’/B, B/B and A’/A’ interaction pathways. These 

interactions can produce physical properties and have many potential applications, such as in 

CaCu3B4O12 (B = Sn, Ge), where a ferromagnetic compound with non-magnetic cations was 

found at the B-sites.37 

The second type of quadruple perovskite is derived from the A-site ordered perovskite, which 

is the A- and B- sites ordered quadruple perovskite with general formula AA’3B2B’2O12, as 

shown in figure 1.14. The crystal structure is similar to AA’3B4O12 where A and A’ cations are 

ordered in a 1:3 ratio and B/B’ are ordered in a rock-salt fashion, with examples being 

CaCu3Cr2Sb2O12 and CaCu3Fe2Re2O12.
38 

 

 

 

 

Figure 1.14: This schematic shows the crystal structure of A- and B- site ordered perovskite, with 

the A- cation in orange and occupied by a larger cation such as alkaline earth or rare earth elements. 
The A’- cation is square-planar coordinated and is filled with transition metals, and the A-sites are 

ordered in a 1:3 ratio. B (blue)/B’ (purple) are ordered in a rock-salt arrangement.38 
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1.6. Perovskite Applications: 

Many interesting and useful properties such as ferroelectricity, superconductivity, 

magnetoresistance, and solar cells can be exhibited by perovskite compounds, as their 

structures are sufficiently flexible to accommodate almost all periodic table elements.  

1.6.1. Ferroelectricity  

Ferroelectric materials are characterised by the presence of spontaneous polarisation, even in 

the absence of the external electrical field. These materials are an electrical analogue of 

ferromagnetic materials because of their many similarities, such as the hysteresis loop, which 

measures saturation, remanence and coercive points for both of them, as shown in figure 1.15. 

 

 

Figure 1.15: A typical hysteresis loop of ferroelectrism shows the following terms: PS, which is 

spontaneous polarisation or saturation polarisation (Psat), remnant polarisation (Pr), where the 
polarisation value is at zero electrical field, and coercive field (Er) shows the required electrical field 

to depolarise the material.  

 

In BaTiO3, the hybridisation of Ti (3d) and O (2p), is crucial for ferroelectricity as Ti cations 

shift away from the ideal position leading to a structural distortion in a non-centrosymmetric 

of lower symmetry, which creates a spontaneous polarisation below the ferroelectric Curie 

temperature. BaTiO3 possesses four different polymorphic forms with varying crystal 

structures: cubic structures form above 393 K and convert to tetragonal with polarisation [001], 
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which then stabilises between 393 K to 278 K, where the orthorhombic phase is observed along 

with polarisation [110], and finally rhombohedral exists below 183 K.39,40,41 

Ferroelectric materials have many applications, which can be used for the switching effect 

when an electrical field is applied to these materials and can be utilised in digital memory 

applications. This effect allows for the creation of 0 and 1 bits in computing. Additionally, 

ferroelectric materials have a very high value of dielectric constant, which can be used in 

capacitors that are used to store electric charge.  

1.6.2. Superconductivity 

Superconductivity is a property that materials experience where resistivity drops to zero below 

a critical temperature (Tc). Heike Kamerlingh Onnes named this phenomenon 

superconductivity, in 1911, when he tested the resistivity of metallic mercury with a melting 

point of 234 K under low temperatures. He discovered that instead of decreasing the resistivity 

slowly with lower temperatures, it suddenly dropped to zero at 4 K, which means that the 

electrical current can flow infinitely. Figure 1.16 describes the resistivity of superconductors 

and normal materials.42 

 

Figure 1.16: This schematic shows how normal materials and superconductors decrease their 
resistivity at lower temperatures down to a certain temperature, where the resistivity of the 

superconductor drops to zero at TC, which is known as the critical temperature. 
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The famous superconductive compound, YBa2Cu3O7-X, also known as YBCO, is a cuprate 

superconductor that has a transition temperature above liquid nitrogen’s boiling point (TC = 93 

K), and has a layered structure that can be explained as a distorted oxygen deficient ABO3 

perovskite. This discovery encouraged many scientists around the world to synthesis and study 

different compounds with similar electronic and crystal structures to achieve room temperature 

superconductivity.43 

Superconductivity has diverse uses such as Nuclear Magnetic Resonance (NMR), which is 

utilised to measure the nuclear spin interaction into a high magnetic field, and Magnetic 

Resonance Imaging (MRI) used in medical areas to form pictures of both physiological 

processes and the anatomy of the body. The Meissner effect is another important property of 

superconductivity, which was discovered in 1933. A superconducting material expels all 

magnetic flux from its interior when it is cooled below the critical temperature and in the 

presence of an applied magnetic field. This property is known as the levitation effect, used in 

levitating train technology.44 

1.6.3. Magnetoresistance 

Magnetoresistance (MR), which shows the change of resistivity of the materials in the presence 

of a magnetic field and include different types of MR such as Tunneling magnetoresistance 

(TMR) and colossal magnetoresistance (CMR). Mixed valence manganites of the form          

(La1-xAx)MnO3 exhibit CMR, where A = Ca, Sr, Ba or Pb. 45  TMR was found in Sr2FeMoO6, 

which is a DPv compound. MR depends on two physical variables, firstly, the degree of 

polarisation, which comes from the chemical order of two different cations such as Sr2FeMoO6 

compound where Fe and Mo was ordered perfectly.46 The second variable is magnetisation, 

which can be exceeded by inserting a magnetic cation such as Mn2+ into the A-site rather than 

a non-magnetic cation (Sr), as was done with Mn2FeReO6, which is commonly known as all 

transition metal (ATM) double perovskite oxides. MR was measured (equation 1.4 with 𝑅(𝐻) 

which represents resistance measurement while applying field 𝑅(0) without applying a 

magnetic field) Mn2FeReO6 showed a positive value at low fields, as shown in figure 1.17. This 

is an unusual effect as DPv compounds normally have a negative MR as resistivity declines 

when a magnetic field is applied.47 

 𝑅(𝐻) − 𝑅(0)

𝑅(0)
 ∙ 100 = 𝑀𝑅 (%) 

(1.4) 
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Figure 1.17: The figure above shows a variation of magnetoresistance for a magnetic field cycled 

between +7 T to -7 T, and depicts the switching transition at 75 K for Mn2FeReO6.
47 

 

MR is a useful application for technology as it is used in read/write heads in disks, which are 

small elements in a disk drive that move above the disk platter and transform the platter’s 

magnetic field into an electrical current in the reading process, while transforming the electrical 

current into a magnetic field is a result of the writing process.  

1.6.4. Photovoltaics 

Perovskites are often used in the field of photovoltaics. In recent times CH3NH3PbI3 has been 

used as an organic-inorganic hybrid perovskite and has been a key element in the development 

of this technology. An organic cation (CH3NH3
+) occupies the A-site and the octahedral site 

remains as an inorganic framework (PbI3), as illustrates in figure 1.18. The efficiency of the 

first perovskite solar cell was 2.2% in 2006, which was increased to 22.1% in the following ten 

years. This efficiency percentage exceeded the Si solar cells efficiencies that is in the range 

between 16% to 20%.48,49  
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Figure 1.18: This shows the typical cubic perovskite structure and highlights the places for cations 

and targeted anions in the structure.48 

 

A perovskite solar cell (PSC) is made from a perovskite absorber layer sandwiched between 

two electrodes, with one of the electrode being transparent to allow the incoming light to arrive 

at the photoactive layers. Specific charge transport layers cover the surface of the perovskite 

and are known as the electron transport layer (ETL) and the hole transport layer (HTL). They 

are used to transfer only one type of carrier to the respective electrode for extraction and prevent 

the others as it is shown in figure 1.19.50 

 

 

Figure 1.19: This figure shows how the PSC works starting with number one, where a free electron 

and hole are generated upon light absorption via Pv, then second stage is charge carries transfer via 

diffusion and drift. The final step is to transport the charge carries to the respective transport layers 

to be extracted in the electrodes.50 
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The main advantage of using perovskite solar cells when compared to conventional solar 

technology, such as how PSC can react to various different wavelengths of light, thereby 

converting more sunlight into electricity.49 However, the main drawback is the favoured central 

metal for A-site in the perovskite structure is lead, which is very toxic element.   

1.7. Research Outline: 

The research in this thesis is mainly focusing on the synthesis and characterisation of the 

magnetic properties of perovskite oxides with magnetic cation in the A-site (Mn2+), which is 

known as A-site manganite perovskite oxides, using high-pressure and high-temperature 

conditions. The high-pressure technique is needed to stabilise the smaller cation in the A-site 

of perovskite structure. This was carried out with a large volume multi-anvil equipment, used 

to generate high pressure (max. 20 GPa), with temperature up to 1600 ⁰C and a sample size of 

approximately 10 mm3  

Analysis of the materials made as a result of this work has been conducted by X-ray and neutron 

diffraction and magnetometer instrument, which are described in detail in the experimental 

section (Chapter 2).  

The material discussed throughout this work shows some interesting properties due to using 

Mn2+ at the A-site as Mn2NiReO6 (Chapter 3). This indicates the highest distorted structure in 

all Mn2BB’O6 double perovskites to date and unusual continuous Mn2+ spins over a broad 

range of temperatures, compared to all published Mn2BB’O6 which remain fixed at all recorded 

temperatures. CaMnCrSbO6 (Chapter 4) is a ferrimagnetic material, which shows structure and 

cation orders, similar to the RMnMnSbO6 series of double double perovskites that has been 

discussed in the previous section. CaMnMnWO6 (Chapter 5) has formed both DPv and DDPv 

structures at 10 GPa but at different temperatures and shows a dramatic switch in the magnetic 

properties. 
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Chapter 2. Experimental Techniques  

This chapter will describe the techniques employed to synthesise samples under high pressure 

and high temperature conditions, using a Walker-type multi-anvil press. Furthermore, it will 

progress through the characterisation of crystal and magnetic structures via X-ray and neutron 

diffraction techniques and provide some detail on the neutron diffraction facilities which have 

been used to determine the material’s structure in this thesis. The magnetic properties 

measurement system will then be explained as it was used to investigate the magnetic 

properties of the samples. 

2.1. Synthesis Methods of Solid-State Materials 

2.1.1. Ceramic method 

Various methods are utilised for the synthesis of solid materials for both characterisation and 

device fabrication such as the conventional ceramic method, where the starting reagents, which 

are usually in the form of either high quality carbonates or oxides, are ground under acetone in 

an agate mortar to reach a level of homogeneity and a reduction in particle size. Then, the 

mixture is pelletised via a manual hydraulic press to improve particle contact and reduce 

diffusion distance, the mixture is then heated in a high temperature furnace ranging between 

800 ⁰C and 1600 ⁰C, which will enhance the kinetic energy of ion diffusion across the particle 

boundaries as mentioned in the Arrhenius rate law (equation 2.1). Volatile and sensitive 

components in the mixture require a special atmosphere, which is provided by using an 

evacuated sealed ampoule to prevent loss of reagents or formation of by-products. Some 

compounds need further treatment. This is accomplished by using tube furnaces to protect 

elements which are easily oxidised by inserting Ar gas, while an oxidising atmosphere is 

provided by inserting O2, or a flow of H2 (often 5-10 % in Ar or N2) is used for a reduction 

environment.1 The sintering process is conducted via a heating program installed, then the final 

pellet will be either annealed (or quenched) at a high sintering temperature in the furnace for a 

certain period of time to obtain a homogeneous phase. The resulting mixture will be 

investigated with a laboratory X-ray powder diffractometer after each heating process.2 

 

 
𝐾 = 𝐴𝑒−

𝐸𝐴
𝑅𝑇                                                                              

 

(2.1) 
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Where K is rate constant, A is the pre-exponential factor, 𝐸𝐴 is the activation energy, while R and 

T are gas constant and temperature in Kalvin, respectively. 

 

 

                    (a)                                                                    (b) 

 

 

Figure 2.1: (a) is shown the bench top furnace, while (b) is the tube furnace, which is used to insert 

gases.3,4  

 

2.1.2. High pressure synthesis 

The high-pressure method is used to stabilise perovskites with a poor structural stability, and 

which have a lower tolerance factor (as mentioned in Chapter 1) below the stable perovskite 

structure range; between 0.75 and 1. This method helps to increase the ionic diffusion between 

reactants that leads to both a lower sintering temperature and a higher solid state reaction rate. 

This leads to the avoidance of the thermal decomposition of both products and reactants, as 

well as the generation of possible by-products with a similar sintering temperature.5 High 

pressure techniques are mainly used to stabilise a transition metal in the A-site of perovskite to 

synthesise metastable compounds such as Mn2NiReO6 (Chapter 3), CaMnCrSbO6 (Chapter 4) 

and CaMnMnWO6 (Chapter 5) and are also used for inducing a phase transition as it was shown 

in (Chapter 1). 
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2.1.3. Walker multi-anvil device 

The standard setup of the walker-type multi-anvil press contains two stages to reach higher 

pressure (HP) that can synthesis different materials that cannot be synthesised at ambient 

pressure. These materials are subjected to HP and then can be thermodynamically stable after 

quenching at ambient pressure.6 

The piston part presses down on the six steel wedges that contain eight of the tungsten carbide 

(WC) cubes, while the corner of these little cubes are truncated, making an octahedral cavity, 

which is prefect for the ceramic octahedron. Four of the truncated cubes  use gaskets to spread 

the pressure evenly and place them correctly, avoiding any possibility of blow-outs, while the 

other four cubes are covered by the PTFE tapes in order to act as electrical insulators. The 

assembly of the eight cubes containing the octahedron is protected by using six pieces of 

fibreglass, as shown in figure 2.2. The correct order of octahedron components and the 

temperature calibration, which uses the thermocouple wires without the presence of a sample 

are shown in figure 2.2.7 The well-ground precursor is placed into a 6.3 mm x 5 mm platinum 

capsule, created from a rectangular piece of platinum sheet, and then fitted into a boron nitride 

container, which is surrounded by graphite layers for heating. The zirconia layer is placed 

outside the graphite sleeves, and MgO stoppers are placed in the bottom and the top of the 

graphite sleeves which act as a thermal insulator. Various sizes of graphite sleeves are used to 

reduce the thermal gradient of the sample. The electrical current passes through the 

molybdenum discs allowing the sample to be heated by the graphite sleeves, whereas the MgO 

rings around the Mo discs provide thermal insulation, avoiding any possibility of local 

hotspots.8,9  
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The current will pass through the two pieces of copper, which are attached to two sides of the 

six pieces of fibreglass. The pieces of copper are in contact with two cubes that face the Mo 

discs. Subsequently, the six wedges create a cubic void that is suitable for the assembled cubes, 

as can be seen in figure 2.3.8,9 

 

 

 

 

 

 

 

 

 

Figure 2.3: Wedges and assembled cubes (left) and the aligned eight WC anvils fitted into the 

wedges (right). 

 

This two-stage press can reach up to 22 GPa by using different truncated-cubes for various 

pressure units such as large-truncated cubes which are utilised for lower pressure (less than 15 

GPa), while for higher pressure small-truncated cubes are suitable. To reach the desired 

pressure, the piston pushes down in the second stage, which contains the assembled cubes (first 

stage), then the electrical current will flow when the desired pressure is reached and the heating 

process can commence.10 

Figure 2.2: The picture on the left shows the octahedron set up, gaskets and PTFE cubes. The final 

arrangement of the octahedron is in the middle, while the assembly of cubes with the octahedron can 

be seen on the right. 
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Figure 2.4: The Walker-type multi-anvil press at the school of chemistry (laboratory number 78) in 

the University of Edinburgh. 

 

2.2 Structural Characterisation 

The samples structural characteristics were investigated by a number of experimental 

techniques that provide complementary information to determine all of the structural features. 

Diffraction methods are mainly performed in order to study the main structural characteristics 

of different materials in this thesis. 

2.2.1. General view of diffraction techniques  

Diffraction, in general terms, is the scattering of radiation which occurs when waves are 

scattered by objects whose separation is comparable to the wave’s wavelength. Diffraction can 

occur either destructively where the waves cancel each other out, or alternatively with 

constructive interference taking place. This technique has been developed and widely used in 

different fields, one of these fields is the determination of crystal structures; a periodic array of 

atoms that are arranged in a three-dimensional form and separated by a distance (d) that is 

known as diffraction planes. The three-dimensional array can be described by the unit cell, 

which is repeated “infinitely” in three dimensions to produce a macroscopic crystal and 

characterised by three vectors, a, b, and c, which form the edge of a parallelepiped and the 

angles between them, α, β and γ.11 
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Diffraction technique, used as a tool to solve the crystal structures, was discovered by W.H. 

Bragg and his son W.L. Bragg. When incident beams fall on a sample, but not all beams are 

absorbed, there will be a transmitted beam that can be used in the normal medical use of X-

rays. However, if the sample is crystalline then it is expected that rather than being transmitted 

through the sample, the beams occur in different directions, which are known as diffracted 

beams. These diffracted beams, if they are analysed properly, can be used to solve the structure 

of the crystal. This is due to the direction and the intensity of these beams being dependant on 

the crystal structure. Bragg simplified this analysis of crystal structure in a very important 

observation: when there are two crystal planes separated by a distance, dhkl, incident beams go 

toward both planes, as shown in figure 2.5, then the path difference can be calculated.12,13  

 

Figure 2.5: Construction interference for deriving the Bragg equation.14  

 

Path difference means the difference in total path length covered by the first and second beam. 

The incoming beams will travel an equal distance before (OF) as they are parallel, similarly 

after (OH) the beams travel an equal distance. The extra distance that the second beam goes 

through is the path distance, which is derived from the famous Bragg’s law equation, shown in 

equation 2.2. The path difference should be an integral number to give constructive 

interference, which is multiplied by the wavelength in Bragg’s law equation.12 Destructive 

interference between two reflected waves is when nλ of the path difference does not equal the 

integral number. 

 𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃                                                                              (2.2) 
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The relationship between the unit cell parameters of the cubic system where a = b = c and α = 

β = γ, and the distance of the neighbouring Miller index planes can be denoted as seen below 

in equation 2.3: 

 1

𝑑2
= (ℎ2 + 𝑘2 + 𝑙2)/𝑎2 

 

(2.3) 

Here h, k and l are the Miller indices of the diffraction crystal plane. This equation can be 

combined with Bragg’s law to give the equation 2.4: 

 𝑠𝑖𝑛2𝜃 = 𝜆2(ℎ2 + 𝑘2 + 𝑙2)/4𝑎2     

                                                                      

(2.4) 

2.2.2. X-ray diffraction 

X-rays were discovered by the physicist Roentgen in 1895, and they are a form of 

electromagnetic wave similar to visible light and radio waves. X-ray diffraction can be either 

an elastic or inelastic scattering process.15,16 The elastic process is a classic wave that does not 

change the energy during the diffraction process, while the inelastic scattering process changes 

its energy during the process of diffraction. Moreover, the X-ray can show coherent diffraction, 

which means two waves interfere constructively to generate high intensities, while incoherent 

diffraction is a destructive interference. X-ray radiation is scattered from the electron density 

of an atom and the scattering vector (Q) is calculated for elastic and coherent diffraction via 

the direction of the radiation that only changes during the diffraction process, as shown below 

in figure 2.6 and equation 2.5: 

 

Figure 2.6: scattering vector (Q) for elastic and coherent diffraction, which shows only changes in  

the direction of the radiation, while the kinetic energy difference = 0. 
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 𝑄 = 𝑘𝑖 − 𝑘𝑓                                                                                                                        (2.5) 

𝒌𝑖 and 𝒌𝑓 represent incident and diffracted wave vectors, respectively. The diffraction patterns 

are presented as intensity versus the scattering angle θ. The intensity can be plotted against Q, 

d-spacing and θ and can be linked together, as described in equation 2.6.17 

 
Q =

2 𝜋

𝑑
=

4 𝜋 𝑠𝑖𝑛θ

𝜆
 

                                                                      

(2.6) 

The parameters of crystalline samples are determined by the diffraction peak positions, whilst 

information on the atomic arrangement of the atoms can be provided by the intensity of each 

peak (Ihkl) as the Ihkl is related to the structure factor (Fhkl), as expressed in equation 2.7: 

 Ihkl ∝  |Fhkl|
2 

                                                                      

(2.7) 

The structure factor is the summation of all possible contributions from all the atoms and the 

hkl planes, thus the Fhkl calculation for X-ray diffraction is expressed in equation 2.8: 

 

 
Fhkl  =  ∑ 𝑓𝑗𝑒

[2𝜋(ℎ𝑥𝑗+𝑘𝑦𝑗+ 𝑙𝑧𝑗)− 
𝐵𝑗𝑠𝑖𝑛2Ɵ

𝜆2  

𝑖

 

                                                                      

(2.8) 

As X-rays are scattered by electrons, the scattering form factor (fj), which describes the 

interaction degree between the electron of the given atom (j) and X-ray waves, for a real atom 

is equal to Z at θ = 0 and Bj is the thermal factor. It falls off at a decreasing angle due to 

destructive interference within the atom's electron shells, as described in figure 2.7. Therefore, 

X-rays are not sensitive to light elements in the periodic table and are also not sensitive to 

neighbouring atoms as they have a similar electron density. Furthermore, Isotope atoms cannot 

be distinguished due to similarities in their electron densities. 
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X-ray diffraction techniques could be carried out in both polycrystalline materials and single 

crystal specimens. Polycrystalline is a term used to describe powder samples that are composed 

of many small randomly oriented crystals, which are easily prepared in the laboratory 

compared to single crystals. Furthermore, a powder diffractometer has a higher resolution 

compared to a single crystal and that helps to determine the structural information accurately. 

Single crystal diffraction patterns provide information on the crystal structure through the 

consistency of spots, which are related to the orientation and the symmetry of the crystal. 

Whereas powder sample diffraction patterns can be determined via a series of Debye Scherrer 

cones which are a superimposition of many diffraction spots derived from multiple atomic 

planes with the same type of |hkl| planes to form sets of concentric rings.19 The main 

disadvantage of powder samples is the overlapping of Bragg diffraction peaks, which lead to a 

loss of correlated structural information such as atomic position and lattice parameters. This 

information is crucial for solving the crystal structure of the target materials, and it has been 

resolved by using the Rietveld method to refine the powder diffraction patterns.20 The Rietveld 

method is described in detail in section 2.2.6 and the comparison of diffraction patterns 

between polycrystalline and single crystal is shown in figure number 2.8. 

Figure 2.7: X-ray scattering form factors of different atoms as a function of the scattering angle.18  
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Figure 2.8: Schematic of diffraction patterns collected from (a) a single crystal and (b) 

polycrystalline sample from which a series of Debye Scherrer cones are formed.21 

 

2.2.3. X-ray laboratory source 

An X-ray laboratory contributes to a variety of applications for modern science due to the easy 

generation of X-rays such as in Powder X-ray Diffraction (PXRD). An X-ray diffractometer 

generates X-rays from a sealed tube with a cathode containing a filament made up of tungsten. 

When positive voltage (V) is passed through the filament there is a thermionic emission of 

electrons. These electrons accelerate toward the anode composed of a different metal such as 

Ni and Mo, and then the conversion to X-ray photons from the electron’s kinetic energy occurs 

via two different mechanisms. The first mechanism is Bremsstrahlung or breaking radiation. 

This is due to electrons colliding with the target metal leading to a rapid deceleration of 

electrons to give a broad range of weak X-ray energies. The second mechanism is called 

characteristic radiations, which occur when the high energy electrons are incidental in the target 

materials, and electrons from an inner energy level are ejected. In order to minimise the energy 

of the whole system, an electron from an upper energy level will occupy the vacant site. These 

electrons will emanate from either the L shell or M shell, which is the upper energy level, to 

fill the vacant site in the K shell and emit X-ray waves with energy equal to the difference 

between the upper and the inner energy levels.22 The wavelength of this radiation can be 

expressed using equation 2.9. 

 

 
𝜆 =   

ℎ𝑐

𝛥𝐸
 

                                                                      

(2.9) 



Chapter 2. Experimental Techniques  

33 
 

The electron that comes from the M shell will provide Kβ characteristic radiation with energy 

higher than the energy coming from the L shell electron, named Kα. This is because the amount 

of energy lost from the M outer shell is much higher than the L shell and as a result the 

wavelength of Kβ is lower than Kα. Furthermore, Kα has a higher intensity compared to Kβ 

because of the probability of occupying the vacant site in the inner energy level will come from 

the nearby shell. 

Powder diffractometers have two different geometries which can be set up: Bragg Brentano 

and Debye Scherrer. The X-ray beam of the Bragg Brentano mode is diffracted off the 

polycrystalline sample that is loaded on either a silica plate or flat glass. This modes advantage 

is that large sample volumes can be held, which lead to a higher intensity in the observed 

diffraction patterns. The Debye Scherrer geometry set up utilises capillaries as the sample 

holder, which is suitable for air-sensitive materials, and can reduce the effect that comes from 

the preferred orientation of small crystallites in powder samples. However, higher absorption 

requires a longer period of time.23 

The initial phase identification and structural characterisation of the samples studied in this 

thesis were achieved via PXRD patterns using a Bruker D2 Phaser Powder X-ray 

Diffractometer that is known as D2. The Bragg Brentano mode was the set-up for the D2 

diffractometer, where a sample of approximately 20 mg was spread evenly on the flat glass 

plate using either ethanol or methanol. X-ray beams are generated using copper as a target 

anode in the X-ray tube, which emits both radiation of Kα1 and Kα2 and generates E1 to E0 with 

wavelengths of 1.54056 Å and 1.54439 Å, respectively. Copper Kβ radiation, with a wavelength 

of 1.3923 Å, generating from E2 to E0, can be removed by using Ni foil to filter most of the Kβ 

source. In this study X-ray diffraction patterns were collected via a D2 diffractometer with an 

angle of 10° < 2θ < 70°.24 

Limitations in the intensity of a X-ray source by rate in a laboratory is the main disadvantage, 

due to most of the electrons’ kinetic energy being converted into heat. As the electrons impact 

with the target anode during the production of X-rays, the target is cooled to maintain the 

maximum X-ray output. X-rays of higher intensity can be produced by large particle 

accelerator facilities called synchrotron, which is not covered here as this study did not use 

these facilities during the experiments.  
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2.2.4. Neutron diffraction 

James Chadwick discovered neutrons in 1932, for which he was awarded the Nobel Prize in 

Physics in 1935. He found out that uncharged particles appeared resulting from his experiments 

in the bombarding of beryllium with alpha particles. These uncharged particles had a similar 

mass to protons; however their characteristics are different to protons.25 In 1951 Shull and 

Wollan published a paper that presented the scattering lengths of different elements and 

isotopes, leading to a broadening of opportunities in the study of the structural information of 

materials via neutron diffraction.26 Neutron diffraction has an advantage over X-ray diffraction 

due to the scattering of atoms by the nucleus in contrast to X-rays that scatter because of the 

electron density of the atoms. The scattering length makes neutron diffraction a great technique 

for the identification of materials that not only distinguish neighbouring elements on the 

periodic table such as Mn and Fe, but also enable different isotopes to be recognised such as 

Ti-46 and Ti-47, as illustrated with other examples in figure 2.9. These differences are more 

distinguished than in X-rays which are highly dependent on the atomic numbers of the atoms. 

Furthermore, light elements such as hydrogen and oxygen can be easily located, which is 

important in other fields such as the investigation of metal oxide compounds. The greatest 

feature of neutron diffraction is the magnetic moment of neutrons, which can interact with the 

spin and the orbital magnetic moment of the examined compounds. The neutron spin number 

is half of that used to obtain diffraction signals from a repeating magnetic order of the 

compound, allowing for the solving of symmetry, magnitude of moments and magnetic unit 

cells in the materials.27 
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The intensity of neutron diffraction is proportional to the square root of the structure factor, 

thus the resultant intensity of particular hkl values of an unpolarised neutron source is the 

summation of the square root of both magnetic and nuclear structure factors, as expressed in 

equations 2.10, 2.11 and 2.12.  

 𝑭ℎ𝑘𝑙 
𝟐 =  𝑭𝒏𝒖𝒄

𝟐 +  𝑭𝑚𝑎𝑔
𝟐
 

                                                                      

(2.10) 

 

 𝑭𝒏𝒖𝒄  =  ∑ 𝒃𝒋. 𝒆𝟐𝝅(ℎ𝑥𝑗+𝑘𝑦𝑗+ 𝑙𝑧𝑗)

𝒊

 

                                                                      

(2.11) 

 

 𝑭𝒎𝒂𝒈  =  𝒑 ∑ 𝒇𝒋𝒒𝒋 𝒆𝟐𝝅(ℎ𝑥𝑗+𝑘𝑦𝑗+ 𝑙𝑧𝑗)

𝒊

 
(2.12) 

Figure 2.9: Schematic of interaction of both X-ray and Neutron with the Nuclei. Illustrates how the 

scattering length can be a positive value (open circle) or negative value (closed circle), which helps 

to distinguish isotopes and neighbouring elements.28 
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The nuclear and magnetic components of neutron scattering have different forms as written in 

equation 2.11 and 2.12, where bj is the scattering length for the atom, j, and x, y and z indicate 

the coordinated number of atoms inside the unit cell. In contrast, the magnetic structure factor, 

Fmag, of magnetic neutron scattering is dependent on both the magnetic cross section, p, and 

the magnetic interaction vector qj. The magnetic form factor fj is quickly decreased from a high 

scattering angle due to how it interacts with the outer electrons of the atoms as an X-ray 

scattering form factor, which is different in comparison with a neutron nuclear scattering form 

factor which is independent of 2θ.29  

Neutrons can be generated via either nuclear fission reaction or an accelerator driven source 

that is known as spallation. Reactors have been used to generate neutrons since the 1940s via 

fission reactions that involve splitting unstable 235U to produce fast (energetic) neutrons. This 

is carried out at specialised facilities such as The Institute Laue-Langevin (ILL) in Grenoble, 

France, which is further discussed in 2.2.5. These neutrons are too high in energy to be utilised 

in the investigation of crystal structure through neutron diffraction, and are slowed down by 

moderators which contain light elements at a certain temperature that slow the energetic 

neutron to appropriate energies. These energies are of a similar wavelength to lattice spacing 

in crystal, approximately 2 Å. Once slowed, the moderated neutrons become polychromatic 

beams with a broad energy range that requires a monochromatic set up to select a single neutron 

beam wavelength for a diffractometer, leading to a significant reduction in the flux of the 

neutron which arrive at the sample. This method produces a constant flow of neutrons, which 

is limited due to the heat generated through fission reactions. Spallation sources, which have 

been generating neutrons since the 1960s, have overcome this limitation in the production of 

neutrons.30 The spallation process is the acceleration of protons towards a heavy target resulting 

in the production of neutrons from the nuclei of the heavy target. This type of process is carried 

out at places such as The ISIS Neutron and Muon Source, Oxfordshire, UK, and is discussed 

in detail in 2.2.5. 

The detection of neutrons from the examined materials can be a problem since the neutrons are 

uncharged making them difficult to detect, which needs to use a nuclear reaction to generate 

charged particles that are used in the detection of neutrons, as shown in equations 2.13, 2.14 

and 2.15, below.  
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 𝑛0
1 + 𝐻𝑒2

3  →  𝐻1
3  + 𝑝1

1 + 0.77 𝑀𝑒𝑉 

                                                                      

(2.13) 

 

 𝑛0
1 + 𝐵5

10  → 𝐿𝑖3
7 +  𝐻𝑒2

4 + 2.3 𝑀𝑒𝑉 

                                                                      

(2.14) 

 

 𝑛0
1 + 𝐿𝑖3

6  →  𝐻𝑒2
4 + 𝐻𝑒2

3 + 4.79 𝑀𝑒𝑉                                                                      (2.15) 

 

The first two equations are used to detect performance in a gas environment, while the third 

equation applies to a solid atmosphere. These reactions have a large cross section that makes 

them ideal for capturing neutrons.30 The neutron detections are highly dependent on the 

particle’s velocity, as increasing the velocity produces shorter wavelengths that lead to a 

decrease in the detection efficiency. The gas detectors work by filling the cylinder up with 

either 10BF3 or 3He and a high voltage wire anode. The absorbed neutrons will produce enough 

energy to ionise the gas and produce a current to be carried along the anode, whereby the 

detection of this electrical signal can be seen. In contrast to scintillator detectors, where 

detection is developed in a solid environment, the combination of a neutron absorber (6Li) and 

scintillator phosphor is used. The nuclear reaction products occur because the phosphor is 

stroked by the neutron absorption to produce light, which can be detected by a photomultiplier 

tube.12  

 

2.2.5. Neutron diffraction facilities 

2.2.5.1. The Institute Laue-Langevin 
 

The Institute Laue-Langevin in Grenoble, France, is an intense neutron source that produces a 

raw flux of neutrons of 1.5 x 1015 s-1 cm-2, with a thermal power of 58.3 MW. ILL has 49 

scientific research instruments in operation every year, as illustrated in figure 2.10. A 

combination of moderators is used to slow down the high energy neutrons and crystal 

germanium monochromators, which concentrate the neutron beam to a specific energy, are 
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used to select the appropriate wavelength for each individual instrument.31 D20 is one of the 

above scientific instruments employed to investigate the crystal and magnetic structures in 

CaMnCrSbO6 (Chapter 4) and CaMnMnWO6 (Chapter 5). 

 

 

D20 is an extremely high flux (up to 108 s-1 cm-2) 2-axis diffractometer (figure 2.11), which is 

capable of measuring small quantities of samples (approximately 50 mg) such as those 

produced via the high pressure and high temperature technique.32 When the neutron beam 

arrives at the D20 diffractometer, it is guided toward one of 4 monochromators to select the 

target wavelength. Then, the monochromatic neutron beam is driven toward one of 5 take-off 

ports. These take-off ports are given different output resolutions. The diffracted beam of the 

sample is recorded in a large number of microstrip detectors with a scattering range covering 

up to 153.6°. The preparation of NPD samples require the sample to be finely ground and given 

a low scattering length for the sample holder such as thin vanadium (b = -0.3824 fm). The 

sample can be examined within a temperature range of 1.7 to 1373 K, which is important for 

investigating magnetic structures at a low temperature.33 

Figure 2.10: The ILL reactor hall is shown in this figure with all 49 state-of-art instruments, with 

the instrument used in this thesis highlighted in red (D20).31 
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2.2.5.2. ISIS Neutron and Muon Source 

The ISIS Neutron and Muon source, which is situated at the Rutherford Appleton Laboratory 

in the UK and shown in figure 2.12, is a modern spallation facility used for generating neutrons 

to more than 30 scientific instruments to be utilised in various types of scientific research. 

Numerous protons enter a 40 m long LINAC and are accelerated to 84% of the speed of light, 

which is approximately equal to 800 MeV in energy. These high energy protons are directed 

toward target stations (TS1 and TS2) to collide with a tantalum-clad tungsten target and this 

results in polychromatic neutrons with an extremely high energy.34 The energetic neutrons need 

to be slowed down as neutrons are produced via reactor sources, therefore these neutrons go 

into moderators, either liquid methane or water, to slow the polychromatic neutrons down to a 

wavelength similar to the lattice spacing in crystals. 

Figure 2.11: Diagram of the D20 diffractometer at the ILL, illustration from T. C. Hansen, et al, 

shows the set-up of the diffractometer, as well as where multiple monochromators are located to 

select the desired wavelength.32  
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Monochromators are not required at spallation sources to measure reflection intensity because 

they measure as a function of energy or time of flight (TOF) rather than a function of 2θ. The 

TOF technique uses the difference in neutron velocity with different energy as shown in 

equation 2.16 below, where m is the neutron’s mass, t is the time of neutron to travel a distance, 

which is denoted as L.35 

 
𝑡 =  

𝑚𝐿𝜆

ℎ
 

                                                                      

(2.16) 

The availability of high energy neutrons to measure scattering at a high angle is the best 

advantage of spallation sources over reactor sources, which allows the detection of diffracted 

beams within a very small d-spacing.  

 

Figure 2.12: This layout shows both target stations in the ISIS Neutron and Muon Facility. The 

instrument that has been utilised in this thesis is WISH, which is located at TS2 and is highlighted in 

green.34  
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The WISH diffractometer, as shown in figure 2.13, is designed especially for investigating the 

magnetic structure of both powder and single crystals. Wide Angle In a Single Histogram, the 

full name of the WISH instrument, is situated at the second target station, TS2, at the ISIS 

Neutron and Muon facility. It is a high flux TOF diffractometer with good resolution that is 

capable of studying both the crystal and magnetic structure of small quantities of samples down 

to 50 gm, like those generated from HPHT synthesis. WISH has a low pulse of frequency, 

approximately 10 Hz, and a dedicated solid-methane moderator that allows the instrument to 

provide high quality neutron diffraction patterns with a wide d-spacing range between 0.7 Å to 

50 Å. The WISH diffractometer can be installed with a closed-circuit refrigerator or furnace to 

measure a wide range of temperature conditions during experiments. Furthermore, pressure 

cells can be hosted inside the diffractometer to collect diffraction patterns under pressure.36 

 

 

Figure 2.13: WISH diffractometer layout, which was taken from ISIS Twitter website, shows the 

interior of the diffractometer without sealing the top part; the 10 detector banks can be clearly seen.37 

 

The incident beam is delivered to the sample by five sets of piezoelectric slits that control the 

incident beam and ensuring the desired flux/resolution trade-off is reached. WISH has ten 3He 

detector banks and each bank covers an angle of 32° with no gap between these detectors, as 

shown in the schematic figure 2.13 and 2.14. Mn2NiReO6 (Chapter 3) samples were 

investigated for their crystal and magnetic structures via the WISH diffractometer and this will 

be discussed in detail in Chapter 3.   
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Figure 2.14: This diagram shows the ten banks with covering angles of 32°, e.g. bank 1 scattering 

angle covers between +10° to +42° which means that the total scattering angle covering is 32° etc. 

These banks are separated to the right and left, where the right side has banks 1,2,3,4 and 5 which 

are parallel to 6,7,8,9 and 10 on the left side, respectively. The sample centred in the WISH 

diffractometer is labelled S in the layout.23 

 

2.2.6. Rietveld refinement 

The fitting of powder diffraction peaks in this thesis for both X-ray and neutron patterns were 

carried out using the Rietveld method, which was introduced in 1969, to refine polycrystalline 

materials. This is a powerful technique that allows for structural information to be obtained 

from powder diffraction data. This method is not a structure-solution, however it is a structural 

refinement technique, which requires some prior structural and instrumental information such 

as instrument parameters, lattice parameters, atomic coordinates and the space group. A good 

choice of starting structural model is also needed to achieve an efficient fitting. The Rietveld 

technique is a curve fitting procedure, where the experimentally observed intensities are 

compared directly to the calculated intensities by using the least-square difference, Sy, between 

them, as expressed in equation 2.17. Rietveld method’s mathematical purpose is to minimise 

the least-square difference while refining the structural parameters.38 

 𝑆𝑦 = ∑ 𝑤𝑖
𝑖

(𝑦𝑖,𝑜𝑏𝑠 − 𝑦𝑖,𝑐𝑎𝑙)
2
 

(2.17) 
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Here 𝑦𝑖,𝑜𝑏𝑠 and 𝑦𝑖,𝑐𝑎𝑙  are the observed and calculated intensities respectively at point i, and 𝑤𝑖  

is the weighting factor that is equal to 1 𝑦𝑖,𝑜𝑏𝑠
⁄ . Bragg peaks of powder diffraction cannot be 

distinguished when they are overlapping each other and this problem has been solved by using 

the Rietveld technique, which contributes many reflections to the calculated intensity as shown 

in equation 2.18.   

 𝑦𝑖,𝑐𝑎𝑙 = 𝑠 ∑ 𝐿ℎ𝑘𝑙|𝐹ℎ𝑘𝑙|
2

𝐾
𝜙(2𝜃𝑖 −  2𝜃ℎ𝑘𝑙)𝑃ℎ𝑘𝑙𝐴 + 𝑦𝑖,𝑏  

                                                                      

(2.18) 

Here, 𝑠 is the scale factor which expresses the percentage weight fraction of each phase in the 

sample, the Miller index is hkl, 𝐿ℎ𝑘𝑙 is where all Lorentz, multiplicity, and polarisation factors 

are expressed. The structural factor Fhkl is varied with the refinement of atomic coordinates x, 

y and z, site occupancy, isotropic thermal parameter Biso and unit cell parameters. Furthermore, 

A is an absorption factor, and the background intensity is 𝑦𝑖,𝑏  at step i, while 𝜙 the reflection 

profile function and Pℎ𝑘𝑙  represents the preferred orientation function. The peak shape 

calculation for a diffraction pattern is another important concept of the Rietveld technique, 

which is influenced by the powder sample and the diffractometer.39 For a constant wavelength, 

the peak profile of the diffraction pattern is described by using pseudo-Voigt function, which 

is a convolution of Lorentzian (Equation 2.19) and Gaussian (Equation 2.20) functions that can 

be expressed with FWHM (Full Width at Half Maximum) function.  

 
𝐻𝐿 =  

𝑋

𝑐𝑜𝑠 𝜃
 +  𝑌 𝑡𝑎𝑛 𝜃 

                                                                      

(2.19) 

 

 𝐻𝐺 =  𝑈 𝑡𝑎𝑛2θ + V tan θ +W 

                                                                      

(2.20) 

The 𝐻𝐿  is expressed by the Lorentzian function, which is described as the contribution from 

the sample. The equation is divided into two parts: the first part explains the peak broadening 

associated with the crystal size of the powder sample, while the second part shows the change 

in the value of dhkl because of the crystalline strain. The Gaussian term (𝐻𝐺) famously known 
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as the Caglioti equation, explains the Gaussian peak profile with values U, V and W shown as 

refinable parameters for peak width, resulting from the resolution of the diffractometer.40 

The diffraction peaks’ shape from the TOF technique is complex due to moderation of the 

neutron pulse which adds an asymmetrical component to the shape of the diffraction peak with 

a sharp leading front originating from a rapid neutron flux, and a long tail that arises from the 

slow moderation process of neutrons, as shown in figure 2.15. This unusual peak shape of TOF 

diffraction can be explained by the Ikeda-Carpenter function, which is a convolution of a 

Gaussian peak with a sharp front and a long-tailed edge.35 

 

 

 

The evolution of the least-squares refinement can be checked by calculating the goodness-of-

fit factor (𝜒2), the profile factor (𝑅p) and the weighted profile factor (Rwp), as expressed in 

equations 2.21, 2.21 and 2.23, respectively. These are calculated after the structural parameters 

such as occupancies, lattice parameters, atomic position, background, thermal factors and peak 

shapes have been refined. When their calculations converge to show the successful progression 

of the refinement and the experimentally observed peaks are matched perfectly, the calculated 

patterns 𝜒2, 𝑅p and Rwp can then be examined.42 

 
𝑅𝑝 =

∑ |𝑦𝑖,𝑜𝑏𝑠 − 𝑦𝑖,𝑐𝑎𝑙|𝑖

∑ 𝑦𝑖,𝑜𝑏𝑠𝑖
 

                                                                      

(2.21) 

 

Figure 2.15: This layout is taken from the ISIS Neutron Training Handbook and shows both the 

Gaussian sharp shape and a long-tailed edge giving the typical Ikeda-Carpenter peak shape, which is 

generally detected in time-of-flight experiments.41 
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𝑅𝑤𝑝 =  (
∑ 𝑤𝑖(𝑦𝑖,𝑜𝑏𝑠 − 𝑦𝑖,𝑐𝑎𝑙)

2

𝑖

∑ 𝑤𝑖𝑖 (𝑦𝑖,𝑜𝑏𝑠)
2 )

1/2

=  (
𝑠𝑦

∑ 𝑤𝑖𝑖 (𝑦𝑖,𝑜𝑏𝑠)
2)

1/2

 

                                                                      

(2.22) 

 

 
χ2 =

𝑠𝑦

𝑛 − 𝑝 + 𝑐
 

                                                                      

(2.23) 

 

Here, n is the number of observation, p is the number of refined parameters and c is the number 

of constraints. The fit shows an improvement when the value of 𝜒2 is close to one, while the 

R-factors (𝑅p and Rwp) tend towards zero. 

2.2.7. Bond valence sum 

The Rietveld refinement defines the atomic coordinates for transition metal oxides and the BVS 

method, which is known as Bond Valence Sum, and can determine the valence state (V) of 

cations in transition metal oxides after finalising the crystal structure refinement from the 

Rietveld method. This method calculates the cation oxidations by measuring the distance 

between the coordinated oxygens (di) and the cation as expressed in equation 2.24.  

 
𝑉𝑛 = ∑ 𝑒𝑥𝑝 (

𝑑𝑛 − 𝑑𝑖

𝐵
)

𝑖
 

                                                                      

(2.24) 

Here, the final refined distance between the cation site and its coordinating oxygens is 𝑑𝑖, 

whereas 𝑑𝑛 is the metal bond valence parameter at n, which is the assumed oxidation state. B 

= 0.37 Å and is known as the global constant.43 VESTA was used in this research for all 

chapters to calculate the cation oxidation state for each cation.  
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2.3 Magnetic Measurement  

2.3.1 Magnetism: 
The magnetic moment arises from unpaired electrons, which is governed by the magnetic 

properties of the examined materials. This magnetic moment can be determined by the total 

angular momentum (J), a combination of spin angular momentum (S) and orbital angular 

momentum (L) which can be calculated via the total magnetic moment formula, as shown in 

equation 2.25. All electrons have an intrinsic magnetic moment that comes from (S), while the 

magnetic moment of (L) arises from the orbits of electron which travel around the nucleus.44 

 µ = 𝑔√𝐽(𝐽 + 1)                                                                               

                                                                      

(2.25) 

 
 

In the equation above, g is the Landé g-factor, which can be determined via equation 2.26 and 

µB is the Bohr magneton. 

 g =
3

2
 +

𝑆 (𝑆+1) − 𝐿 (𝐿+1)

2𝐽 (𝐽+1)
                                                                               

                                                                      

(2.26) 

 
 

Crystal field splitting removes the degeneracy between different d-orbitals leading to the orbital 

angular momentum and is often quenched in the case of transition metal oxides. The total 

angular momentum will then be equal to the spin angular momentum thus the effective 

magnetic moment of these compounds can be determined by only the spin angular momentum, 

as expressed in equation 2.27.45  

 µ = 2√𝑆(𝑆 + 1)                                                                              

                                                                      

(2.27) 

The magnetic properties in the perovskite structure are mostly controlled by the B-site cations 

as transition metals, which usually occupy the B-site due to size and have different oxidation 

states as there is a high probability of unpaired electrons to be found.46,47 The application of a 

magnetic field (H) to a paramagnetic materials can lead to magnetization by aligning unpaired 
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electron spins with the field to show two different types of magnetic moments order of 

paramagnetic cations, which are ferromagnetic (FM) and antiferromagnetic (AFM) types.  

FM are magnetically ordered states under an external magnetic field that lead unpaired 

electrons (paramagnetic electrons) to align their spin parallel each other, while the AFM shows 

antiparallel spins.48 Various inequivalent symmetries can be ordered as AFM types, but all 

these different types of AFM, as depicted in figure 2.16, still have the total moment of zero. 

 

Figure 2.16: G, A and C are different magnetic symmetries of antiferromagnetic types. The total 

magnetic moment of these inequivalent symmetries is zero.46 

 

There is another type of magnetic order known as ferrimagnetism (FiM), where the magnetic 

moments of the specimen are aligned in unequal numbers in both parallel and antiparallel 

directions. This type is weakly attracted by a magnetic field, compared to the FM. All these 

magnetic ordering types (FM, AFM and FiM) are shown in figure 2.17. 

 

Figure 2.17: Paramagnetic materials under magnetic field, where the magnetic moments order in 

one of these types: ferromagnetism (FM), antiferromagnetism (AFM) and ferrimagnetism (FiM).  

 

Transition temperature is an important term that shows the approximate temperature at which 

the magnetic moments spontaneously order from the paramagnetic type to become either FM, 

AFM or FiM. Different names for transition temperatures are adopted depending on the 

magnetic order types. Ferromagnets and ferrimagnets transition temperature are identified as 

the Curie temperature (TC) or Curie point, whereas the Néel temperature (TN) is the transition 
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temperature of antiferromagnets. The thermal energy above these temperatures is higher than 

the spin-spin interaction, causing electron spins being randomly oriented due to thermal motion 

and leading to paramagnetic behaviour.49 These different types of magnetic orders can be 

determined or predicated via calculation by the Curie-Weiss Law, which is illustrated in 

equation 2.28. 

 ꭓ =
𝐶

𝑇− Ɵ
                                                                              

                                                                      

(2.28) 

 

Magnetic susceptibility (ꭓ) measures how much a material is magnetised under an external 

magnetic field, which can get from magnetic field (H) versus magnetisation (M) as it is shown 

in equation 2.29. Curie constant is C, T is absolute temperature in Kelvin and θ is the Weiss 

constant. The Curie constant is usually used to determine the effective magnetic moment of the 

examined substance by using the relationship in equation 2.30. 

 

 𝑀 =  ꭓH                                                                              

                                                                      

(2.29) 

 

 
𝐶 = 𝑁

𝑁𝐴𝜇𝐵
2 𝜇𝑒𝑓𝑓

2

3𝑘𝐵
                                                                              

                                                                      

(2.30) 

The number of magnetic atoms per formula unit is N, NA is Avogadro’s number and KB is the 

Boltzmann constant. 

The Weiss constant indicates whether the interaction between neighbouring atoms is FM or 

AFM, with a positive value of θ suggesting FM interactions, whereas a negative value of θ 

indicates AFM interactions.50 Furthermore, the Curie-Weiss plot is 1/𝑥𝑚 (𝑥𝑚 molar magnetic 

susceptibility) versus temperature, which can predict the Curie constant from the inverse of the 

slope and also the Weiss constant, which determines whether the magnetic exchange 

interaction is AFM or FM and can be calculated from the x-intercept, as expressed in figure 

2.18. 
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Figure 2.18: This schematic shows how the Curie-Weiss plot can determine whether the magnetic 

exchange interaction in materials is either AFM or FM and also shows the Weiss constant value of 

paramagnetic type, which is denoted as PM. Figure adopted from K. Morrison .51 

 

2.3.2 Magnetometer: 
 

The magnetic properties of the sample were analysed by the MPMS-SQUID, which is known 

as the Magnetic Property Measurement System - Superconducting Quantum Interference 

Device. This Quantum Design Magnetometer has a temperature control system with precise 

control over sample temperatures, ranging from 2 K to 400 K, and can be operated using liquid 

helium, whereas magnetic fields range from -7 tesla (T) to +7 T. This instrument is capable of 

detecting a tiny magnetic moment of a sample with a magnitude of 10-18 G or low field up to 5 

x 10-18 T due to the Josephson junction, which is a key component in SQUID that shows this 

magnetometer is one of the most sensitive. The Josephson junction is a ring made up of two 

superconducting components separated by a weak link, which consists of an insulator. Voltage 

develops across the Josephson junction when the current exceeds the critical value, which is 

extremely sensitive to the total magnetic flux that penetrates the sample area of the SQUID.52 

The MPMS - SQUID magnetometer was used in this thesis for all polycrystalline samples to 

measure the magnetic properties of the materials under magnetic fields and at different 

temperatures. Investigation of the magnetisation (M) effect allows for the determination of 

types of the magnetic interactions that are present in the samples. It starts with cooling the 

sample down to 2 K with no magnetic field, H is applied, then measuring of the sample is 

begins alongside a controlled heating to room temperature to see the effect of M; a method 

known as Zero Field Cooling (ZFC). In contrast to this, Field cooling (FC) has the sample 



Chapter 2. Experimental Techniques  

50 
 

cooled in the presence of an external magnetic field and data is collected during the warming 

process. In the case of ZFC, a certain value for the magnetic field is applied to the materials 

when the temperature reaches 2 K. Then, the calculation of direct and reciprocal magnetic 

susceptibility provides useful information such as their magnitude, the Curie and Weiss 

constants, the effective magnetic moment and the number of spin sublattices ordering at 

different temperatures with their estimated temperature value.30 Furthermore, the magnetic 

saturation, which is the maximum magnetic moment of the materials, can be identified by 

measuring the hysteresis loops that also indicate the retention and coercing points for 

ferromagnetic materials. The remanence confirms that the sample is still ferromagnetic even 

when H = 0, whereas the coercing point shows that the magnetic moment is equal to zero while 

applying a negative magnetic field.53 
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Chapter 3. Synthesis of All Transition Metal 

Mn2NiReO6 Double Perovskite Oxide with 

Unconventional Magnetic Behaviour 

3.1. Introduction and Background of Double Perovskite: 

A common method used to tailor perovskite compound properties is a partial cation substitution 

of the perovskite structure, which can occur in either the A- or B-site to make double perovskite 

compounds. It is generally easier to produce B-site double perovskites (A2BB’O6) compared 

to A-site double perovskite (AA’B2O6), as explained in the introductory chapter (Chapter 1), 

and it is more interesting because of their physical properties, as most transition metals can be 

fitted at an ambient pressure in the B-sites.1 The discovery of the large magnetoresistance (MR) 

of Sr2FeMoO6 has encouraged many scientists to synthesise different A2BB’O6 materials with 

a rock salt order of B/B’ cations. Sr2FeMoO6 is shown as a tunnelling type of 

magnetoresistance at room temperature as Sr2+ is a non-magnetic large cation, which fits the 

A-sites, and the rock salt (RS) arrangement takes place in Fe3+ (spin quantum number S = 5/2) 

and Mo5+ (S = 1/2) ions, which order alternately on the perovskite B-sites, while their spins are 

coupled antiferromagnetically.2 MR studied of Sr2FeMoO6 showed an MR value obtained at 

300 K. This interfering tunneling MR property is sustainable up to room temperature, and it is 

this phenomenon which has inspired researchers to create different types of double perovskite 

(DPv).  

The magnetisation for this compound comes only from the B-site cations, where the maximum 

theoretical magnetisation is 4 μB. This is because it is not possible to have more than a five spin 

up system in the B-site and one spin down system in the B’-site.3 However, this limit can be 

exceeded by replacing a non-magnetic cation in the A-site with a magnetic cation, and having 

two magnetic cations present in B-sites such as Mn2CoReO6 and Mn2MnReO6.
4, 5 These Mn2+ 

analogues can be synthesised under high-pressure and high-temperature (HPHT) conditions, 

as Mn2+ with a 3d5 electronic configuration will result in complex magnetic orders in addition 

to the B-site cation spins. Mn2CoReO6 was synthesised under HPHT conditions (8 GPa, 1350 

⁰C), which is the fourth known All Transition Metal (ATM) double perovskite material to have 

been synthesised. The structure was highly distorted and the magnetic behaviour showed a 
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robust antiferromagnetic order at TN =94 K, where all cation sublattices ordered with 

propagation vector (0.5 0.5 0). However, neutron powder diffraction (NPD) data reveals the 

possibility of a second magnetic transition around 40 K, due to a spin reorientation of B-site 

cations. Mn2MnReO6 was also synthesised under HPHT conditions (5 GPa, 1673 K) and the 

magnetic properties study showed evidence of an AFM transition, going from a simple AFM 

to a canted AFM at 110 K due to frustrated perpendicular A and B site Mn2+ sublattices with 

net ferromagnetic component at approximately 50 K. 

This chapter will discuss Mn2NiReO6, a new material of ATM DPv, which has been prepared 

under HPHT conditions with a highly distorted DPv structure and the P21/n space group. A 

canted antiferromagnetic order is observed below TM1 = 80 K, and Mn spins show an 

unconventional continuous spin rotation occurring down to the second transition (TM2 = 42 K), 

where a collapse in weak ferromagnetism is evidence of an unprecedented switching of the 

weak ferromagnetic moment directions. 

3.2. Experimental Methods: 

3.2.1. Synthesis of Mn2NiReO6: 

The material was synthesised at 8 GPa and 1573 K using a Walker-type multi-anvil press. 

Firstly, powder with the stoichiometric proportions of MnO, NiO and ReO3, as shown in 

equation 3.1, were ground together in a pestle and mortar several times in acetone to generate 

a homogenous sample. These precursor mixed metal oxides were then loaded into a platinum 

capsule (Pt capsule). 

 2MnO + NiO +ReO3            Mn2NiReO6 (3.1) 

The pressure and temperature synthesis conditions were explored using tungsten carbide (WC) 

cubic anvils with truncated edge lengths of 14 mm, which is suitable for pressure up to 15 GPa. 

The temperature was applied at a maximum of 1573 K with a heating duration of 20 minutes, 

after which the product was quenched to room temperature and the pressure was slowly 

released to form the ATM DPv. The double perovskite structure was confirmed initially using 

powder X-ray diffraction (PXRD) and then confirmed with neutron powder diffraction. 
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3.2.2. Structural characterisation of Mn2NiReO6: 

Initial PXRD patterns of the high-pressure product were collected from a Bruker D2-Phaser 

laboratory X-ray diffractometer in flat-plate mode with Cu Kα radiation at room temperature, 

where λKα1 = 1.54056 Å and λKα2 = 1.54439 Å. The duration of X-ray diffraction was 15 

minutes with scans of 10o ≤ 2θ ≤ 70o and a step size of 0.033o for 30 seconds per step and 

sample rotation.6 Long scans of NPD measurement at 1.5 K, 75 K and 150 K were also carried 

out for this material at the high-resolution accelerator-based source WISH diffractometer (ISIS 

facility, Oxfordshire, UK) to determine the crystal and magnetic structures. Additionally, 

shorter scans were collected every 10 K on warming from 10 K to 140 K for 30 minutes to 

reveal the thermal evolutions of lattice parameters and magnetic moments. The several high-

pressure products were mixed together to give a total mass, approximately 50 mg. The mixed 

product was loaded into a sealed vanadium can (V can) within a cryostat, then the data was 

collected by 10 banks covering a wide range (0.7Å to 50 Å) of d-spacing. Diffraction data for 

both PXRD and NPD were analysed using the FullProf software package,6 and low temperature 

neutron data was used to analyse the magnetic symmetry via the BasIreps program.7 

Visualisation for Electronic and Structural Analysis (VESTA) software was employed for 

visualising crystallographic structures obtained from the Rietveld refinement result.8  

Data from bank 4 (d-range between 2 to 11 Å) was used to refine the shorter scans with the 

minimum possible number of parameters. Equally separated experimental background points 

were selected and refined using an interpolation method as an initial step, and then fixed at 

each temperature. Atomic positions, peak shape parameters, zero shift and isotopic thermal 

factors were fixed for all shorter scans to form the refined value of 1.5 K.  

3.2.3. Magnetic measurement of Mn2NiReO6: 

A superconducting quantum interference device (SQUID), Quantum Design XL-MPMS 

magnetometer, which is described in Chapter 2, was used to measure the magnetic 

susceptibility in a magnetic field of 1000 Oe within a temperature range of 2-300 K under both 

field-cooling (FC) and zero-field cooling (ZFC). Magnetisation-field hysteresis loops were 

collected under an applied magnetic field up to 7 T, at five different temperatures (2, 60, 75 

and 150 K). Origin software was used to reveal the Weiss constant and magnetic transition 

temperatures. 
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3.3. Discussion and Results: 

3.3.1. Structural characterisation of Mn2NiReO6: 

The initial phase analysis of Mn2NiReO6 samples were conducted by using X-ray diffraction 

data, which were recovered from high pressure synthesis. The three Mn2NiReO6 samples were 

synthesised at different pressures (8, 12, 14 GPa), but at the same temperature (1573 K), with 

their results shown in both table 3.1 and figure 3.1, which was obtained from the Bruker D2-

Phaser laboratory X-ray diffractometer. 

The resulting powdered samples of the desired ATM double perovskite compound can be 

suitably fitted to the monoclinic space group P21/n, with rock-salt type ordering into the B-site 

cations (Ni/Re). Secondary phases were also identified as NixMn1-xO3, NiO and ReO2, where 

ReO2 is the main impurity phase that comes from using ReO3 as the source of Re. The intensity 

peaks of ReO2 increased when higher pressure was applied, as shown in figure 3.1, which 

revealed the 8 GPa sample as the best among these different pressure samples because of its 

low ReO2 impurity. 

Table 3.1: Synthesis conditions of each batch of the Mn2NiReO6 sample at 1573 K. 

Sample Pressure 

(GPa) 

Phases Experimental notes 

lq/mq/sq (large/medium/small 

quantities) 

1 8 Mn2NiReO6+ReO2+NiO 

and NixMn1-xO3. 

Mn2NiReO6 (lq) ReO2 (mq) + 

NiO (sq) + NixMn1-xO3 (sq). 

2 12 Mn2NiReO6+ReO2+NiO 

and NixMn1-xO3. 

Mn2NiReO6 (mq) ReO2 (lq) + 

NiO (sq) + NixMn1-xO3 (sq). 

3 14 Mn2NiReO6+ReO2+NiO 

and NixMn1-xO3. 

Mn2NiReO6 (mq) ReO2 (lq) + 

NiO (mq) + NixMn1-xO3 (mq). 
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Figure 3.1: These are the three different pressures for Mn2NiReO6: 8, 12 and 14 GPa, showing the 

main impurity phase (ReO2) peak intensities, depicted as asterisks in the figure, which increased with 

the application of more pressure to the DPv samples. 

 

The crystal structure of the 8 GPa Mn2NiReO6 sample was refined and solved using the 

FullProf suite package. The Rietveld refinements of this synthesis confirmed the crystallisation 

of the double perovskite structure into the monoclinic unit cell with the P21/n space group, 

where the unit cell parameters are: a = 5.2403(1) Å, b = 5.3860(1) Å, c = 7.6536(2) Å and β = 

89.890(3)⁰. Refined fractional coordinates, occupancies and the degree of B-site disorder are 

shown in table 3.2, whereas the Rietveld fit of the diffraction patterns using this sample 

structure is shown in figure 3.2. 
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Table 3.2: Refined structure parameters and B-site disorder percentage of Mn2NiReO6 at 300 K in 

the P21/n space group using PXRD data. 

Site x y z Occupancy 

Mn (4e) 0.032 (3) 0.056 (2) 0.748 (2) 1 

Ni/Re (2b) 0.5 0.0 0.0 0.966/0.034 (4) 

Re/Ni (2c) 0.0 0.5 0.0 0.966/0.034 (4) 

O1 (4e) 0.29 (1) 0.336 (9) 0.98 (1) 1 

O2 (4e) 0.31 (1) 0.29 (1) 0.566 (8) 1 

O3 (4e) 0.888 (7) 0.439 (9) 0.738 (7) 1 

Fitting reliability factors: Rp= 4.30%, Rwp= 5.76%, Rf= 14.6%, RB= 14.8%, χ2= 4.39. The overall 

Biso= 1.4 (2) Å2. 

 

 

Figure 3.2: The Rietveld fit of PXRD sample (Mn2NiReO6) at 300 K in the monoclinic unit cell with 

the P21/n space group. Rows of indices indicate phase 1 (green) as ATM DPv, phase 2 (purple) as 

ReO2, phase 3 (orange) as NiO and phase 4 (light blue) as NixMn1-xO3. 

 

The compound was expected to produce a distorted double perovskite due to the insertion of a 

small cation in the A-site cavity, which is usually occupied by large cations such as alkali 

metals and alkaline earth metals. The Mn2NiReO6 is a monoclinically distorted DPv structure 

as the BO6/B’O6 octahedra tilt to compensate for the cavity, which is occupied by Mn2+ to 
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reduce the symmetry of undistorted perovskite to form a P21/n monoclinic structure, as shown 

in figure 3.3. 

 

Figure 3.3: Monoclinically distorted DPv structure of Mn2NiReO6. Mn/Ni/Re = Blue/grey/green, 
which shows the octahedral phases tilt to compensate for the A-site cavity due to the insertion of 

Mn2+ at the A-sites of the double perovskite structure from PXRD data. 

 

X-rays provide a good contrast between cations with a greater difference in their atomic 

numbers, making it is possible to detect the degree of disorder within the B-sites in Mn2NiReO6 

as Ni (Z= 28) and Re (Z= 75). However, it is difficult to distinguish the cation mixing between 

Ni and Mn, which can be solved by using neutron powder diffraction, as the neutron scattering 

lengths of Mn, Ni and Re (-3.73, 10.3 and 9.2 fm, respectively) are diverse enough to detect 

any cation disorder between all cation sites in the structure.9 Furthermore, the structural 

distortion can be more accurately measured as neutron diffraction allows for a more exact 

determination of the oxygen positions, which enables the bond valence sum (BVS) calculation 

to confirm the oxidation states of the cations in the different crystallography sites. It is 

important to distinguish whether the valence distribution is Mn2+
2Ni3+Re5+O6 or 

Mn2+
2Ni2+Re6+O6. NPD can also be used to reveal the cation distribution in the secondary 

phase, which is the rock-salt type (NixMn1-xO3). Furthermore, bond angles and bond distances 

can be measured, using the NPD experiment to show the distorted structure from the ideal 

double perovskite arrangement.   

Structural refinement using 150 K NPD data, as shown in figure 3.4, from the WISH 

diffractometer, reveals Mn and Re sites are fully occupied. However, 18% Mn occupies the 

Ni-site, as summarised in table 3.3, which is in keeping with the refined secondary phase 

Ni0.67Mn0.33O. ReO2 and NiO are found independently of the rock salt structure Ni0.67Mn0.33O 
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as secondary phases in the Mn2NiReO6. The two prior impurities are well known, while the 

rock-salt secondary phase (Ni0.67Mn0.33O) is observed elsewhere.10 It perfectly fits the nuclear 

peaks with disorder over the cation site (Ni/Mn): their weight percentages are 17.8 (6) wt%, 

4.0 (3) wt% and 12.2 (2) wt% for ReO2, NiO and Ni0.67Mn0.33O, respectively. The BVS 

calculation (equation 2.23 is shown in Chapter 2) for Mn, Ni and Re are 2.5, 2.2 and 4.2, 

respectively, which are consistent with the charge distribution in Mn2+
2Ni2+Re6+O6.

11 This 

shows the unreliability of BVS estimates for distorted high-pressure structures and especially 

for high formal oxidation states of Re. The more accurate charge distribution was determined 

by the magnetic moments refined against 1.5 K data as Mn2+
2Ni2+Re6+O6 that it was found in 

Sr2NiReO6 as Ni2+/Re6+ and is presented in the magnetic properties section.12, 13  

 

Figure 3.4: The 150 K NPD Rietveld fit for all transition metal double perovskite Mn2NiReO6. Rows 

of indices indicate phase 1 (green) as ATM DPv, phase 2 (purple) as ReO2, phase 3 (orange) as NiO 

and phase 4 (light blue) as magnetic diffraction peaks of NiO, phase 5 (brown) as Ni0.67Mn0.33O and 

phase 6 (light green) as magnetic diffraction peaks of Ni0.67Mn0.33O. 
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Table 3.3: Mn2NiReO6 atomic coordinates from the 150 K NPD Rietveld fit, using the P21/n space 

group. Lattice parameters: a = 5.2173(3) Å, b = 5.3664(3) Å, c = 7.6302(3) Å and β = 89.91(2)0. 

Site x y z Biso (Å
2) Occupancy 

Mn (4e) 0.040 (3) 0.012 (3) 0.816 (1) 2.8 (1) 1.0 

Ni/Mn (2b) 0.5 0.0 0.0 2.8 (1) 0.816/0.184 (6) 

Re (2c) 0.0 0.5 0.0 2.8 (1) 1.0 

O1(4e) 0.369 (1) 0.375 (2) 0.930 (1) 1.4 (1) 1.0 

O2(4e) 0.296 (2) 0.290 (2) 0.572 (1) 1.4 (1) 1.0 

O3(4e) 0.871 (2) 0.421 (1) 0.736 (2) 1.4 (1) 1.0 

Fitting reliability factors: Rp = 2.39%, Rwp = 3.46%, Rf =10.7%, RB = 7.96%, χ2 = 12.9 (Bank 2), Rp 

= 2.16%, Rwp = 3.00%, Rf =11.2%, RB = 7.87%, χ2 = 9.77 (Bank 3) and Rp = 1.80%, Rwp = 2.14%, 

Rf =11.0%, RB = 11.1%, χ2 = 4.14 (Bank 4). 

 

The interatomic distances of Mn2NiReO6 shows that the structure is highly distorted from the 

undistorted double perovskite type, as the coordination of A-site Mn is decreased to an irregular 

7-coordinate environment rather than the 12-fold polyhedron in the ideal DPv compounds. 

Distances between Mn and O range between 1.70 Å to 2.83 Å, while the remaining distances 

are larger than 2.83 Å, as shown in figure 3.5 and table 3.4. Distances of Mn-O at the A-site, 

which are longer than 2.83 Å, have not been observed in any other related high-pressure A-site 

manganites with an 8-fold coordination.14,15 The shortest distance of Mn-O is 1.70 Å, which is 

also reported in high-pressure Mn3O4, and is evidence of the high distortion of the Mn2NiReO6 

monoclinic structure.16 
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Figure 3.5: Crystal structure of the Mn2NiReO6 DPv, as refined from 150 K NPD data. Mn is 

represented as purple spheres and Ni and Re octahedra are depicted in green and grey, respectively. 
The picture on the right depicts the coordination of Mn2+ in the A site. 

 

 

 

 

 

 

 

 

 

 

 

x

z 2.56 Å

2.44 Å

2.24 Å

1.70 Å

2.83 Å

2.73 Å

2.05 Å
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Table 3.4: The Rietveld fit of 150 K NPD data shows the main interatomic distances and angles of 

ATM DPv Mn2NiReO6. 

A-site cations and B-site cations bond distance and the average bond distance of B/B’-O 

2x dNi-O1 (Å) 2.15(1)  dMn-O1 (Å) 2.05(2) 

2x dNi-O2 (Å) 1.99(1)  dMn-O1 (Å) 2.83(3) 

2x dNi-O3 (Å) 1.97(1)  dMn-O1 (Å) 3.10(1) 

<dNi-O> (Å) 2.04(1) dMn-O1 (Å) 3.64(2) 

Δ[NiO6] 1.56x10-3 dMn-O2 (Å) 2.73(3) 

2x dRe-O1 (Å) 2.24(1) dMn-O2 (Å) 1.70(1) 

2x dRe-O2 (Å) 1.96(1) dMn-O2 (Å) 2.56(1) 

2x dRe-O3 (Å) 2.17(1) dMn-O2 (Å) 3.81(1) 

<dRe-O> (Å) 2.12 (1) dMn-O3 (Å) 2.24(1) 

Δ[ReO6] 3.14x10-3 dMn-O3 (Å) 2.44(1) 

  dMn-O3 (Å) 3.14(1) 

  dMn-O3 (Å) 3.35(2) 

Mn2NiReO6 angles  

 <Ni-O-Re>(0) <Mn-O-Ni>(0) <Mn-O-Re>(0) 

O1 113.4(5) 119.1(7) 96.9(9) 

O2 140.1(7) 82.1(6)/97.6(9) 85.0(6)/117.4(8) 

O3 131.0(6) 94.2(7)/106.6(6) 82.6(6)/119.1(7) 
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The octahedral distortions (∆) have been estimated from the experimental B-O bond lengths 

from the equation 3.2 as 𝑑𝑖  𝑎𝑛𝑑 𝑑𝑎𝑣, which refers to the individual and average B-O bond 

distance, respectively. 

 
∆=

1

6
∑[

(𝑑𝑖 − 𝑑𝑎𝑣)

𝑑𝑎𝑣
]2 

 

(3.2) 

The resulting values, 1.56x10-3 and 3.14x10-3 for NiO6 and ReO6, respectively, are among the 

highest for the isostructural compounds compared to other Mn2BB’O6 materials, suggesting a 

strong Jahn-Teller effect on ReO6 octahedra. The Re-O bonds have 2 shorter and 4 longer 

bonds as expected from its d1 electronic configuration and explains the distortion of ReO6. The 

large octahedral distortions, up to an order of magnitude greater than the usual values, prevents 

the independent refinement of the isotropic thermal factors for the B-site cations.17 All cation 

sites have been constrained together, still resulting in relatively large values, as shown in table 

3.3. Mn2NiReO6 tilt angles along the c axis (ψ) and in the ab plane (θ) are also the largest 

reported (at time of publishing), as shown in the comparison in table 3.5, with all reported 

Mn2BB’O6. For simplicity, the table has been arranged into sections as functions of the valence 

states of B and B’ cations: two sections of B3+: B’5+ (for B’ = Sb5+ and Re5+), and two sections 

of B2+: B’6+ (for B’ = Re6+ and Te6+). The distortion of the Mn2NiReO6 structure was studied 

by lattice strains (where 𝑒𝑎𝑐 = 1 − √2a/c and 𝑒𝑏𝑐 = 1 − √2b/c) and with the above octahedral 

distortion parameters and tilt angles, plus all the values reported of Mn2BB’O6 from neutron 

diffraction studies, which are summarised in table 3.5. These quantities determine the degree 

of structural distortion, of which these values should be zero in an ideal cubic DPv arrangement. 

 

 

 

 

 

 

 



  Chapter 3. Mn2NiReO6 

66 
 

Table 3.5: The comparison of all reported Mn2BB’O6 including Mn2NiReO6, in terms of interatomic 

averaged and differences between ionic radii for B/B’ cations, lattice strain parameters, and 

octahedral tilt angle distortions. The final column includes references for these DPv compounds. 

Mn2NiReO6 is depicted as asterisks. 

B, B’ 𝑟𝐵,𝐵′ , ∆𝑟𝐵 

(Å) 

(𝑒𝑎𝑐, 𝑒𝑏𝑐) 

*103 

ψ, θ (º) (ΔB, ΔB’) 

*105 

References 

Sc3+, Sb5+ 0.67, 0.15 32.6, 0.07 20.5, 21.6 24.5, 1.37 18 

Cr3+, Sb5+ 0.61, 0.02 27.4, 1.11 19.3, 20.2 26.7, 0.79 19 

Fe3+, Sb5+ 0.62, 0.05 31.4, 1.89 19.4, 19.1 2.79, 3.16 20 

Fe3+, Re5+ 0.61, 0.07 30.9, 0.98 20.3, 21.3 88.9, 263 21 

Mn2+, Re6+ 0.69, 0.28 33.2, 11.9 20.5, 22.4 52.5, 35.8 22 

Co2+, Re6+ 0.65, 0.20 30.0, 8.11 20.8, 20.9 70.7, 7.08 5 

Ni2+, Re6+ 0.62, 0.14 33.0, 5.33 22.7, 24.5 156, 314 * 

Mn2+, Te6+ 0.70, 0.27 41.3, 12.6 19.7, 21.5 134, 5.54 23 

 

Table 3.5 shows that Mn2B
2+B’6+O6 has larger octahedral tilt angle distortions, compared with 

Mn2B
3+B’5+O6 materials when the 𝑒𝑏𝑐  strain is increased, while the 𝑒𝑎𝑐 strain is a quite constant 

across both series. Furthermore, the octahedral distortion is greater in Re5+ and Re6+, compared 

to non-degenerate Sb5+ and Te5+ due to the Jahn-Teller effects. A larger average of B, B’ radius 

(𝑟𝐵,𝐵′) that leads to a small tolerance factor has some connection with the measured Mn2BB’O6 

distortions and the size difference (∆𝑟𝐵) is also a contributory factor. The combination of the 

large ∆𝑟𝐵 and JT effects of Re6+ are the main force of the largest distortion parameters and 

octahedral tilt angles of Mn2NiReO6, compared to the rest of the family of all reported 

Mn2BB’O6 to date.  

3.3.2. Magnetic properties of Mn2NiReO6: 

Magnetometry data collected on this ATM DPv compound shows both magnetic transition 

temperatures and compares the effective and theoretical magnetic moment values. The Curie-

Weiss (CW) fit (equation 2.27 in Chapter 2) performed in the paramagnetic region (250 K< T 

< 300 K) of the reciprocal susceptibility results in θ = 1.8 K, which is known as the Weiss 
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constant. In addition, the effective magnetic moment (μeff) is 8.16 μB f.u-1 (equation 2.26 in 

Chapter 2), which is below the expected value of 9.0 μB f.u-1 as a consequence of the secondary 

phases, as depicted in figure 3.6. Furthermore, the temperature variations of the magnetic 

susceptibility in figure 3.6 also show a sharp ferromagnetic or ferrimagnetic transition with 

divergence of field cooling and zero field cooling modes at TM1 = 80 K and discontinuity is 

observed with a second magnetic transition at TM2 = 42 K. 

 

Figure 3.6: Magnetic susceptibility of Mn2NiReO6 DPv and its reciprocity with the CW fit, and two 

magnetic transitions at 80 and 42 K are shown as a divergence of ZFC (black circle) and FC (white 

circle). 

 

Field dependent hysteresis loops were collected up to 7 T at 2, 60, 75 and 150 K, where all 

show disparate features, revealing a more complex magnetic behaviour, as illustrated in figure 

3.7. A small net moment of 0.17 μB f.u-1 at both 60 and 75 K, which is below the first transition 

temperature, suggests that a weak ferromagnetic component appeared below TM1 = 80 K. This 

small moment decreased dramatically to 0.02 μB f.u-1 at 2 K, which is below TM2 and indicates 

that the sample has a ground AFM behaviour. Coercive field values supporting this difference 

in results between the two transition temperatures are at 51 mT at 2 K and 63 mT at 60 K. 
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Figure 3.7: Field dependent magnetisation of Mn2NiReO6 at 2, 60, 75 and 150 K is shown on the 

left. The low field region of the three first curves is enlarged on the right. 

 

Long scans and shorter scans of NPD should be studied in detail to reveal the reason behind 

the observed ferromagnetic component between TM1 and TM2. Moreover, the determination of 

both the magnetic structure of the compound and the accurate charge distribution of 

Mn2NiReO6 can be calculated by revealing the magnetic moment for each cation at 1.5 K. The 

evolution of magnetic peaks are shown in figure 3.8 and figure 3.9, comparing the refinement 

of 1.5 and 75 K. 

The crystal and magnetic structures were fully refined at 1.5 K, which revealed the charge 

distribution by determining the magnetic moments of these magnetic cations. Moments of 3.98, 

1.25 and 0.62 μB show that the matching charge distribution is Mn2+, Ni2+ and Re6+; lower than 

their ideal values of 5, 2 and 1 μB. These low magnetic moment values are evidence of the 

magnetic frustration associated with the highly connected networks of Mn2+, Ni2+ and Re6+ and 

the disorder of Ni/Mn. Furthermore, large spin-orbit coupling and strong hybridisation with 

oxygen are known to reduce the magnetic moments of 5d cations.24,25 All magnetic peaks at 

1.5 K from Mn2NiReO6 are indexed by propagation vector k = [0 0 0] and all magnetic peaks 

have been well-fitted. Moreover, all spins follow the same irreducible representation (Γ1) 

which corresponds to the antiferromagnetic order of spins in the ac-plane. The possible 

irreducible representations (Irreps) are summarised in table 3.6, where Mn has a four Irreps 

possibility (Γ1- Γ4), and B-site cations have two possible Ireps (Γ1 and Γ3). 
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The magnetic structure of the compound showed the magnetic moments coupled through Ni-

O-Re and Mn-O-Mn linkage in an antiparallel type in the ac-plane, while coupling was parallel 

in the b-direction, as illustrated in figure 3.10. These different types of couplings indicate the 

presence of competition between ferromagnetic and antiferromagnetic interactions, in keeping 

with the small Weiss temperature. The 180° superexchange interactions in the ideal DPv 

structure expects a ferromagnetic coupling between B-site cations (Ni2+ and Re6+) with a 

variety of 90° Ni-O-Re interaction to be present, while antiferromagnetic coupling remains in 

Mn2+. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: The 75 K NPD Rietveld fit for all transition metal double perovskite Mn2NiReO6, 

which shows the nuclear and magnetic phases as green and purple colours, respectively. The 

rows of indices indicate the secondary phases. 
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Figure 3.9: The 1.5 K NPD Rietveld fit for all transition metal double perovskite Mn2NiReO6, 

which shows the nuclear and magnetic phases as green and purple colours, respectively. The 

rows of indices indicate the secondary phases 

 

Table 3.6: All possible Irreps (Γ) and their basis vectors (BV) are shown in the table, 

which reveals that Mn has four possible irreducible representations, while there is a 

possibility for Ni and Re to follow either Γ1or Γ3. The + and – signs indicate the spin 

direction in x, y and z axes.  

 

Symmetry 

Γ1 Γ2 Γ3 Γ4 

BVA BVB BVA BVA BVB BVA 

x, y, z + + + + + + + + + + + + + + + + + + 

– x+1/2, y+1/2, – z+1/2 – + –  – + – + –  +  + – + 

– x, – y, – z + + + – + – –  –  – + + + + –  + –  –  – 

x+1/2, – y+1/2, z+1/2 – + –  + – + + –  +  – + – 
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The refinement of 75 K data, which is below the first transition temperature, shows all magnetic 

moments ordered antiferromagnetically below TM1. However, the magnetic moment and the 

spin direction of Mn changes from +c toward +a in the ac-plane with regards to the 1.5 K data, 

compared to the resulting 75 K data. The shorter scans with 1.5 and 75 K are important when 

comparing the magnetic moments and the spin directions of all A- and B- site cations at all 

temperatures, which lie between TM1 and TM2, in addition to the temperature below the second 

transition temperature. Initial fitting to the shorter scans with lower statistics determine the 

second transition and reveal the magnetic structure of the compound. The magnetic moment of 

Ni2+ and Re6+ in these refinements were constrained to a 2:1 ratio for stability of the refinement, 

thus the initial fitting found information that will aid calculation of the final refinement for 

magnetic data. The second transition temperature relates to the spin rotation rather than the 

spin order of one of the magnetic cations, as all moments are ordered antiferromagnetically at 

80 K. The spin direction of B-site cations did not change through all the temperatures, while 

the direction of Mn spins moved toward +a in the ac-plane. The final refinement will fix Ni2+ 

and Re6+ spin directions and carefully refine the MX and MZ compounds of Mn2+ (MX is the 

magnetic moment in the x-direction, whereas MZ is the magnetic moment in the z-direction). 

Moreover, the overall thermal factors of shorter scans were raised with an increase in 

temperature. Even though the temperature was oscillating, the interpolated linear fit used and 

Figure 3.10: The magnetic structure of Mn2NiReO6 reveals the competition between ferromagnetic 

and antiferromagnetic interactions as Mn-O-Mn (Mn is in purple) and Ni-O-Re (Ni and Re are in 

grey and green, respectively) linkage are coupled parallel in the c-direction, but antiparallel in the 

ab-plane. 
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their values were fixed in the final refinement for stability of the refined magnetic moments, 

as illustrated in figure 3.11. The second transition can be further studied by measuring lattice 

strains, β strains, and spin angles for all temperatures from 80 K and below. Particular interest 

was taken measuring temperatures between 80 K and 40 K, which require more focus due to 

primary refinements, which indicate that the spin directions of Mn x- and z- components do 

not change significantly with temperatures at 40 K and below. The model refined from a lower 

temperature has been used to clarify all data sets collected at intermediate temperatures. The 

thermal evolution of these patterns, collected every 10 K between 70 and 10 K, shows two 

regimes. Figure 3.12 depicts the thermal evolution of two representative magnetic peaks, 

displaying their different behaviours. In the first temperature regime, down to 50 K, all 

magnetic peaks increase in intensity. Below this temperature, some peaks saturate, while others 

increase sharply. An example is the intensity of the Mn2NiReO6 (100) magnetic diffraction 

pattern rising distinctively to the (010) magnetic peaks intensity on cooling, which shows a 

spin component parallel to the Miller index planes growing at different rates. The (100) 

intensity saturated around 50 K, as depicted in figure 3.11. However, the intensity of (010) 

peaks continued to expand down to 10 K. Refinement of these shorter scans showed the spin 

rotation of Mn fixed at 50 K and below, explaining the different rates at which the peaks rose 

(100) and (010) related to a lower temperature than TM2, where the magnetic moment at x and 

z-components show no more changes.  

 

Figure 3.11: The overall thermal factors (BOV) of shorter scans with their estimated standard 

deviation, where the interpolated linear fit is used to stabilise the magnetic moment refinement. 
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Figure 3.12: The differing rates of growth between (100) and (010) NPD peaks of Mn2NiReO6 while 

decreasing the temperature from 100 to 1.5 K. 

 

The spin angles (ɸ) of monoclinic symmetry of the thermal variation reveals that the Mn spins 

order below TM1 = 80 K with ɸMn around 30°, while the spin angle continues to increase up to 

the second transition temperature, where ɸMn = 55° (spin angle calculation formula is shown 

in equation 3.3). Furthermore, the spin angle for the remaining lower temperature shows almost 

constant values which indicates that TM2 is the point between Mn rotating and non-rotating 

spins, as presented in figure 3.13, where the tilt angle of the B-site is 36°, which occurs at all 

temperatures. The Mn continuous spins down to the second transition temperature is expected 

from the frustration effect between A- and B- site cation spins, as each B-site cations are 

surrounded by four up and four down Mn spins, while each Mn spin has two up and two down 

Ni and Re spins neighbours. 

 
ɸ =

𝐶𝑥

𝐶𝑧
 

(3.3) 

Here the spin angle (ɸ) is determined via calculation of the magnetic moment in the x-axis 

(CX) and magnetic moment in the z-axis (CZ). 

Magnetic moments at Ni2+ and Mn2+ are depicted in figure 3.12 (Re6+ values are not shown as 

their values are constrained to half the value of a Ni2+ magnetic moment in all refined 

temperatures). Their contribution along the a and c axes are summarised in table 3.7, which 
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illustrates the spin rotation of Mn magnetic moments from the z to x axis between 80 K and 40 

K. 

Figure 3.14 shows the thermal variation strains measured from all refined cell parameters at all 

temperatures, determining the continuous rotation of Mn spins from 80 to 40 K. The change 

around TM1 is clear, these values continue to decrease down to TM2, and then below 42 K, both 

values (𝑒𝑎𝑐 and 𝑒𝛽) were becoming quite stable. 

 

Figure 3.13: Red and black represent the magnetic moment of Mn2+ and Ni2+, respectively. However, 

Re6+ is not shown, as its values are half the value of Ni2+ magnetic moments at all temperatures. The 

symbols in white represent the spin angles of Mn vs temperatures.  
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Figure 3.14: The lattice strains of both  𝑒𝛽 and  𝑒𝑎𝑐 parameters show the continuous rotation of Mn 

spins between 80 to 40 K. 
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Table 3.7: the total refined magnetic moment (m) of Mn2+ and Ni2+ and their contribution along x and z-axes, which are 

denoted as mx  and mz, respectively. Estimate standard deviations (s) are included in separate column. 

T (K) 

Mn magnetic moment (μB) Ni magnetic moment (μB) 

mX smx mz smz mtotal sm mX smx mz smz mtotal sm 

1.5 3.31 0.03 2.21 0.03 3.98 0.03 0.737 0.004 1.0046 0.0081 1.24595 0.00811 

10 3.36 0.04 2.25 0.03 4.05 0.03 0.7533 0.0208 1.006 0.0277 1.25678 0.0347 

20 3.20 0.04 2.23 0.03 3.90 0.03 0.78 0.02 1.04 0.028 1.30112 0.03503 

30 2.92 0.04 2.23 0.03 3.68 0.03 0.7551 0.0217 1.0081 0.029 1.25954 0.0362 

40 2.70 0.05 2.00 0.03 3.36 0.04 0.6748 0.0238 0.9017 0.0317 1.12624 0.03972 

50 2.18 0.06 1.89 0.03 2.89 0.05 0.4333 0.0258 0.5791 0.0344 0.72326 0.04307 

60 1.51 0.08 1.62 0.04 2.22 0.06 0.2561 0.0313 0.3428 0.0417 0.4279 0.0523 

70 0.72 0.18 1.2 0.06 1.40 0.10 0.1257 0.0495 0.1695 0.066 0.21102 0.0831 

75 0.57 0.18 0.93 0.05 1.10 0.10 0.0672 0.0533 0.0896 0.071 0.112 0.088 
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3.4. Conclusion: 

Mn2NiReO6, synthesised under HPHT conditions, is found to have a monoclinic double 

perovskite structure with the P21/n space group. Ni2+ and Re6+ are well ordered in B-sites due 

to the large difference in their oxidation state, which leads to ordering in a rock-salt 

arrangement to minimise the electrostatic energy. The crystal structure refinement of neutron 

diffraction showed that 18% of the Ni2+ site was substituted by Mn2+, which is in keeping with 

the Ni-rich impurities found in the secondary phases NiO and (Ni0.67Mn0.33O), leading to an 

overall chemical composition of Mn2.18Ni0.82ReO6. Mn2NiReO6 with tilt angles along the c axis 

(ψ) and in the ab plane (θ) are the largest reported to date, as shown in table 3.5. For that reason 

the octahedral distortions (ΔB and ΔB’) confirms that the accuracy of oxygen atomic positions 

is not comparable, with the only exception being Mn2VSbO6, which reported structural features 

as determined by PXRD,. This unprecedented degree of distortion justifies the metastable 

character of Mn2NiReO6, the need to constrain fitting parameters such as cation thermal factors, 

and the presence of unusually large amounts of secondary phases: 17.8%, 4.0% and 12.2% of 

ReO2, NiO and Ni0.67Mn0.33O, respectively. 

The ferromagnetic component was shown in the hysteresis loop (figure 3.7) between the two 

transition temperatures as all moments were ordered antiferromagnetically in the ac-plane 

below the first transition temperature (TM = 80 K), at both 60 and 75 K with a small net moment 

of 0.17 μB f.u-1 due to the spin rotation of Mn2+. A weak ferromagnetic component appears in 

the reorientation temperature region and vanishes upon lockage of the spin orientation below 

the second transition with a residual moment of 0.02 μB f.u-1 at 2 K, where all spin directions 

of all three antiferromagnetic Mn, Ni and Re sublattices are fixed. The irreducible 

representation, which reveals the antiferromagnetic spin ordering in the xz-plane permitted the 

ferromagnetic component in the y-axis, which is difficult to detect via powder neutron 

diffraction. The weak ferromagnetic component moments of Mn, Ni and Re spins switched 

from +++ directions above the second transition to align with the applied magnetic field to 

become +  ̶   ̶  direction below TM2, where the spin rotation of Mn2+ locked in the c axis towards 

[201] the ground.26 

Normalised cell parameters were compared in a number of temperature regions, which 

certainly indicated that no magnetostriction was observed, as shown in the figure below (figure 

3.15) 



  Chapter 3. Mn2NiReO6 

78 
 

 

Figure 3.15: Normalised cell parameters, which shows that no magnetostriction appears in this 

double perovskite (Mn2NiReO6). Especially between the two transition temperatures where the spin 

rotation of Mn2+ moments is detected. 

 

All cation sites show a coherent increase in their magnetic moments below TM1 ~ 80 K. The 

relative intensities of the magnetic peaks observed at 5.2, 5.4 and 7.6 Å, and indexed as (100), 

(010) and (001) respectively, reflect the disparate evolution of Mn2+ a and c components 

throughout the two temperature regimes. The absence of (001) magnetic peak down to 40 K 

requires the initial alignment of spins along the c axis, as illustrated in figure A.1, appendix A. 

Upon cooling below TM1 and TM2, Mn spins rotate towards the ground [201], while the 

saturation of the (100) magnetic peak at TM2 ~ 42 K, mainly (010) gaining intensity at lower 

temperatures, reflects the lockage of Mn spin direction, as shown in figure 3.11. 

To sum up, Mn2NiReO6 showed an unprecedented continuous spin rotation of Mn spins 

occurring down to a second transition (TM2 = 42 K). This effect has not been reported in all of 

the previous Mn2BB’O6 compounds as spin direction remains fixed over a broad temperature 

range. Moreover, new possibilities have arisen from the novel switching of weak ferromagnetic 

components between the A and B site cations in the distorted double perovskite structure.27 
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Chapter 4. Synthesis of Ferrimagnetic 

CaMnCrSbO6 Double Double Perovskite 

Oxide under High-Pressure and High-

Temperature Conditions. 

4.1. Introduction and Background of Double Double 

Perovskite: 

The structural symmetry of the perovskite family is not only affected by the chemical 

composition; the synthesis condition can play an important role in accessing new compounds. 

Temperature is the preferred variable and is commonly used to synthesise a variety of 

substances. It does not cost a great amount of money to obtain a furnace for a laboratory, and 

the ease in which the temperature can be altered and measured ensures they are very user 

friendly. Pressure is another variable and is used with a combination of variable temperatures 

to explore chemical synthesis. Using high pressure involves expensive equipment such as the 

Walker-type multi-anvil press (described in Chapter 2), which is prohibitive in cost. Despite 

the difficulties that high-pressure synthesis presents, it is still used because the high pressure 

and high temperature (HPHT) method is utilised to synthesise metastable perovskite structures 

which can be thermodynamically stable at room temperature (RT). This method can stabilise 

small cations at the A-site of the perovskite structure, where the tolerance factor is below 0.75, 

by compressing the unit cell. This leads to a decrease in the A-site volume and shortens the A-

O distances enough to allow bonds to form as is the case with Mn containing perovskites. This 

could attract a fundamental physical interest in exploring both electronic and magnetic 

properties due to the coupling of spin, charge, and orbital degree of freedom between A and B 

magnetic cations. 1,2 It also leads to columnar ordering at the A-sites in the double double 

perovskite (DDPv) such as MnRMnSbO6 and CaMnFeReO6 where the natural ordering of 

DDPv is layered in the A-sites with rock salt ordering in the B-sites.3,4,5  
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This study investigated the DDPv between Ca2CrSbO6 and Mn2CrSbO6 to report a first Cr-

based member of the DDPv family. Ca2CrSbO6 and Mn2CrSbO6 are double perovskites and 

have differing magnetic behaviour.6,7 The Mn-based perovskite has robust antiferromagnetic 

properties. However, the Ca-based analogue shows ferromagnetism at a low temperature (TC = 

13 K). CaMnCrSbO6 compound is the first Cr-based DDPv prepared under high pressure and 

high temperature conditions. X-ray and neutron powder diffraction patterns collected at room 

temperature, confirmed the crystallisation of this compound with P42/n symmetry. There were 

three independent paramagnetic sites: Mn2+ in tetrahedral and square planar environments and 

Cr3+ in octahedral coordination. These became ordered simultaneously below TC = 49 K into 

two antiparallel ferromagnetic sublattices, as confirmed by the magnetic structure determined 

from the low temperature neutron powder diffraction (NPD) data. 

4.2. Experimental Methods: 

4.2.1. Synthesis of CaMnCrSbO6: 

Stoichiometric proportions of CaMnO3, Cr2O3 and Sb2O3 which made the target precursor of 

CaMnCrSbO6 were mixed by grounding in acetone and packing into a Pt capsule. CaMnO3 

was prepared by heating a pellet with a 1:1 ratio of MnO2 and CaCO3 under a flow of N2 and 

at 1473 K for the duration of 24 hours, as shown in equation 4.1. 

 CaCO3 + MnO           CaMnO3 4.1 

   

The precursors, which were synthesised according to equation 4.2, were pressed at 10 GPa 

using a Walker-type multi-anvil press and tungsten carbide (WC) cubic anvils with truncated 

edge lengths of 14 mm, which are suitable for pressure less than 15 GPa. The sample was 

heated (1373 K) up to the target pressure of 10 GPa for 20 minutes. The sample was then 

quenched to room temperature and slowly depressurised, thereby forming the product, which 

was then structurally characterised by powder X-ray diffraction (PXRD) and NPD instruments. 

 CaMnO3 + ½Cr2O3 + ½Sb2O3          CaMnCrSbO6 4.2 
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4.2.2. Structural characterisation of CaMnCrSbO6: 

The structure of the DDPv was initially confirmed using powder X-ray diffraction from the 

Bruker D2-phaser instrument with 24-hour scans of 5° ≤ 2θ ≤ 120° and a step size of 0.033o 

with a sample rotation of 30 seconds per step. The laboratory X-ray diffractometer uses a flat-

plate mode with Cu Kα radiation at room temperature (RT), where λKα1 and λKα2 values are 

1.54056 Å and 1.54439 Å, respectively.8 Furthermore, powder neutron diffraction with its high 

resolutions was collected using the D20 beamline at the Institute Laue-Langevin (ILL) in 

Grenoble, France with a sample size of approximately 50 mg. Long scans were taken at three 

different temperatures (1.5, 65, and 300 K) with an angular range of 0 < 2θ < 130o and covered 

with a 0.1o step size, in order to study both the crystal and magnetic structures, which used 

neutron wavelength (λ) of 1.87 Å. 

The Rietveld method was performed to fit the diffraction patterns for both X-ray diffraction 

and neutron diffraction data by employing the FullProf package8, and the BasIreps9 was used 

to analyse the magnetic symmetry. Visualisation for Electronic and Structural Analysis 

(VESTA) software was employed for visualising crystallographic structures obtained from the 

Rietveld refinement result.10 

4.2.3. Magnetic measurement of CaMnCrSbO6: 

The Quantum Design MPMS 5XL SQUID magnetometer monitors very slight changes in 

magnetic flux, which is explained in detail in Chapter 2. It was used to measure the 

magnetisation of the sample by scanning the temperature dependence of the magnetization in 

both zero-field cooled and field cooled modes. Magnetisation-field hysteresis loops were 

collected at 4 K under applied magnetic field (7 T). Origin software was used to determine the 

Weiss constant and magnetic transition temperatures. 

4.3. Results and Discussion: 

4.3.1. Structural characterisation of CaMnCrSbO6: 

The primary structural characterisation of CaMnCrSbO6 was established through powder X-

ray diffraction, which showed that the DDPv phase was synthesised with space group P42/n. 

The experimental diffraction peaks were cross-referenced with the known MnRMnSbO6 

diffraction patterns, which matched and confirmed the structure of DDPv, as it is shown in 

figure 4.1. The compound shows a highly pure phase of DDPv (99.5 wt%) with space group 

P42/n. The cell parameters presented as: a = 7.6375(1) Å, b = 7.6375(1) Å, c = 7.6291(3) Å 
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and α= β= γ= 90°, while the remaining percentage, 0.5 wt%, corresponded to the secondary 

phase MnCr2O4 (spinel compound). The presence of the (111) plane using powder X-ray 

diffraction indicates rock salt ordering at B-sites between Cr and Sb, where a peak appeared at 

around 2θ = 20° and refinement revealed that there is a small anti-site order (2.8%) between 

them (Cr and Sb), as illustrated in table 4.1. The (110) plane, which indicates A-site columnar 

ordering, is absent due to the similarity in electron density between Ca2+ (Z = 20) and Mn2+ (Z 

= 25), and can be difficult to detect by PXRD as they scatter in a very similar way. 

 

Figure 4.1: The PXRD Rietveld fit data of CaMnCrSbO6 using the MnRMnSbO6 model to confirm 

the structure of DDPv with space group P42/n. The secondary phase (purple) is MnCr2O4. 

 

The use of neutron diffraction is important for determining the degree of order between the A-

site cations due to the difference of neutron scattering lengths (b) between Ca (b= 4.70 fm) and 

Mn (b = -3.73 fm), and distinguishing the cation mixing between A-site and B-site cations (Mn 

and Cr), where the Cr neutron scattering length is b= 3.635 fm. If Mn fits the Cr-site, then the 

oxidation state would be Mn3+ rather than Mn2+, indicating the movement of one electron 

moved from an orbital, thereby leading to Jahn-Teller (JT) distortion. JT distortion requires 

employment of the NPD technique to measure the octahedron coordination bonds and see if 
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the axial bonds are elongated to be longer than the equatorial bonds or compressed so that the 

equatorial bonds are longer than the axial bonds. Furthermore, the significant difference in 

neutron scattering lengths of Ca, Mn, Cr and Sb (4.70, -3.73, 3.635 and 5.57 fm respectively) 

will allow the accurate position of oxygen to be determined and will enable BVS calculations 

to confirm their oxidation states in the different crystallographic sites. The determination of the 

oxygen positions will also reveal the distortion degree from the ideal perovskite structure by 

inserting Mn in the A-site rather than large cations such as lanthanides or alkaline elements. 

Table 4.1: Fractional coordinates of the CaMnCrSbO6 compound in PXRD, which shows small 

antisite between cations in the B-sites (Cr and Sb). 

Atom/site X y z  Occupancy 

MnTd (2a) 0.75 0.75 0.75 1.0 

MnSq(2b) 0.25 0.25 0.75 1.0 

Ca (4e) 0.25 0.75 0.7955 (7) 1.0 

Cr/Sb (4c) 0.0 0.5 0.5 0.972/0.028 (1) 

Sb/Cr (4d) 0.0 0.0 0.5 0.972/0.028 (1) 

O1 (8g) -0.041 0.552 0.2396 1.0 

O2 (8g) -0.252 -0.0502 0.5643 1.0 

O3 (8g) -0.233 0.0573 -0.0345 1.0 

Fitting reliability factors: Rp = 2.25 %, Rwp =3.62%, Rf = 6.93 %, RB = 7.80 %, χ2 = 15.5. The 

overall Biso= 1.05 (2) Å2. 

 

A 50 mg sample, combining several high-pressure synthesised products, was measured using 

the D20 instrument at the ILL institute, Grenoble, France. The refinement of the 150 K NPD 

data confirmed the DDPv structure and showed both the A-site peaks at a (110) plane, as well 

as the B-site peak as it is shown in the schematic in figure 4.2. The 10-coordination polyhedron 

containing Ca and Mn was present with two different geometries: a square planar (MnSq) and 

a tetrahedral (MnTd) were well ordered in a columnar arrangement, and the B-site cations (Cr 

and Sb) were also well-ordered in the rock salt phase (figure 4.3). Moreover, the Rietveld 
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refinement reveals that the Ca-site was found to be fully occupied, while cation mixing was 

observed in all cation sites between Mn, Cr and Sb.   

  

 

 

Figure 4.2: The 150 NPD Rietveld fit data using the MnRMnSbO6 model to confirm the A-site 

ordering due to the significant difference in neutron scattering lengths between Ca and Mn. The peaks 

for A-site and B-site cations ordering are depicted as brown and blue stars, respectively. The 

secondary phases are MnCr2O4 (purple) and Vanadium can (orange). 
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The final refinement for this DDPv compound at 150 K shows that the overall composition is 

CaMn0.81Cr1.19SbO6 due to a site exchange between Mn and Cr, as can be seen in the fractional 

coordinates of the compound in table 4.2, where Cr shows indiscriminate cation mixing 

between MnTd and MnSq environments as Cr substitutes (20%) equally in both Mn-sites. 

Furthermore, NPD has the ability to reveal the anti-site order between B-sites as the neutron 

scattering lengths for Cr and Sb are distinctive enough to be detected (Cr = 3.635 and Sb= 5.57 

fm), which shows that 5% Cr/Sb anti-site disorder is observed at B-sites, which is in a good 

agreement with PXRD anti-site values at the B-site cations. 

The nominal oxidation state of Ca2+Mn2+Cr3+Sb5+O6 is well matched with the BVS 

calculations, where the oxidation state of Ca is 2.08, Cr =2.78, MnTd = 1.82, MnSq = 1.33 and 

Sb5+ (4d10) had a slightly higher value (Sb=5.79) due to its polarisation, which has been 

reported before in related manganite A-site DPv and MnRMnSbO6 structures. Slightly 

underbonded Mn sites are a result of this effect, as evidenced by their reduced BVS calculations 

and their elongated bond distances between Mn and O, especially in the square planar Mn sites. 

BVS and octahedral distortion calculations (equations 2.23 and 3.2 are shown in Chapter 2 and 

Chapter3, respectively), where r0 values using in BVS calculation are 1.79, 1.967, 1.724 and 

1.942 for Mn2+, Ca2+, Cr3+ and Sb5+, respectively .11  

 

Figure 4.3: The columnar arrangement in the A-site and the rock salt ordering in the B-site of 

CaMnCrSbO6 at the xz-plane is shown on the left, and the picture on the right illustrates the Mn 

tetrahedral and square planar environments. Yellow and red depict Mn in square planar and 

tetrahedral shapes, respectively, while silver represents Ca. B-sites are depicted in dark blue and light 

blue for Cr and Sb, respectively.   
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Ca-O bond distances range between 2.36 Å and 2.80 Å, which is consistent with A-site bond 

lengths in high pressure DDPv such as CaMnMnTaO6 and CaMnMnWO6,
12,13 as shown in 

table 4.3. Tilt angles for the B-site can be calculated from the half difference between Cr-O-Sb 

and the ideal angle, which is 180°, and the experimental angles show that ɸ = 14.8(1)⁰ and θ = 

16.5(1)⁰ along the z-axis and within the xy plane respectively, which are in the range of the 

MnRMnSbO6 DDPv series (15⁰ -20⁰).3 The difference in size between Ca and Mn, in 

combination with these low angles and the regular cation environments, are the driving forces 

for stabilising the columnar arrangement in the A-sites of the DDPv structure. Inserting a small 

cation (Mn2+) in the A-site is the main reason for these tilting in the B-sites, where the 

octahedral tilt in-phase in the a and b axes and out-phase in the c-axis display an a+a+c- Glazer 

tilt system, as illustrated in figure 4.3. All angles in the square planar phase of Mn were 

appeared at 90° and the bond distance for all 4 were 2.2032 Å, which confirmed the square 

planar arrangement, whereas the tetrahedral environment angles were approximately 117° and 

the four bonds distance was 2.082 Å.14 

 

Table 4.2: Fractional coordinates of the CaMnCrSbO6 compound in 150 NPD data indicate that there 

was a small cation disorder between Cr/Sb as it was shown in PXRD data, whereas a site exchange 

between Cr and Mn was distinguished by using the NPD data due to their difference in the neutron 

scattering lengths.  Lattice parameters a = 7.6320(2) Å, b = 7.6320(2) Å, c = 7.6208(4) Å, and α= 

β= γ= 90⁰. 

Atom/site x y z  Biso (Å2) Occupancy 

MnTd/Cr (2a) 0.75 0.75 0.75 1.6(3) 0.81/0.19(1) 

MnSq/Cr (2b) 0.25 0.25 0.75 1.6 (3) 0.82/0.18(1) 

Ca (4e) 0.25 0.75 0.7799(9) 2.8(1) 1.0 

Cr/Sb (4c) 0 0.5 0.5 0.64(8) 0.952/0.048(5) 

Sb/Cr (4d) 0 0 0.5 0.64(8) 0.952/0.048(5) 

O1 (8g) -0.041(1) 0.552(1) 0.2396(9) 1.26(4) 1.0 

O2 (8g) -0.252(2) -0.0502(6) 0.5643(5) 1.26(4) 1.0 

O3 (8g) -0.252(2) 0.0573(6) -0.0345(7) 1.26(4) 1.0 

Fitting reliability factors: Rp = 2.11%, Rwp = 3.02%, Rf = 5.44%, RB = 7.80%, χ2 = 7.17. 
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Table 4.3: Bond distance and bond angles of the CaMnCrSbO6 compound are shown in the table 

below, where it is clear that Ca is 10-coordinates, Mn alternates between two environments, which 

are tetrahedral (MnTd) and Mn square planar (MnSq) and both Cr and Sb show the octahedral phase. 

A-site cations and B-site cations bond distance, average bond lengths, the octahedral distortion of 

B/B’-O. 

2x dCr-O1 (Å) 2.045(7)  dCa-O1 (2x) (Å) 2.70(1) 

2x dCr-O2 (Å) 1.99 (1) dCa-O1(2x) (Å) 2.80(1) 

2x dCr-O3 (Å) 1.98(1) dCa-O2 (2x) (Å) 2.590(7) 

<dCr-O> (Å) 2.01(1) dCa-O3 (2x) (Å) 2.45(1) 

2x dSb-O1 (Å) 1.896(7) dCa-O3 (2x) (Å) 2.36(1) 

2x dSb-O2 (Å) 2.02(1) <dCa-O> (Å) 2.58(1) 

2x dSb-O3 (Å) 1.97 (1) dMnTd-O (4x) (Å) 2.080(5) 

<dSb-O> (Å) 1.96(1) dMnSq-O (4x) (Å) 2.20(1) 

Δ[CrO6] 1.85x10-4 Δ[SbO6] 6.79x10-4 

Angles between B-site cations and BVS values for all cations in the CaMnCrSbO6 compound. 

B-O-B’  Angle (⁰) Cation = BVS value Cation = BVS value 

Cr-O1-Sb 149.5(5) Ca = 2.08 Cr = 2.78 

Cr-O2-Sb 144.5(1) MnTd= 1.82 Sb= 5.79 

Cr-O3-Sb 150.1(3) MnSq = 1.33  

 

4.3.2. Magnetic properties: 

Field dependent magnetisation and magnetic susceptibility (ꭓ) were measured by the use of a 

SQUID. Here the magnetic susceptibility reveals a single ferrimagnetic transition for all Cr3+ 

(S = 3/2) and Mn2+ (S = 5/2) magnetic sublattices in this CaMnCrSbO6 compound at TC = 49 

K, as illustrated in figure 4.4. The Curie-Weiss fit (equation 2.27 in Chapter 2) of the 

paramagnetic regions calculate the effective magnetic moment (μeff = 7.45 μB), which is 

calculated from spin only contribution using Σ(2S*(2S+2))1/2. It slightly exceeded the 

theoretical or expected magnetic moment (μexp = 7.1 μB) due to the secondary phase which may 
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be ordered with CaMnCrSbO6, leading to a higher magnetic moment than expected, as shown 

later in NPD data.  

 

 

 

The hysteresis loop data, which is shown in figure 4.4, was collected at low temperature, and 

displayed a net magnetic saturation around 1.77 μB. This result indicates that Mn2+ (3d5) and 

Cr3+ (3d3) are present with an antiparallel coupling of ferromagnetic sublattices. The Weiss 

constant (θ) = -119.7 K, which describes the coupling between the two ferromagnetic 

sublattices, is dominant because of its antiferromagnetic coupling in this DDPv compound via 

a superexchange interaction between d5 and d3 through oxygen at 90°, according to 

Goodenough-Kanamori-Anderson (GKA) rules.15  

The magnetic structure is determined by analysing the low temperature NPD data (figure 4.5), 

which indicates the opposed alignment of FM sublattices into a collinear ferrimagnetic 

structure (figure 4.6), where all magnetic patterns are indexed with the propagation vector k = 

[0 0 0]. The magnetic symmetry analysis illustrates two familiar irreducible representation 

(Ireps) for A and B sites, leading to their FM interaction along the z-axis (Γ1) and within the 

xy plane (Γ3), as shown in table 4.4. The CaMnCrSbO6 are fitted well by Irep (Γ3) with 

moments in the xy plane. The refined magnetic moments of the differential patterns between 

1.5 and 65 K, which is shown in figure 4.7, are 3.72 (3) and 2.82 (3) μB for Mn2+ and Cr3+ 

cations respectively. The ideal magnetic moment for Mn2+ tetrahedral and square planar 

geometries are 2S = 5 μB (with tetrahedral and square planar site values constrained to be 

Figure 4.4: Magnetic susceptibility (left) is shown here as a single transition temperature at 49 K, 

and field dependent magnetisation (right) shows that the magnetic saturation is 1.77 μB at 4 K under 

applying magnetic field. 
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equal), whereas the 20% site exchange of Cr3+ (2S = 3 μB) into the Mn sites reduces the 

expected the net magnetic moment of Mn sites to become 3.72 (3) μB, which lower than ideal 

value. By comparison, the magnetic moment of Cr3+ in the B-site is 2.82 (3) μB, which is close 

to the expected magnetic moments (3.0 μB). 16,17 

 

Figure 4.5: CaMnCrSbO6 1.5 K refinement of NPD data, which shows the nuclear (green) and 

magnetic (purple) peaks in addition to the secondary phase MnCr2O4 (orange) and Vanadium can 

(light blue). 

 

 

Figure 4.6: Spin directions of MnTd, MnSq (in yellow and red) and Cr (in blue) show the 

antiferromagnetic coupling of the A and B-site’s sublattices. 
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Figure 4.7: The Rietveld fit showing differential patterns between 1.5 and 65 K in the CaMnCrSbO6 

double double perovskite compound, where the first three magnetic peaks are (110)/(101), (111) and 

(200)/(002) in the range of 2θ = 15-30⁰. 

 

Table 4.4: The magnetic symmetry analysis of CaMnCrSbO6 with the propagation vector K = [0 0 0] 

provides Ireps (Γ) and basis vectors (BV), where each BV has 1-6 mx, my and mz basis, which is identified 

as FM (+) and AFM (–) or as no basis (0). BVA is the basis vector in the A-site, and the basis vector of the 

B-site is BVB. 

Symmetry Γ1 Γ2 Γ3 Γ5 Γ6 

BVA BVB BVB BVA BVB BVA BVA 

x, y, z 

0 0 + + + + + + + + + 0 + + + 

0 0 0 

0 0 + + + 0 

–x+1/2, –y+1/2, z 

 – – + – – +  + + – 

0 0 0 

  

–y, x+1/2, z+1/2 

0 0 + – + + + – – + + 0 0 0 0 

– + + 

0 0 – – – 0 

y+1/2, –x, z+1/2 

 + – + – + –  0 0 0 

– + – 
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4.4. Conclusion: 

This new DDPv compound was prepared under HPHT conditions. PXRD and NPD data 

confirmed that CaMnCrSbO6 crystallised with space group P42/n symmetry, which combines 

columnar order in the A-site cations (Ca and Mn) with 10-fold, tetrahedral and square planar 

geometries, respectively. The rock salt type had the most symmetric order in the B-site cations 

(Cr and Sb) in the octahedral environment. Moreover, it shows the overall composition 

CaMn0.81Cr1.19SbO6, which is slightly Mn deficient due to Cr substitutes of 20% in both Mn-

sites, with the secondary phase MnCr2O4; a spinel compound. This type of DDPv is notable as 

it has five different cation environments with two Mn2+ alternates in square-planar and 

tetrahedral phases. Bond angles approximately around 90° in the MnSqO4, whereas MnTdO4 

tetrahedron bond angles are around 117°. Furthermore, the perovskite structure is distorted due 

to inserting Mn2+ into the A-site rather than large cations such as Sr and La, and the octahedral 

tilt angle shows the distorted structure, which calculated from the bond angle are: ɸ = 14.8(1)⁰ 

from the z-axis and θ = 16.5(1)⁰ within the xy-plane.18 

Magnetic measurement indicates that DDPv has a single magnetic transition at 49.1 K, where 

the two magnetic sublattices (Mn and Cr) ordered immediately along the x-axis into the 

antiparallel FM compound. Moreover, the magnetic moment of the 1.5-65 K NPD difference 

pattern shows a good agreement with theoretical values for both cations (Mn and Cr). The Mn 

magnetic moment (S = 5/2) is reduced due to the substitution of Cr in the Mn-sites, while the 

Cr moment is close to the theoretical value (S= 3/2). 
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Chapter 5. Novel Phase Transition of 

CaMnMnWO6 Perovskite Oxide 

5.1. Introduction and Background of Perovskite Oxides 

A-site manganite double perovskite oxides (Mn2BB’O6) have a monoclinic structure with space 

group P21/n and shows some interesting properties such as Mn2FeReO6, which displays a 

magnetoresistance switch at lower temperatures. Another example is Mn2NiReO6 that shows 

an unusual continuous rotation of spins in A-sites (Mn) occurs below a first transition 

temperature as described in Chapter 3.1,2,3,4 Meanwhile A-site Manganite DDPv oxides are 

tetragonal (P42/n) with columnar A-site and rock salt orders that was first published with 

RMnMnSbO6 (R is rare earths = La, Pr, Nd and Sm),5 leading to the synthesis of several 

versions of CaMnBB’O6 such as CaMnCrSbO6, CaMnFeSbO6 and CaMnMReO6 (M = Co and 

Ni).6,7 Columnar ordering has been stabilised due to the difference in size between rare 

earths/Ca2+ and Mn2+ at the A-site of the DDPv, unlike the first ordering family of DDPv, 

which is monoclinic, with space group P21/n as A-site cations order in layered ordering, while 

B-site cations are in rock salt arrangement, such as NaYNiWO6 and NaLaMgWO6.
8,9 The 

driving force for the layered arrangement of A-site cations is the charge difference between A+ 

and A’3+ as it was shown in Chapter 1. All previous published A-site manganite perovskites 

have not been showed a phase transition of one composition from double double to double 

perovskite. 

Some double perovskite materials show both the ordered and disordered perovskite phases with 

different properties such as LaBaMn2O6, which shows large colossal magnetoresistance 

(CMR) at TC = 335 K in an A-site layered arrangement, while at TC = 270 K, the A-site cation 

becomes disordered to produce (La0.5Ba0.5)MnO3 instead.10 A-site disordered double 

perovskites have been formed in (R0.5Mn0.5)2MnSbO6 as R = Eu and Gd, whereas the DDPv 

phase is shown for R = La, Pr, Nd and Sm.7 Moreover, CaxMn2-xFeReO6 reveals DPv near x = 

0 and 2, while the DDPv phase formed as x = 1, but it did not indicate a phase transition between 

DDPv and DPv, where x= 1 (CaMnFeReO6).
11 

This chapter aims to synthesise the DDPv compound with Mn2+ at the A-site to give a columnar 

ordering between Ca and Mn under HPHT conditions, while the B-site cations will be arranged 

in rock salt environment. Surprisingly, the CaMnMnWO6 material is the first Ca-based 
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perovskite with the coexistence of both DDPv and DPv phases of the same chemical 

composition. The main driving force of this phase transition is temperature, converting from a 

complete DDPv phase to a DPv structure at 10 GPa. These separate structural phases affect the 

magnetic properties, as DPv displays a spin glass behaviour, while the DDPv type is a 

ferrimagnetic material.    

5.2. Experimental Methods: 

5.2.1. Synthesis of CaMnMnWO6: 

CaMnMnWO6 was synthesised by using stoichiometric mixtures of CaWO4, which was 

prepared by heating a stoichiometric pellet of WO3 and CaCO3 at 1100 ⁰C for 24 hours 

(equation 5.1), and MnO as shown in equation 5.2. 

 CaCO3 + WO3           CaWO4 + CO2 5.1 

 

 CaWO4 + 2MnO           CaMnMnWO6 5.2 

   

The precursors, which were synthesised in equation 5.2, were pressed at 10 GPa using a Walker 

type multi-anvil apparatus and heated at different temperatures ranging from 1000 to 1600 ⁰C. 

This synthesised a pure phase of DDPv and DPv and mixtures of both phases depending on 

which temperature was applied. These samples were heated for 30 minutes (for each target 

temperature) at the target pressure (10 GPa) before quenching to room temperature and then 

they were slowly depressurised to form the final products. These final products at different 

temperatures were structurally characterised by powder X-ray diffraction (PXRD) and powder 

neutron powder diffraction (NPD) instruments. 

5.2.2. Structural characterisation of CaMnMnWO6: 

Powder X-ray diffraction (PXRD) is the first structural characterisation to confirm the DDPv 

and DPv pure and mixed structures. The PXRD data ware collected at room temperature (RT) 

on a D2 Bruker diffractometer with 24-hour scans of the angular range 10° ≤ 2θ ≤ 110° and a 

step size of 0.01o, using a Cu source (λKα1 = 1.54050 Å and λKα2 = 1.54439 Å).12 Approximately 

200 mg of DDPv and DPv samples were also structurally characterised via neutron powder 

diffraction patterns, which were collected from the D20 beamline at the ILL, Grenoble, France. 

High-resolution data were collected at 300 K, using wavelength λ = 1.54 Å for structural 

refinement in both perovskite phases, while the magnetic structures were studied with λ = 2.41 
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Å at 1.5 and 10 K for double perovskite and at 1.5 K and 80 K for double double perovskite. 

The Rietveld method was utilised to refine the diffraction patterns for both PXRD and NPD 

data by employing the FullProf package,12 whereas BasIreps was used to analyse the magnetic 

symmetry.13 Visualisation for Electronic and Structural Analysis (VESTA) software was 

employed for visualising crystallographic structures obtained from the Rietveld refinement 

result.14 

5.2.3. Magnetic measurement of CaMnMnWO6: 

Magnetic susceptibilities were carried out with the Quantum Design MPMS-SQUID 

magnetometer for CaMnMnWO6 (Chapter 2 explained in detail the MPMS-SQUID 

instrument). Around 50 mg of both DDPv and DPv compounds was placed in a gelatine capsule 

which was then inserted into a straw and loaded into the chamber. In addition, magnetisation-

field hysteresis loops for both phases were also measured at 5 K under an applied magnetic 

field (7 T). Origin software was used to reveal the Weiss constant and magnetic transition 

temperatures. 

5.3. Result and Discussion: 

5.3.1. Structural characterisation of CaMnMnWO6: 

5.3.1.1. Mixed phases of DPv and DDPv structures: 
 

A mixture of DDPv and DPv phases were observed between 1100 to 1250 °C with inconsistent 

percentages of the secondary phase, CaWO4, as shown in table 5.1 and figure 5.1. The table 

indicates that a higher temperature leads to a greater percentage of DPv, while at lower 

temperature prefers the DDPv phase. This is known as a first order transition, which is a direct 

transition from one phase (P21/n) to another (P42/n) with no group-subgroup relationship 

between the two structures. The phase transition occurs between these two phases by applying 

various temperatures at 10 GPa. The A-site disorder is calculated by using equation 5.3, which 

shows the average order of A-site cations a cross the DDPv and DPv phases. 

 
𝑄 =

%𝐷𝐷𝑃𝑣

(%𝐷𝐷𝑃𝑣 + %𝐷𝑃𝑣)
 

5.3 

 
𝑄 =

tanh(𝑊𝑡𝛽)

tanh (𝑊)
 

5.4 
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The fitting function used equation 5.4, where t = (Tc – T)/Tc for temperatures T in K and W is 

a fitting parameter. A good fit is obtained for β = 0.5 (critical exponent), consistent with mean 

field theory, and the estimated upper temperature is Tc = 1260 ˚C for the A-site disorder to 

order transition (figure 5.2).19  

Table 5.1: Various synthesising temperatures of CaMnMnO6 samples, which show both pure and 

mixed phases of DDPv and DPv, and the percentage of the secondary phase (CaWO4). 

Temperature 

(°C) 

CaMnMnWO6 

% DPPv % DPv %CaWO4 

1000 97.4(3) 0 2.6(3) 

1100 86.9(2) 10.3(2) 2.8(2) 

1150 81.2(2) 15.9(2) 2.9(2) 

1200 74.3(3) 22.8(3) 2.9(3) 

1250 32.7(2) 64.7(2) 2.6(2) 

1300 0 91.9(3) 8.1(3) 

1450 0 94.8(2) 5.2(2) 

1600 0 98.5(3) 1.5(3) 

 

 

Figure 5.1: The PXRD diffraction patterns depict the phase transition from a tetragonal P42/n DDPv 

structure to a monoclinic P21/n phase with a secondary phase (CaWO4), which is represented 

by black stars. 
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5.3.1.2. Double perovskite (Ca0.5Mn0.5)2MnWO6: 
 

PXRD data indicated that CaMnMnWO6, which was synthesised under HPHT conditions (10 

GPa and 1600 °C) has a monoclinic P21/n structure as (Ca0.5Mn0.5)2MnWO6 where B-site 

cations order in  a rock salt type, as shown in figure 5.3. The compound is 98.5 (3) wt% DPv 

structure with cell parameters: a = 5.37826(5) Å, b = 5.55489(5) Å, c = 7.77627(7) Å and β = 

90.023(1)⁰, where the remaining 1.5 (3) wt% is CaWO4, which is one of the starting material 

used to synthesise the compound. Refined fractional coordinates, the degree of B-site disorder 

and occupancies are shown in table 5.2.  

Figure 5.2: QA and QB are the order parameters for both A- and B-site cations at different 
temperatures to show the phase transition from the DDPv phase to the DPv phase via the use of 

equation 4.3. 
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Figure 5.3: The PXRD Rietveld fit data of (Ca0.5Mn0.5)2MnWO6 confirmed the structure of DPv with 

space group P21/n. Purple ticks represent the Bragg positions of the CaWO4 secondary phase. 

 

Table 5.2: Refined structure parameters and B-site disorder percentage of (Ca0.5Mn0.5)2MnWO6 at 
300 K in the P21/n space group using PXRD data. 

Site X y z Occupancy 

Ca/Mn (4e) 0.0233 (5) 0.0495 (3) 0.7497 (1) 0.5/0.5 

Mn/W (2b) 0.5 0.0 0.0 0.922/0.008 (2) 

W/Mn (2c) 0.0 0.5 0.0 0.922/0.008 (2) 

O1 (4e) 0.3007 (2) 0.3487 (2) 0.9552 (3) 1 

O2 (4e) 0.3019 (3) 0.2800 (3) 0.5640 (2) 1 

O3 (4e) 0.8927 (2) 0.4583 (3) 0.7455 (2) 1 

Fitting reliability factors: Rp= 2.07%, Rwp= 3.05%, Rf= 3.53%, RB= 2.95%, χ2= 7.19. The overall 

Biso= 0.4 (1) Å2. 
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Neutron diffraction is essential to reveal the structure distortion, which is expected to be shown 

as an  a- a- c+ Glazer notation with one in-phase and two out-of-phase to provide a single eight 

coordinate arrangement around all A-cations.15 Furthermore, bond angles and bond distances 

can be measured as neutron diffraction allows for a more exact determination of the oxygen 

positions, which enables the bond valence sum (BVS) calculation to confirm the oxidation state 

of the cations in the different crystallography sites. Anti-site disorder between the B-site cations 

can also be studied via NPD because of the great difference of neutron scattering length 

between Mn and W (-3.73 and 4.86 fm, respectively). 

Structural information for DPv (Ca0.5Mn0.5)2MnWO6 from the 300 K NPD Rietveld Fit using 

space group P21/n (figure 5.4) indicates a pure phase of (Ca0.5Mn0.5)2MnWO6 with cell 

parameters: a = 5.3655(2) Å, b = 5.5407(2) Å, c = 7.7576 (3) Å and β = 90.024(4)⁰, and a small 

anti-site order between the B-site cations (Table 5.3). The accurate determination of the oxygen 

positions reveal both the Glazer notation as a- a- c+ and the BVS calculation for Mn and W 

cations, which are 2.245 and 5.979, respectively. These results are consistent with the charge 

distribution in the DPv phase [(Ca0.5
2+

 Mn0.5
2+)2Mn2+W6+O6], where r0 values use in the BVS 

calculation (BVS calculation equation is shown in Chapter 2) are 1.79 and 1.917 for Mn2+ and 

W6+, respectively . The DPv interatomic distances show the octahedral distortions (figure 5.5), 

which have been estimated from the experimental B-O bond lengths (Octahedral distortions 

calculation is shown in Chapter 3). 

The resulting values of 4.18x10-5 and 1.18x10-4 for MnO6 and WO6 respectively, show an 

obvious distortion of this DPv structure, which has been observed in other DPv materials such 

as Mn2NiReO6 (Δ[NiO6]= 1.56x10-3 and Δ[ReO6] = 3.14x10-3), where ReO6 has higher 

distortion than WO6 due to the Jahn-Teller effect for 5d1 Re6+ (Jahn-teller theory explained in 

chapter 1 in detail).16 Furthermore, bonds and angles are measured and shown in table 5.4, 

depicting the insertion of Mn at the A-site, which affects the B-site geometries as Mn-O-W 

angles at the B-site are less than the ideal angle (180⁰). The octahedra tilt to fill the cavity due 

to the substitution of a small cation instead of large cations such as Alkaline earth metals and 

rare earth elements. (Ca0.5Mn0.5)2MnWO6 tilt angles along the c axis (ɸ) and in the ab plane (θ) 

have been calculated to give this result ɸ = 18.7⁰ and θ= 18.3⁰, which are similar to those 

usually observed in other DPv perovskite such as Mn2CrSbO6 and Mn2MnTeO6.
17, 18  
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Figure 5.4: The 300 K NPD Rietveld fit data using the MnRMnSbO6 model to confirm A-site 

disordering due to the significant difference in neutron scattering lengths between Ca and Mn. The 

secondary phase is vanadium can signal that is represented by purple ticks. 

 

Table 5.3: Refined structure parameters and B-site disorder percentage of (Ca0.5Mn0.5)2MnWO6 at 

300 K in the P21/n space group using NPD data. The lattice parameters are a = 5.3655(2) Å, b = 

5.5407(2) Å, c = 7.7577(3) Å and β = 90.024(4)⁰. 

Site X y z Biso (Å2) Occupancy 

Ca/Mn (4e) 0.027(3) 0.084(3) 0.746(3) 0.27 (5) 0.5/0.5 

Mn/W (2b) 0.50 0.00 0.00 0.27(5) 0.974(2)/0.026(2) 

W/Mn (2c) 0.00 0.50 0.00 0.27(5) 0.974(2)/0.026(2) 

O1 (4e) 0.2921(5) 0.3220(5)  0.9507(4) 0.77(2) 1.0 

O2 (4e) 0.3286(5) 0.2906(5) 0.5659(4) 0.77(2) 1.0 

O3 (4e) 0.8898(5) 0.4494(4) 0.7639(5) 0.77(2) 1.0 

Fitting reliability factors: Rp= 4.29%, Rwp= 5.42%, Rf= 3.87%, RB= 6.53%, χ2= 2.72. 
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Figure 5.5: Double perovskite (Ca0.5Mn0.5)2MnWO6 structure with space group P21/n. Red and light 

blue show the A-site cations (Ca and Mn), respectively. While W is orange and Mn is dark blue for 

at the B-sites and black represents oxygen. 

 

 

 

Table 5.4: The Rietveld fit of 300 K NPD data illustrates the main interatomic distances and angles 
of ATM DPv (Ca0.5Mn0.5)2MnWO6. 

A-site cations and B-site cations bond distances and the average bond distances of B/B’-O. 

A represents Ca and Mn cations, which are disordered at A-sites. 

2x dMn-O1 (Å) 2.140(3)  dA-O1 (Å) 2.53(4) 

2x dMn-O2 (Å) 2.173(3) dA-O1 (Å) 2.30(4) 

2x dMn-O3 (Å) 2.149(4) dA-O1 (Å) 2.66(4) 

<dMn-O> (Å) 2.153(3) dA-O2 (Å) 2.80(4) 

2x dW-O1 (Å) 1.890(3) dA-O2 (Å) 2.43(4) 

2x dW-O2 (Å) 1.923(3) dA-O2 (Å) 2.30(4) 

2x dW-O3 (Å) 1.945(4) dA-O3 (Å) 2.35(3) 

<dW-O> (Å) 1.919(3) dA-O3 (Å) 2.19(4) 

Δ[MnO6] 4.18x10-5 Δ[WO6] 1.38x10-4 

(Ca0.5Mn0.5)2MnWO6 angles  

 <Mn-O1-Re>(0) <Mn-O2-Re>(0) <Mn-O3-Re>(0) 

 146.2(1) 140.6(1) 142.6(1) 
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5.3.1.3. Double Double perovskite CaMnMnWO6: 
 

The tetragonal P42/n structure was synthesised under 10 GPa at 1000 °C indicates diffraction 

peaks similar to the DDPv phase rather than the DPv structure, which suggests the Ca and Mn 

are ordered in the A-site (figure 5.6), compared to the DPv phase that displayed disorder 

between cations at the A-site when synthesised at a higher temperature. The refinement used 

CaMnCrSbO6 as a model to confirm the DDPv structure. Refined fractional coordinates, the 

degree of B-site disorder and occupancies of the DDPv phase with cell parameters are: a = 

7.74985(4) Å, b = 7.74985(4) Å, c = 7.76502(5) Å and α= β= γ= 90⁰, as shown in table 5.5. 

 

Figure 5.6: The PXRD Rietveld fit data of CaMnMnWO6 confirmed the structure of DDPv with 

space group P42/n. Purple ticks represent the Bragg positions of the CaWO4 secondary phase with 
2.6 (3) wt%. 
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Table 5.5: Fractional coordinates of the CaMnMnWO6 compound in PXRD, which shows a fully 

ordered at both A- and B-site cations. 

Atom/site X y z  Occupancy 

MnTd (2a) 0.75 0.75 0.75 1.0 

MnSq(2b) 0.25 0.25 0.75 1.0 

Ca (4e) 0.25 0.75 0.7969(4) 1.0 

Mn (4c) 0.0 0.5 0.5 1.0 

W (4d) 0.0 0.0 0.5 1.0 

O1 (8g) -0.0315(8) 0.5580(5)  0.2425(3) 1.0 

O2 (8g) -0.2480(8) -0.0419(4) 0.5684(3) 1.0 

O3 (8g) -0.2416(7) 0.0614(3) -0.0504(3) 1.0 

Fitting reliability factors: Rp = 2.64%, Rwp = 4.10%, RB = 4.44%, RF = 6.36%, and χ2 = 11.8 and the 

overall Biso= 0.2 (1) Å2. 

 

The use of neutron diffraction is important for determining the degree of order between the 

A-site cations due to the difference of neutron scattering lengths (b) between Ca (b= 4.7 fm) 

and Mn (b = -3.73 fm) as well as B-site cations. Moreover, the expected a+a+c− in the Glazer 

notation and final structural characterisation can also be confirmed by the NPD data, which 

allow the accurate position of oxygen to be determined.  

The refinement of the 300 K NPD data was measured using the D20 instrument at the ILL 

institute, revealing cationic ordering at the A-sites to confirm the DDPv phase as shown in 

figure 5.7. This DDPv phase depicts the nuclear structure (figure 5.8) with columnar order of 

A-site cations (Ca and Mn) as the Mn in the A’-site displays alternating tetrahedral and square-

planar environments. The B-site cations (Mn and W) order in rock salt arrangements, which is 

the same as the first example of this type ordering (MnRMnSbO6).
7 Refined fractional 

coordinates, the degree of B-site disorder and occupancies of DDPv phase with cell parameters 

are: a = 7.7492(2) Å, b = 7.7492(2) Å, c = 7.7612 (3) Å and α= β= γ= 90⁰, as shown in table 

5.6.  
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The bond distances and angles shown in table 5.7 confirmed both square-planar and tetrahedral 

geometries for Mn2+ at the A-sites, as the distances of all Mn-O are 2.084(4) Å in the tetrahedral 

phase and the angle between Mn and O is around 117⁰. The square-planar distances and angles 

between Mn and O are 2.082(6) Å and 90⁰. The octahedral tilt angles calculated from the Mn-

O-W bond angles are ɸ = 15.45⁰ from the c-axis and θ= 19.07⁰ within the ab-plane, which is 

in the range of MnRMnSbO6 DDPv compounds (15-20⁰).  

 

Figure 5.7: The 300 K NPD Rietveld fit data confirmed the A-site ordering due to the significant 

difference in neutron scattering lengths between Ca and Mn. Vanadium can signal is represented by 
purple ticks. 
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Table 5.6: Fractional coordinates of the CaMnMnWO6 compound in NPD at 300 K, which shows a 

full ordering in all cation sites.  

Atom/site X y z  Occupancy 

MnTd (2a) 0.75 0.75 0.75 1.0 

MnSq(2b) 0.25 0.25 0.75 1.0 

Ca (4e) 0.25 0.75 0.7871(6) 1.0 

Mn (4c) 0.0 0.5 0.5 1.0 

W (4d) 0.0 0.0 0.5 1.0 

O1 (8g) -0.0638(7) 0.5573(6)  0.2331(4) 1.0 

O2 (8g) -0.2347(7) -0.0491(4) 0.5721(4) 1.0 

O3 (8g) -0.2646(7) 0.0608(4) -0.0307(4) 1.0 

Fitting reliability factors: Rp = 1.57%, Rwp = 2.01%, RB = 4.41%, RF = 2.94%, and χ2 = 2.83 and the 

overall Biso= 0.31 (3) Å2. 

 

 

Figure 5.8: DDPv CaMnMnWO6 structure with space group P42/n. Red and light blue indicate A-

site cations (Ca and Mn) respectively, while W is orange and Mn is dark blue for the B-sites. Oxygen 

is represented in black. 



                                                                               Chapter 5. CaMnMnWO6 
 

109 
 

Table 5.7: Bond distances and bond angles of CaMnMnWO6 are shown in the table below, where it 

is clear that Ca is 10-coordinates. Mn alternates between two environments; tetrahedral (Mn’) and 

Mn square planar (Mn’’), and both Mn and W show the octahedral phase. 

A-site cations and B-site cations bond distances, average bond lengths, the octahedral 

distortion of B/B’-O. 

2x dMn-O1 (Å) 2.164(6)  dCa-O1 (2x) (Å) 2.790(6) 

2x dMn-O2 (Å) 2.117(6) dCa-O1 (2x) (Å) 2.882(6) 

2x dMn-O3 (Å) 2.175(4) dCa-O2 (2x) (Å) 2.566(4) 

<dMn-O> (Å) 2.152(5) dCa-O3 (2x) (Å) 2.474(5) 

2x dW-O1 (Å) 1.927(4) dCa-O3 (2x) (Å) 2.369(5) 

2x dW-O2 (Å) 1.941(6) <dCa-O> (Å) 2.621(4) 

2x dW-O3 (Å) 1.899(6) dMnTd-O (4x) (Å) 2.084(4) 

<dW-O> (Å) 1.922(5) dMnSq-O (4x) (Å) 2.082(6) 

Δ[MnO6] 1.36x10-4 Δ[WO6] 8.25x10-5 

Angles between B-site cations and BVS values for all cations in the CaMnMnWO6 

compound. 

B-O-B’  Angle (⁰) Cation = BVS value Cation = BVS value 

Mn-O1-W 142.1(3) Ca = 1.749 W = 5.924 

Mn-O2-W 141.3(1)  MnTd= 1.806 Mn= 2.260 

Mn-O3-W 149.4(1)  MnSq = 1.816  

 

5.3.2. Magnetic properties: 

5.3.2.1. Double perovskite (Ca0.5Mn0.5)2MnWO6: 

Magnetometry data collected from the DPv phase displays behaviour that is consistent with the 

magnetic structures obtained from the analysis of low temperature NPD data. The temperature 

variations of magnetic susceptibility is shown in figure 5.9, which also shows the Curie–Weiss 

fit (equation 2.27 in Chapter 2) with an effective paramagnetic moment (μeff) of 8.45 µB, and it 

is comparable to the spin-only (equation 2.26 in Chapter 2) estimate of 8.37 µB per unit 
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(Ca0.5Mn0.5)2MnWO6. The reciprocal susceptibility gives a high negative result (θ = -145 K), 

with a transition temperature of (Tg = 8 K), which shows a broader susceptibility, indicating 

that this transition temperature is known as spin glass transition temperature. Magnetic 

hysteresis loops at 5 K, illustrated in figure 5.10, show a small net moment of 0.03 µB with 

coercive fields of 100 Oe, which indicates the frustration of magnetic moments in this double 

perovskite phase, as shown in frustration calculation (-θ/TC = 18), which suggested a highly 

frustrated phase, leading to specific spin glass behaviour. 

 

Figure 5.9: The broader susceptibility peak shows the spin glass transition of the Double perovskite 
(Ca0.5Mn0.5)2MnWO6  at 8K, where data were collected in a 0.1 T.  
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Figure 5.10: Magnetisation vs magnetic field showed a low remnant magnetisation with small net 
moment around 0.03 µB as seen in the enlarged figure of the hysteresis loop at 5 K. 

 

Low temperature NPD data (figure 5.11) shows no magnetic diffraction peaks below the 

transition temperature by comparing 1.5 and 10 K data, which indicates particular spin glass 

behaviour obsereved at Tg = 8 K, instead of the expected long range magnetic orders. The 

temperature variations of the magnetic susceptibility in figure 5.9 displays a specific spin glass 

behaviour as the peak divergence of field cooling and zero field cooling modes. Further 

susceptibility measurements display spin glass behaviour as the peak broaden and shifts to 

lower temperatures, while increasing the magnetic field as shown in figure 5.12. In addition, 

the peak shifts slightly towards higher temperatures with increasing frequency in AC 

measurements (figure 5.12). 

 

Figure 5.11: Comparison of (Ca0.5Mn0.5)2MnWO6 neutron diffraction patterns at 1.5 and 10 K (λ 

= 2.41 Å). 
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Figure 5.12: The DPv phase ZFC magnetic data measured with a different magnetic field (0.05, 0.1, 

0.5, 1 and 5 Tesla) for 5 to 50 K is shown on the left. While on the right the AC magnetic susceptibility 
data for DPv (Ca0.5Mn0.5)2MnWO6, were collected at different frequencies (333, 776, 1778 and 3335 

Hz) while cooling from 40 to 3 K in steps of 0.3 K and the AC driven field is 15 Oe.  

 

5.3.2.2. Double Double perovskite CaMnMnWO6: 

Magnetic susceptibility vs temperature measurements, as depicted in figure 5.13, shows Curie-

Weiss variations with fitted μeff = 8.64 µB, close to the estimated paramagnetic value of 8.37 

µB. The Weiss temperature is θ = -198 K, indicating antiferromagnetic coupling between the 

two magnetic sublattices, at TC = 45 K. A small hysteresis was also observed in the magnetic 

hysteresis loops at 5 K (Figure 5.14) with saturation moments of 0.05 µB and coercive fields of 

500 Oe. This DDPv phase has a smaller frustration than DPv (-θ/TC = 4.4), which is of a lower 

value than the DPv compound frustration (18). 
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Figure 5.13: Temperature variations of magnetic susceptibility showed that the two ferromagnetic 

sublattices coupled antiferromagnetically below the transition temperature (TC = 45 K). 

 

 

Figure 5.14: Magnetisation vs magnetic field indicated a low saturation point as the two Mn2+ at 

A- and B-site couples antiferromagnetically with a small net moment around 0.05 µB as can be seen 
in the enlarged figure of the hysteresis loop at 5 K. 

 

Low temperature NPD data shows a long range of magnetic ordering unlike the DPv phase. 

The comparison of two long scan NPD data measured at 1.5 K and 80 K, confirmed that there 

are magnetic peaks below the transition temperature, as illustrated in figure 5.15. Moreover, 

the magnetic structure is determined by analysing 1.5 K powder diffraction data (figure 5.16), 

this is in agreement with the estimated antiferromagnetic coupling between the magnetic 
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sublattices and all magnetic diffraction peaks are indexed with the propagation vector (k) = [0 

0 0]. Refined fractional coordinates and occupancies for 1.5 K NPD data are shown in table 

5.8. The magnetic symmetry analysis illustrates two familiar irreducible representations (Irep) 

for A and B sites, leading to their FM interaction along the z-axis (Γ1) and within the xy plane 

(Γ3), as shown in table 5.9. The DDPv are well-fitted by Γ1, resulting in an average Mn2+ 

sublattice moment of 3.9(2) µB at 1.5 K, which is lower than the ideal value (5 µB) due to the 

moderate frustration in the DDPv phase. 

 

Figure 5.15: Comparison of neutron diffraction patterns of 1.5 and 80 K DDPv (CaMnMnWO6) at 

λ = 2.41 Å. 

 

 

Figure 5.16: The Rietveld fit of the 1.5 K neutron profile of DDPv using λ = 2.41 Å indicates the 

nuclear (green) and magnetic structures (purple) of the DDPv phase and the Vanadium-can signal 

(orange). 
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Table 5.8: Fractional coordinates of the CaMnMnWO6 compound in NPD at 1.5 K, which shows a 
full ordering in all cation sites. The lattice parameters are a = 7.7143(2) Å, b = 7.7143(2) Å c = 

7.7295(3) Å and α= β= γ= 90⁰. 

Atom/site X y z  Occupancy 

MnTd (2a) 0.75 0.75 0.75 1.0 

MnSq(2b) 0.25 0.25 0.75 1.0 

Ca (4e) 0.25 0.75(3) 0.7759(9) 1.0 

Mn (4c) 0.0 0.5 0.5 1.0 

W (4d) 0.0 0.0 0.5 1.0 

O1 (8g) -0.0556(14) 0.5565(14)  0.2294(5) 1.0 

O2 (8g) -0.2345(11) -0.0570(6) 0.5717(5) 1.0 

O3 (8g) -0.2683(9) 0.0619(6) -0.0336(7) 1.0 

Fitting reliability factors: Rp = 2.78%, Rwp = 3.71%, RB = 3.87%, RF = 2.36%, and χ2 = 6.48 and the 

overall Biso= 0.15 (3) Å2. 

 

 

Figure 5.17: The DDPv CaMnMnWO6 magnetic structure shows three spins arrows (red, green and 

purple), Which represent the magnetic moment direction of Mn (tetrahedral sites), Mn (square-planar 

site) at the A-site and Mn(Octehdral) at theB-site. While, the diamagnetic cations Ca and W are 
shown in orange and blue, respectively. 
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Table 5.9: The magnetic symmetry analysis of CaMnMnWO6 with the propagation vector K = [0 0 0] 

provides Ireps (Γ) and the basis vector (BV), where each BV has 1-6 mx, my and mz basis, which is 

identified as FM (+) and AFM (–) or as no basis (0). BVA is the basis vector in the A-site, and the basis 

vector of the B-site is BVB. 

Symmetry Γ1 Γ3 Γ4 Γ5 Γ6 

BVA BVB BVB BVA BVA BVB BVA 

x, y, z 
0 0 + + + + + + + 0 0 + + 0 0 + + + 

0 0 0 

+ 0 0 

–x+1/2, –y+1/2, z 
 – – + – – +   + + – 

0 0 0 

 

–y, x+1/2, z+1/2 
0 0 + + – + 

 

– + – 

 

0 0 – + 0 0 0 0 0 

+ – + 

– 0 0 

y+1/2, –x, z+1/2 
 – + + + – –   0 0 0 

+ – + 

 

 

5.4. Conclusion: 

Thermal transformations of CaMnMnWO6 from the DDPv phase, where A- and B- sites are 

fully ordered, to the DPv structure with disorder at the A-site has been observed under high 

pressure. This is a first transition order as it is shown fully transformed from P42/n to P21/n 

without going through any other phases.  

The DDPv phase at 1000 K and 10 GPa combines columnar order in the A-site cations (Ca and 

Mn) with 10-fold, tetrahedral and square planar geometries, respectively. In contrast, the B-

site cations (Mn and W) show the rock salt arrangement. Bond angles of MnSqO4 and MnTdO4 

are approximately 90⁰ and 117⁰, respectively. Furthermore, the octahedral tilt angle shows the 

distorted structure due to inserting Mn2+ into the A-site rather than large cations such as Sr and 

La, which calculated from the bond angle are: ɸ = 15.30 from the z-axis and θ = 19.15 within 

the xy-plane. The magnetic structure shows a ferrimagnetic ordering between the 

ferromagnetic sublattices and the small magnetic moment that has been observed in the 

magnetisation measurements. This is due to a slight inequivalence between the magnetic 

moments of the sublattices. 

 DPv was synthesised at 1600 K and 10 GPa, with disordered arrangement at the A-site ,and 

Mn2+ and W6+ being well ordered in the B-sites due to the large difference in their oxidation 
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state, which leads to ordering in a rock-salt arrangement to minimise the electrostatic energy. 

The octahedral tilt angles are: ɸ = 18.7⁰ from the z-axis and θ= 18.3⁰ within the xy-plane, which 

depict the octahedral distortion. Magnetic refinement shows that no diffraction peaks were 

perceived under the transition temperature, which displayed a spin glass behaviour.  

The ability to generate both DDPv and DPv phases provides a systematic method for exploring 

how the suppression of a long-range magnetic order can lead to spin glassy or liquid ground 

states, and should enable the effects of cation order and disorder on other physical properties 

such as ferroelectricity and conductivity to be explored.20   
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Chapter 6. Conclusion and Future Work 
The work detailed in this thesis has demonstrated that externally applied pressure has been 

utilised for generating a new magnetic oxides. The High pressure technique made it possible 

to force a small Mn2+ magnetic cation to occupy A-site of perovskite structure by replacing the 

common non-magnetic alkaline earth metal such as Ca2+, Sr2+ and Br2+, which is known as A-

site manganite perovskite.1,2  

Three different A-site manganite perovskite oxide materials have been successfully 

synthesised, which are Mn2NiReO6 (Chapter 3), it is a member of ATM double perovskite 

ATM DPv. It has a full cation order between Ni2+ and Re6+ among the octahedral sites and an 

18.4% of Mn2+ substituting for Ni site. It shows the largest distortion parameters among all 

Mn2BB’O6 double perovskites reported up to date, including tilt angles, octahedral distortions, 

and A-site coordination environment. The three magnetic sublattices get ordered 

simultaneously at TM1 ~ 80 K into an AFM structure with propagation vector k = [0 0 0] with 

all spins confined to the ac plane. A spin reorientation transition is observed on cooling for Mn 

from the c axis towards [201] direction, where they lock below TM2 ~ 42 K. A weak FM 

component appears in the reorientation temperature region and vanishes upon lockage of the 

spin orientation at low temperatures. CaMnCrSbO6 (Chapter 4), it is new member of high-

pressure double double perovskite, and the combination of cation order into both sublattices, 

which is a rock-salt order of B-site cations with columnar A-site cations. The NPD structural 

refinement showed that the composition is CaMn0.18Cr1.19SbO6, indicating almost 20% of Cr 

substitution at both Mn sites, while a small anti-site disorder observed between B-site Cations 

(Cr and Sb). Magnetic structure refinement shows that Mn2+ and Cr3+ spins order below TC = 

49.1 K into a collinear ferrimagnetic arrangement with spins in the xy plane. CaMnMnWO6 

(Chapter 5) shows both DPv and DDPv, which have been synthesised at 10 GPa pressure but 

at different temperature (DPv at 1600 ⁰C) and (DDPv at 1000 ⁰C). This phase transition has 

been driven by temperature and it is a first order transition, as it did not go through any group 

or subgroup between these structures. The phase transition affected the magnetic properties 

that show a switch of magnetic behaviour from spin glass in highly frustrated DPv to 

ferrimagnetic order in DDPv polymorph.  

The synthesis of other DPv materials can be attempted in this research area by substituting 

other transition metal cations in A-site rather than Mn2+ to Mn2NiReO6 such as Fe2+ and Cu2+ 

and explore their physical properties. In addition, a 3d B-site cation (Ni) can be replaced with 
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other 3d cations to form a new compound of Mn2BReO6 as a few samples of ATM DPv 

materials have been synthesised up to date. The substitution of Re for other 4d/5d B’ cations is 

also other possibilities for further research in Mn2BB’O6 materials e.g. Os and Mo that are 

known to lead to half metallic behaviour due to their coupling with 3d B-site cation.3,4 DDPv 

has other substitution possibilities by replacing of non-magnetic cation Ca2+ with rare earth 

cations that are occupying 10-coordinate A-sites as shown in MnRMnSbO6,
 5 where R is a rear 

earth cations as this structure type appears to be extremely flexible with regards to the charge 

distribution and cations it can accommodate, with three distinct formal charge states       

currently demonstrated in the form of R3+Mn2+Mn2+Sb5+O6, Ca2+Mn2+Cr3+Sb5+O6 and 

Ca2+Mn2+Mn2+W6+O6. . Furthermore, Mn2+ can be replaced by Fe2+, as the columnar order at 

the A-sites was shown in the form of CaFeTi2O6, 6 and it has been also found that ant-site 

disordered in CaMnFeReO6 and CaMnFeSbO6 between Mn and Fe at the A-sites.7,8 Cu2+ can 

replace also the Mn2+ as it was shown in the CaCu3Fe2Re2O12 with Ca and Cu (CuO4_square 

planar) ions are ordered in a 1:3 ratio at the A-sites.  
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Appendix A. – Additional Results for Mn2NiReO6 

A.1 Additional nuclear and magnetic refinements. 

Rietveld fits to the NPD data are depicted below to aid recognition of the improvement in magnetic 

peak intensities. These shorter scans are measured at intermediate temperatures with increments of 10 

K using the WISH instrument.  

 

 

 

Figure A.1.1: The Rietveld fit to NPD data collected between 10 and 40 K, which register below the 
second transition temperature, illustrate the thermal evolution of magnetic peaks for bank 4 via the 

WISH instrument. Rows of indices indicate phase 1 (green) as nuclear diffraction peaks of ATM 

DPv, phase 2 (purple) as magnetic diffraction peaks of ATM DPv, and the remaining are secondary 

phases. 
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Figure A.1.2: The Rietveld fit to NPD data collected between 50 and 80 K, which are recorded 

between the two transition temperatures, illustrate the thermal evolution of magnetic peaks for bank 

4 via the WISH instrument. Rows of indices indicate phase 1 (green) as nuclear diffraction peaks of 
ATM DPv, phase 2 (purple) as magnetic diffraction peaks of ATM DPv, and the remaining are 

secondary phases. 
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Figure A.1.3: The Rietveld fit to NPD data collected between 90 and 140 K, which are above the 

first transition temperature. These refinements display only the crystal structure of Mn2NiReO6 

(green) as well as the secondary phases. 
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Table A.1.1 contains calculated strains (eac and eβ) and refined lattice parameters for all temperatures 

with their estimated standard deviations (s). The information used in figure 3.19 indicates the 

continous rotation of Mn spins, which were collected by bank 4 via the WISH instrument. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A.1.1: The final results of the calculated stains and refined lattice parameters of all temperatures with their 

estimated errors.  

T (K) a (Å) sa  (Å) 

 *104 

b (Å) sb (Å) 

 *104 

c (Å) sc (Å) 

 *104 

β (⁰) sβ (⁰) eac  

*104 

seac  

*104 

eβ  

*104 

seβ  

*104 

1.5 5.2147 2 5.3608 1 7.6211 3 89.99 0.01 334.9 1.170 1.597 2.243 

10 5.2140 3 5.3618 3 7.6220 3 89.95 0.01 336.6 1.309 9.074 2.678 

20 5.2140 3 5.3619 3 7.6219 3 89.95 0.01 336.6 1.190 9.011 2.575 

30 5.2149 3 4.3618 1 7.6225 3 89.95 0.01 335.6 1.190 8.381 2.712 

40 5.2147 3 5.3618 2 7.6229 3 89.90 0.01 336.5 1.229 16.9 2.918 

50 5.2139 3 5.3628 2 7.6245 3 89.87 0.01 340.2 1.289 21.9 3.206 

60 5.2140 4 5.3629 3 7.6258 3 89.84 0.01 341.8 1.408 26.9 3.727 

70 5.2147 4 5.3631 5 7.6267 3 89.86 0.02 341.7 1.547 24.3 3.629 

75 5.2150 4 5.3631 4 7.6276 3 89.81 0.01 342.8 1.369 33.0 2.790 

80 5.2150 5 5.3638 5 7.6276 3 89.81 0.01 342.4 1.646 32.5 3.242 

90 5.2153 5 5.3639 5 7.6280 3 89.82 0.01 342.3 1.646 32.3 3.261 

100 5.2153 5 5.3642 5 7.6282 3 89.82 0.01 342.5 1.606 31.1 3.216 

110 5.2158 5 5.3642 5 7.6287 4 89.84 0.02 342.2 1.838 28.3 3.472 

120 5.2167 5 5.3645 5 7.6284 4 89.82 0.02 340.0 1.857 31.1 3.388 

130 5.2167 5 5.3649 5 7.6292 4 89.84 0.02 341.2 1.857 28.2 3.563 

140 5.2171 5 5.3662 5 7.6293 4 89.82 0.02 340.5 1.857 30.7 3.385 

150 5.2183 4 5.3658 4 7.6305 3 89.84 0.01 339.7 1.447 27.2 2.945 
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Appendix B. – Additional Results for CaMnCrSbO6 

B.1 Additional nuclear refinement  

The long scan 65 K refinement, which is above TC = 49 K, is depicted below with both A- and B-site 

peaks shown in the figure: 

 

Figure B.1.1: The 65 K NPD Rietveld fit determined the DDPv structure at D20 in ILL, Grenoble, 

France. The secondary phases are MnCr2O4 (purple) and Vanadium can (orange). 

 

B.2 Crystallography details of CaMnCrSbO6 at 1.5 and 65 K  

Atomic coordinates, thermal factors and fitting reliability factors from NPD Rietveld fits of both 1.5 

and 65 K long scan data, using the P42/n space group. These have not been included in the main text; 

however, the information is shown in tables B.1.1 and B.1.2 below. 
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Table B.1.1: Crystallography details of the 65 K diffraction patterns’ data from CaMnCrSbO6, using 

space group P42/n. The lattice parameters are a = 7.6313(2) Å, b = 7.6313(2) Å c = 7.6214(3) Å and 

α= β= γ= 90⁰. 

Atom/site x Y z  Biso (Å2) Occupancy 

MnTd/Cr (2a) 0.75 0.75 0.75 1.4(3) 0.81/0.19 

MnSq/Cr (2b) 0.25 0.25 0.75 1.4(3) 0.82/0.18 

Ca (4e) 0.25 0.75 0.781(1) 3.4(2) 1.0 

Cr/Sb (4c) 0 0.5 0.5 0.93(8) 0.95/0.05 

Sb/Cr (4d) 0 0 0.5 0.93(8) 0.95/0.05 

O1 (8g) -0.056(1) 0.537(1) 0.254(1) 1.21(4) 1.0 

O2 (8g) -0.243(2) -0.0506(6) 0.5646(6) 1.21(4) 1.0 

O3 (8g) -0.254(1) 0.0590(6) -0.0345(9) 1.21(4) 1.0 

Fitting reliability factors: Rp = 2.66%, Rwp = 3.85%, Rf = 6.28%, RB = 9.56%, χ2 = 11.3. 

Table B.1.2: Crystallography details of the 1.5 K diffraction patterns’ data from CaMnCrSbO6, using 

space group P42/n. The lattice parameters are a = 7.6227(2) Å, b = 7.6227(2) Å c = 7.6091(3) Å and 

α= β= γ= 90⁰. 

Atom/site x Y z  Biso (Å2) Occupancy 

MnTd/Cr (2a) 0.75 0.75 0.75 0.8(2) 0.81/0.19 

MnSq/Cr (2b) 0.25 0.25 0.75 0.8(2) 0.82/0.18 

Ca (4e) 0.25 0.75 0.781(1) 2.4(1) 1.0 

Cr/Sb (4c) 0 0.5 0.5 0.69(6) 0.95/0.05 

Sb/Cr (4d) 0 0 0.5 0.69(6) 0.95/0.05 

O1 (8g) -0.0558(9) 0.5409(9) 0.2583(9) 0.96(4) 1.0 

O2 (8g) -0.244(1) -0.0488(5) 0.5644(4) 0.96(4) 1.0 

O3 (8g) -0.252(1) 0.0571(5) -0.0342(6) 0.96(4) 1.0 

Fitting reliability factors: Rp = 2.15%, Rwp = 3.00%, Rf = 5.47%, RB = 7.45%, χ2 = 6.83. 
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Appendix C. – Additional Results for CaMnMnWO6 

C.1- PXRD long scans. 

Additional plots of Rietveld fit of PXRD data are shown here. These figures are synthesised at 

10 GPa with temperatures ranging from 1,000 to 1,600 ⁰C. 

 

Figure C.1.1: The final refinement of PXRD data determined the DPv structure with 94.8%. CaWO4 

can signal is represented by purple ticks with 5.2%. 

 

 

Figure C.1.2: The final refinement of PXRD data determined the DPv structure with 91.9%. CaWO4 

can signal is represented by purple ticks with 8.1%. 
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Figure C.1.3: The final refinement of PXRD data determined the DDPv structure with 32.7% 

(green), the DPv phase with 64.7% (purple) and CaWO4 with 2.6% (orange). 

 

 

Figure C.1.4: The final refinement of PXRD data determined the DDPv structure with 75.7% 

(green), the DPv phase with 21.5% (purple) and CaWO4 with 2.7% (orange). 
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Figure C.1.5: The final refinement of PXRD data determined the DDPv structure with 81.23% 

(green), the DPv phase with 15.85% (purple) and CaWO4 with 2.92% (orange). 

 

 

Figure C.1.6: The final refinement of PXRD data determined the DDPv structure with 86.9% 

(green), the DPv phase with 10.3% (purple) and CaWO4 with 2.8% (orange). 
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C.2 Additional NPD nuclear refinement  

The long scan 80 K refinement of the DDPv phase, which is above TC = 45 K is depicted 

below with both A- and B-site peaks (λ = 2.41 Å) shown in the figure, using the P42/n space 

group. Atomic coordinates, lattice parameters and thermal factors of 80 K are displayed in 

table C.2.1. 

 

Figure C.2.1: The final refinement of 80 K determined the DDPv structure at D20 in ILL, Grenoble, 

France. Vanadium can signal is represented by purple ticks. 
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Table C.2.1: Crystallography details of CaMnMnWO6 from the Rietveld fit of 80 K diffraction 

patterns, using space group P42/n.  The lattice parameters are a = 7.7164(2) Å, b = 7.7164(2) Å c = 

7.7316(3) Å and α= β= γ= 90⁰. 

Atom/site x Y z  Biso (Å2) Occupancy 

MnTd (2a) 0.75 0.75 0.75 0.92(7) 1.0 

MnSq(2b) 0.25 0.25 0.75 0.92(7) 1.0 

Ca (4e) 0.25 0.75 0.7754(9) 0.92(7) 1.0 

Sb (4c) 0 0.5 0.5 0.92(7) 1.0 

W (4d) 0 0 0.5 0.92(7) 1.0 

O1 (8g) -0.053(1) 0.557(1) 0.2297(9) 0.02(3) 1.0 

O2 (8g) -0.232(1) -0.0547(5) 0.5708(4) 0.02(3) 1.0 

O3 (8g) -0.2660(9) 0.0635(4) -0.0341(6) 0.02(3) 1.0 

Fitting reliability factors: Rp = 2.72%, Rwp = 3.66%, Rf = 4.72%, RB = 6.52%, χ2 = 6.66. 
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Appendix D – Publications Arising from This Thesis. 

Publication D1 

Unconventional magnetism in the high pressure ‘all transition metal’ double 

perovskite Mn2NiReO6  

Elena Solana-Madruga, Khalid N. Alharbi, Maria Herz, Pascal Manuel, and J.Paul Attfield. 

Published in Chem. Commun., 2020, 56, 12574. 
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Publication D2 

Ferrimagnetism and spin reorientation in the high-pressure double double 

perovskites CaMnCrSbO6 and CaMnFeSbO6 

Elena Solana-Madruga, Padraig S. Kearins, Khalid N. Alharbi, Ciaran T. Lennon, Clemens 

Ritter , and J.Paul Attfield.  

Published in Phys. Rev. Mater., 2021, 5, 054412. 
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Publication D3 

Double double to double perovskite transformations in quaternary manganese oxides  

Kunlang Ji, Khalid N. Alharbi, Elena Solana-Madruga, Gessica T. Moyo, Clemens Ritter and 

J. Paul Attfield. 

Published in Angew. Chem. Int. Ed., 2021, 133, 22422-22426. 

 

 

 

 

 

 

 

 

 

 

 

 

 


