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Outline of the dissertation 
The overall topic of my research has been development of new sample 

environments for X-ray and neutron powder diffraction. The sample 

environments are designed in situ investigations of the synthesis of 

advanced functional materials through solvothermal synthesis and 

solid-gas reactions. Throughout my PhD the understanding of the 

reduction of CoFe2O4 to produce the spring-exchanged nanocomposite 

CoFe2O4/CoFe2 has been used as a case study for the setups. Through 

numerous experiments, we have gained a deeper insight into the 

complicated reduction mechanism of CoFe2O4.  

The main body of this dissertation has been divided into two parts. 

PART I includes the motivation and theory behind the work, and this 

has been split into two parts 

Chapter 1 includes an introduction to the field of materials 

science and a brief introduction into magnetic materials. It is 

followed by an introduction of the thermology used in the field 

of magnetism. Finally, a brief introduction to nanostructuring of 

magnetic nanoparticles is given.   

Chapter 2 includes the theory of X-ray and neutron diffraction, 

and the powder diffraction techniques used in this dissertation. 

It is followed by a description of the procedures used to model 

the acquired diffraction data. 

PART II includes four chapters describing my experimental work. Each 

chapter presents one of four main publication and puts the work into 

context. 

Chapter 3 includes the development of an X-ray powder-

diffraction heater setup designed for in-situ solvothermal 

synthesis and solid-gas reaction. The chapter includes a number 

of experiments performed using the setup. This includes 

solvothermal synthesis of Ni and Cu nanoparticles and the 

reduction of CoFe2O4. The final part of this chapter describes 

how a modified version of the setup has been used to follow the 
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reduction of CoFe2O4 using X-ray synchrotron radiation at the 

beamline P2.01 at PETRA III. 

Chapter 4 includes the description of a single-crystal Sapphire 

Air-gun Heater Setup (SAHS) designed to follow solid-gas 

reactions using neutron powder diffraction. The setup was 

tested by studying the reduction of CoFe2O4 in situ at the 

neutron powder diffractometer DMC at SINQ. 

Chapter 5 includes an expansion on the knowledge of the 

reduction of CoFe2O4. The reduction is followed in situ using the 

neutron solid-gas setup described in chapter 4 at the neutron 

powder diffractometer DMC at SINQ.  The reduction was 

followed as a function of temperature and the gas-flow of 

reducing gas. 

Chapter 6 describes the need for a high-temperature furnace for 

in situ neutron diffraction experiments to investigate the 

reaction mechanism in the formation of transition metal doped 

W-type Sr hexaferrite. The chapter continues with a description 

of an induction furnace built for in situ time-of-flight neutron 

powder diffraction. The furnace has been tested at the time-of-

flight neutron diffractometer POLARIS at ISIS. 

A short section of my Additional work follows. This includes already 

published work not included in this dissertation and manuscripts 

currently in preparation. Each of these projects is described in a short 

synopsis. A general conclusion to the dissertation is given in the 

Concluding Remarks. 

The as-published publications as well as an instruction manual for the 

developed induction furnace are placed in PART III 
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Abstract 
 

 

Advanced functional materials are indispensable in the modern day 

of life. They are included in all applications around us ranging from 

cars, cell phones to computers, etc. Some say that the development 

of new and better functional materials will be the solution to the 

current climate changes, others say they are necessary to expand 

beyond the planet earth to inhabit remote planet. No matter the 

cause, developing better advanced functional materials have become 

a huge topic in materials science. In order to improve materials it is 

important to understand the preparation process. For this we need 

methods to probe the reactions while they are occurring. An 

excellent tool for these, so-called in situ, studies is diffraction. With 

modern days 3rd generation high-brilliance synchrotrons and the 

new neutron facility, the European Spallation Source (ESS) being 

built in Sweden, we have the radiation sources needed to investigate 

the reaction mechanism with a very high time resolution. In order 

to take advantage of the improved time resolution, new sample 

environments must be developed.  

The main topic of this dissertation is the development of sample 

environments for powder X-ray and Neutron diffraction. An in situ 

setup for an in-house X-ray diffractometer has been developed. The 

setup can be used to study solvothermal reaction as well as solid-gas 

reaction. The setup offers spatial sample resolution on a time scale 

of 15 s per diffraction pattern. Even though the achieved time-

resolution is not comparable to the much better synchrotron 

radiation experiments, the setup has proved its relevance in 
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preliminary investigations. The setup has been used to investigate 

the formation of Ni, and Cu nanoparticles through solvothermal 

synthesis and to follow the reduction of CoFe2O4 to create an 

exchange-spring nanocomposite material. A modified version of the 

heat-gun sample environment has been used at an X-ray 

synchrotron to repeat the reduction of CoFe2O4 with a better time 

resolution and bigger Q-range. The experiment has revealed a 

complicated three-step reaction mechanism of CoFe2O4 → CoxFe1-xO 

→ CozFe2-z were each phase did initially form as Co-rich. With time 

Fe was observed to enter the structure 

In an effort to follow the formation of magnetic transition metal 

doped nanocomposites a second in situ setup has been designed to 

follow solid-gas reaction using angular dispersive neutron powder 

diffraction (NPD). The setup offers a maximum temperature of 973K, 

and reach thermal equilibrium in less than 5 min. With this setup, 

the already well-known reduction of CoFe2O4 has been repeated. The 

experiment confirms the reaction mechanism observed in 

synchrotron experiments, and, additionally, reveals that the 

CoFe2O4 transforms into Fe3O4 at high temperatures and into -

Fe2O3 at low temperatures. The setup has been used to perform 

multiple in situ experiments, but it has also been used to perform 

both annealing and solid-gas experiments ex situ. 

A study of the crystallographic and magnetic structure of the W-type 

hexaferrite (WHF) SrMe2Fe16O27 doped with transition metals (Me = 

Mg, Co, NI, and Zn), prepared at temperatures above 1373 K, showed 

some interesting changes in the magnetic ordering. In order to 

follow the formation of the WHF a high-temperature induction 

furnace has been designed. It is designed for time-of-flight (ToF) 

NPD and can reach temperatures above 1811K in less than 5 min. It is 

built for heating experiments only but is being upgraded to include 

a press to follow powder compaction processes. The furnace has 

been successfully tested at the ToF neutron-powder diffractometer 

POLARIS at ISIS and is now ready to be used for real experiment. An 

in-house version of the setup has been made and is currently being 

used in ex situ experiment at our department.  



Page  ix 

 

 

 

Dansk Resumé 
 

 

Avancerede funktionelle materialer er uundværlige i den moderne 

tidsalder. De er inkluderet i alle applikationer omkring os f.eks. 

biler, mobiltelefoner, computere osv. Nogle siger, at udviklingen af 

nye og bedre funktionelle materialer vil være løsningen på de 

aktuelle klimaændringer, andre siger, at de er nødvendige for at 

ekspandere ud over planeten jorden for at bebo en anden fjern 

planet. Uanset årsagen er udviklingen af bedre avancerede 

funktionelle materialer blevet et stort emne inden for 

materialevidenskab. For at forbedre materialer er det vigtigt at forstå 

forberedelsesprocessen. Til dette har vi brug for metoder til at 

undersøge reaktionerne, mens de forekommer. Et fremragende 

værktøj til disse såkaldte in situ undersøgelser er diffraktion. Med 3. 

generation af synkrotroner som tilbyder extrem høj flux og den nye 

neutronfacilitet, den europæiske spallationskilde (ESS), der er 

bygget i Sverige, har vi de nødvendige redskaber til at undersøge 

reaktionsmekanismen med en meget høj tidsopløsning. For at drage 

fordel af den forbedrede tidsopløsning, skal nye forsøg opstillinger 

til instrumenterne udvikles. 

Hovedemnet for denne afhandling er udviklingen af forsøg 

opstillinger til pulver røntgen og Neutron-diffraktion. I forbindelse 

med dette har vi udviklet et in situ setup til brug i et hjemme røntgen 

diffraktometer. Setuppet kan bruges til at undersøge solvotermiske 

reaktion såvel som solid-gas reaktion. Setuppet tilbyder rumlig 

opløsning af prøven og har en tidsopløsning på 15 s pr. 

diffraktionsmønster. Selvom den opnåede tidsopløsning ikke kan 
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måle sig med synkrotroneksperimenter, har opsætningen vist sin 

relevans til at udføre forundersøgelser. Setuppet er blevet brugt til 

at undersøge dannelsen af Ni- og Cu-nanopartikler gennem 

solvotermisk syntese og til at følge reduktionen af CoFe2O4 for at 

skabe en spring-exhanged-nanokompositmateriale. Endelig er 

setuppets varmer blevet brugt til at følge reduktionen af CoFe2O4. 

Eksperimentet viste en kompliceret tretrins-reaktionsmekanisme af 

CoFe2O4 → CoxFe1-xO → CozFe2-z, hvor hver fase oprindeligt bliver 

dannet som Co-rich. Med tiden går Fe ind i strukturen 

I et forsøg på at følge dannelsen af magnetiske overgangsmetal  

dopede nanokompositer er et anden in situ setup blevet designet til 

at følge solid-gas reaktioner in situ under anvendelse af neutron 

pulverdiffraktion (NPD). Opsætningen tilbyder en maksimal 

temperatur på 973K og når termisk ligevægt på mindre end 5 

minutter. Med denne opsætning er den allerede velkendte reduktion 

af CoFe2O4 gentaget og bekræfter reaktionsmekanismen observeret 

i synkrotron eksperimenter og afslører derudover, at CoFe2O4 

omdannes til Fe3O4 ved høje temperaturer og til -Fe2O3 ved lave 

temperaturer. Setuppet er blevet brugt til at udføre flere in situ 

eksperimenter, men den er også blevet brugt til at udføre både 

annealing og solid-gas eksperimenter ex situ. 

En undersøgelse af den krystallografiske og magnetiske struktur af 

W-type hexaferritten (WHF) SrMe2Fe16O27 dopet med overgangs-

metaller (Me = Mg, Co, NI og Zn), fremstillet ved temperaturer over 

1373 K, viste nogle interessante ændringer i den magnetiske orden. 

For at følge dannelsen af WHF er der designet en højtemperatur-

induktionsovn. Den er designet til NPD time-of-flight (ToF) og kan 

nå temperaturer over 1811K på mindre end 5 minutter. Setuppet er 

kun beregnet til opvarmningseksperimenter, men opgraderes til at 

omfatte en presse for at følge pulver-komprimeringsprocesser. 

Ovnen er testet med succes på ToF neutronpulver diffraktometeret 

POLARIS på ISIS og er nu klar til at blive brugt til virkelige 

eksperimenter. En hjemmelaboratorieversion af opsætningen er 

blevet lavet og bruges i øjeblikket i ex situ eksperiment på vores 

afdeling. 



Page  xi 

 

 

 

List of Publications 
 

 

This dissertation is based on the following scientific papers: 

 

I. Frederik H. Gjørup, Jakob V. Ahlburg and Mogens 

Christensen,” Laboratory setup for rapid in situ powder X-ray 

diffraction elucidating Ni particle formation in supercritical 

methanol”, Rev. SCI. Instrum., 2019, 90, 073902 
 

II. Panpan Sun, Frederik H. Gjørup, Jakob V. Ahlburg, Aref 

Mamakhel, Shuzhong Wang and Mogens Christensen, “In Situ 

In-House Powder X‐ray Diffraction Study of Zero-Valent Copper 

Formation in Supercritical Methanol”, Cryst. Growth Des., 2019, 

19, 2219-2227 
 

III. Cecilia Granados-Miralles, Mathilde Saura-Músquiz, Henrik L. 

Andersen, Adrian Quesada, Jakob V. Ahlburg, Ann-Christin 

Dippel, Emmanuel Canévet and Mogens Christensen, 

“Approaching Ferrite-Based Exchange-Coupled 

Nanocomposites as Permanent Magnets“, ACS Appl. Nano 

Mater. 2018, 1, 3693−3704 
 

IV. Jakob V. Ahlburg, Emmanuel Canévet and Mogens 

Christensen, “Air-heated solid-gas reaction setup for in situ 

neutron powder diffraction”, J. Appl. Cryst., 2019, 52, 761-768 
 

V. Jakob V. Ahlburg, Cecilia Granados-Miralles, Frederik Holm 

Gjørup, Henrik Lyder Andersen, Mogens Christensen, 

”Exploring the direct synthesis of exchange-spring 



List of Publications 

xii  Page  

nanocomposites by reduction of CoFe2O4 spinel using in situ 

neutron diffraction”, submitted to: Nanoscale, Jan 2020 
 

VI. Mathias I. Mørch, Jakob V. Ahlburg, Mathilde Saura-Músquiz 

Anna Z. Eikeland and Mogens Christensen,” Structure and 

magnetic properties of W-type hexaferrites”, IUCrJ, 2019, 6, 492-

499 
 

VII. Jakob V. Ahlburg, Tommy O. Kessler, Frederik H. Gjørup, 

Mathias I. Mørch, Paul Henry, Ron Smith and Mogens 

Christensen, “Ultra-fast, high-temperature induction furnace for 

time-of-flight neutron powder diffraction”, manuscript in 

preparation 

 

In addition to the work presented in this thesis, I have also contributed 

to the following published scientific papers: 

 

VIII. Frederik Holm Gjørup, Mathilde Saura-Músquiz, Jakob 

Voldum Ahlburg, Henrik Lyder Andersen and Mogens 

Christensen, ”Coercivity enhancement of strontium hexaferrite 

nano-crystallites through morphology controlled annealing”, 

Materialia, 2018, 4, 203-210 
 

IX. Henrik L. Andersen, Cecilia Granados-Miralles, Mathilde Saura-

Músquiz, Marian Stingaciu, Jacob Larsen, Frederik Søndergaard-

Pedersen, Jakob V. Ahlburg, Lukas Keller, Cathrine Frandsen 

and Mogens Christensen, “Enhanced intrinsic saturation 

magnetization of ZnXCo1-xFe2O4 nanocrystallites with metastable 

spinel inversion”, Mater. Chem. Front., 2019, 3, 668 

 

In addition to the published papers, I have also contributed to the 

following scientific papers in preparation:  

 

X. Jakob V. Ahlburg, Mathias I. Mørch, Frederik H. Gjørup and 

Mogens Christensen, “Temperature dependence of exchange-



List of Publications 

Page  xiii 

spring behaviour in CoFe2O4/CoFe2 nanocomposites followed by 

in situ neutron powder diffraction”, manuscript in preparation 
 

XI. Pelle G. Garbus, Jakob V. Ahlburg, Cecilia Miralles-Granados, 

Ann-Christin Dippel, Henrik H. Lyder, Aref H. Mamakhel, Lukas 

Keller and Mogens Christensen, “Investigating the Reduction 

Kinetics of γ-Fe2O3-like Nanoparticles by In Situ Neutron and 

Synchrotron Powder Diffraction”, manuscript in preparation 

 

XII. Priyank Shyam, Anna Z. Eikeland, Matlide Saura-Músquiz, 

Jakob V. Ahlburg and Mogens Christensen, “X-ray and neutron 

diffraction magnetostructural investigations on exchange-

spring nanocomposite magnets”, manuscript in preparation 

XIII. Harikrishnan V. Pillai, Jakob V. Ahlburg, Frederik H. Gjørup 

and Mogens Christensen,” Following the formation of sixline 

ferrihydrite using in situ X-ray powder diffraction”, manuscript 

in preparation. 
 

XIV. Jennifer Hölscher, Jakob V. Ahlburg, Mathias I. Mørch, Matilde 

Saura-Músquiz, Didrik K. Grønseth and Mogens Christensen, 

“Controlling Structural and magnetic properties of SFO 

nanoplates by synthesis route and calcination time”, manuscript 

in preparation. 





Page  xv 

 

 

 

 

 

Abbreviations 
 

1D One dimensional 

2D Two dimensional 

3D Three dimensional 

a.u. Arbitrary units 

BB Bragg-Brentano 

bcc Body centered cubic 

Bhmax Maximum energy product 

DHS Domed Hot Stage 

DS Debye-Scherrer 

EM Electronmagnetic wave 

ESS European spallation source 

fcc Face centred cubic 

FWHM Full Width Half Max 

Hc Coercivity 

IB Integral Breadth 

IRF Instrumental resolution file 

LASS Large Area Soller Slit 

Mr Remanence 

Ms Saturation magnetisation 

NIST National institute of standards 

NPD Neutron Powder Diffraction 

Oh Octahedral 

PB Parallel beam 



Abbreviations 

xvi  Page  

PXRD Powder X-ray Diffraction 

RE Rare Earth 

RT Room temperature 

SFO Strontium HexaFerrite 

Tc Curie temperature 

Td Tetrahedral 

ToF Time of Flight 

WHF W-type HexaFerrite 

Wt% Weight percent 

ZVS Zero Voltage Switch 
 

 



Page  xvii 

 

 

 

Table of Content 
 

 

Preface ........................................................................................... i 

Acknowledgements ...................................................................... iv 

Abstract ...................................................................................... vii 

Dansk Resumé .............................................................................. ix 

List of Publications ........................................................................ xi 

Abbreviations .............................................................................. xv 

Table of Content ......................................................................... xvii 

Chapter 1 Motivation and Background ........................................... 1 

1.1 Introduction ............................................................................ 1 

1.2 Magnetic nanomaterials .......................................................... 3 

1.2.1 Magnetism ............................................................................................ 3 

1.2.2 Magnetic properties ............................................................................. 4 

1.2.3 Nano-structuring magnetic materials................................................... 5 

Chapter 2 X-ray and Neutron Scattering ......................................... 9 

2.1 Radiation sources..................................................................... 9 

2.1.1 X-ray sources ......................................................................................... 9 

2.1.2 X-ray tubes .......................................................................................... 10 



Table of Content 

xviii  Page  

2.1.3 Synchrotron light sources ................................................................... 11 

2.1.4 Neutron sources ................................................................................. 12 

2.2 Scattering theory ................................................................... 13 

2.2.1 X-ray scattering from a point scatterer .............................................. 14 

2.2.2 Neutron Scattering from atoms ......................................................... 17 

2.3 Scattering from crystal structures........................................... 19 

2.3.1 Bragg’s law .......................................................................................... 20 

2.3.2 Structure factor .................................................................................. 21 

2.3.3 Debye-Waller factor ........................................................................... 22 

2.3.4 Powder diffraction .............................................................................. 23 

2.3.5 Peak Profile analysis ........................................................................... 24 

2.4 Rietveld Refinement .............................................................. 27 

Chapter 3 In-house In situ Diffraction ........................................... 33 

3.1 Publication I: Context ............................................................ 33 

3.2 Development considerations ................................................. 34 

3.2.1 Capillary .............................................................................................. 34 

3.2.2 Large area soller slit ............................................................................ 34 

3.2.3 Hot air heater ..................................................................................... 36 

3.2.4 Assembly ............................................................................................. 37 

3.3 My Contribution .................................................................... 38 

Abstract ........................................................................................... 39 

Introduction ..................................................................................... 39 

Diffractometer setup ........................................................................ 41 

Detector and Large Area Soller Slit (LASS) .......................................... 44 

Demonstration experiment ............................................................... 46 



Table of Content 

Page  xix 

Conclusion ........................................................................................ 52 

Acknowledgments ............................................................................ 53 

3.4 Work beyond the publication ................................................. 54 

3.4.1 Publication II: Zero valent copper formation ..................................... 54 

3.4.2 In-house solid-gas CoFe2O4 reduction. ............................................... 56 

3.5 Reflection .............................................................................. 59 

3.6 Synchrotron version ............................................................... 60 

3.7 Publication III: X-ray Synchrotron reduction of CoFe2O4 ........... 60 

3.7.1 My Contribution.................................................................................. 63 

Chapter 4 Neutron In situ Reduction ............................................. 65 

4.1 Publication IV: Context ........................................................... 65 

4.1.1 My contribution .................................................................................. 66 

Abstract ............................................................................................ 67 

Introduction ..................................................................................... 68 

Materials and Methods ..................................................................... 71 

Results.............................................................................................. 75 

Conclusion ........................................................................................ 81 

Acknowledgements:.......................................................................... 82 

Supporting information ..................................................................... 83 

Chapter 5 In situ Reduction of CoFe2O4 ......................................... 87 

5.1 Publication V: Context ............................................................ 87 

5.1.1 My contribution .................................................................................. 88 

Abstract ............................................................................................ 89 

Introduction ..................................................................................... 90 



Table of Content 

xx  Page  

Experimental .................................................................................... 94 

Results and discussion ...................................................................... 97 

Conclusion .......................................................................................108 

Acknowledgements .........................................................................109 

Supporting Information ...................................................................110 

5.2 Reflections ...........................................................................121 

Chapter 6 High-Temperature Furnace ......................................... 123 

6.1 Publication VI: W-type Sr-heaxaferrite ..................................123 

6.1.1 My contribution ................................................................................ 127 

6.2 Publication VII: Induction furnace .........................................127 

6.2.1 Context ............................................................................................. 127 

6.2.2 My contribution ................................................................................ 128 

Abstract ..........................................................................................129 

Introduction ....................................................................................130 

Setup description.............................................................................131 

Experimental ...................................................................................135 

Results and discussion .....................................................................136 

Conclusion .......................................................................................142 

6.3 Work beyond the publication VII ...........................................144 

Upgrades ........................................................................................................ 145 

Co-author Publications ............................................................... 147 

Concluding Remarks ................................................................... 151 

Bibliography .............................................................................. 153 

Publication II .............................................................................. 171 



Table of Content 

Page  xxi 

Publication III ............................................................................ 174 

Publication VI ............................................................................ 177 

Induction Furnace Manual ......................................................... 180 

 



 

 

 



 

 

 

 

 

 

PART I 
Introduction and Theoretical 

Background 
 

 

 

 

 





Page  1 

 

 

 

Chapter 1  

Motivation and Background 
 

 

1.1 Introduction 
Homo sapiens as a species is believed to have arisen between 350.000 to 

260.000 years ago in West Africa.[10, 11] Since then our species have spread 

across the globe and habituated even the most remote and harsh places 

on the planet. We have managed to harvest the fruit-of-the-earth and 

our footprint has become so large that we are now changing the earth 

climate. 

The Latin name Homo sapiens was introduced by Carl Linnea in 1758 

and is translated into “wise man” and for one thing it has been the ability 

of creative-thinking and wisdom that has led to the success of our 

species. The ability of habituating earths most harsh environments is 

mainly due to our ability to extend beyond our body’s own ability by 

using assistive devices. Our species have always developed new methods 

and materials which would increase our chance of survival and our 

comfort. Specific materials have been so important through periods of 

the history that we have even named the periods accordingly; Stone Age, 

Bronze Age, Iron Age and today the “Silicon Age”. As we have 

proceeded, we have become ever more dependent on these materials 

and today our entire existence depends on a continuous supply of 

functional materials. 

Today, it is taken for granted to have access to a house, a car, a cell 

phone etc. and it is hard to imagine life without it. The three mentioned 
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examples consist of more highly sophisticated functional material than 

an average consumer is aware. Over the last couple of centuries, the 

study of functional materials has become more systematic and less 

based on a trial-and-error approach. This has led to the establishment 

of the scientific interdisciplinary field materials science. The aim in 

materials science can be illustrated through the materials science 

tetrahedron seen in Figure 1.1. The aim is to connect the knowledge 

about the preparation method, the structure, the properties and the 

performance of a material. By doing so it enables us to predict new 

functional materials based on the knowledge from similar already well-

known materials 

 

Figure 1.1 The material science tetrahedron showing the relationship between, 

preparation, structure, properties, and performance of a functional material. This 

dissertation has mainly focused on creating equipment to follow the preparation, as well 

as following the preparation  structure and preparation  properties correlations. 

In this dissertation the focus has been to develop new scientific 

equipment to increase our ability to follow the preparation of functional 

material. Three pieces of equipment has been designed to follow sample 

preparation in-situ using diffraction techniques. By using diffraction 

techniques, it is possible to determine the materials structure and even 

properties such as the magnetic behaviour of a materials. The interplay 

between preparation, structure and properties has been used to study 

magnetic materials in an aim to improve the materials magnetic 

properties 
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1.2 Magnetic nanomaterials 
Magnetic materials are indispensable in today’s society as they 

constitute key components in a staggering number of modern 

technological devices, such as smartphones, electrical motors, 

loudspeakers, hard disc drives, etc. [12-17] More often than not, the 

performance of the given device directly hinges on the performance of 

the integrated magnetic component(s). Consequently, optimizing the 

constituent materials’ magnetic strength, magnetisation stability, 

design versatility and mechanical/structural stability, while limiting the 

associated material/production costs, are key objectives for the 

continued improvement and miniaturisation of increasingly complex 

functional devices. However, since the 1990’s the development of the 

magnetic strength has somewhat stalled[18] and after the rare-earth 

material crisis in 2010 where the prices skyrocketed, the demand has 

emanated to produce cheaper and more environmentally friendly 

alternatives.[19, 20] In this context, nano-structuring of magnetic 

materials as a means to tune or enhance their magnetic properties has 

gained a lot of attention.[21-25] 

The following section is a brief introduction into magnetism and 

magnetic properties, followed by an introduction into nanostructuring. 

For further details the reader is referred to the books by Coey,[26] 

Chikazumi,[27] Blundell,[28] O’Handley,[29] and Spladin[30] 

1.2.1 Magnetism 

The magnetisation of magnetic materials originates from the spin of 

unpaired electrons orbiting the atoms. In a crystallographic ordered 

material, the intrinsic magnetic properties are governed by the position 

and ordering of the unpaired spins. If a long-range propagation of 

magnetic order is present the material is ferro-, ferri- or 

antiferromagnetic. The ordering originates from interactions between 

the spins and can have either direct-exchange or super-exchange 

nature.[28] The ordering can expand to the nano-, micro-, or macroscopic 

scale which governs the overall magnetic properties. In a crystalline 

magnetic material, the alignment of spins will happen along the 

magnetic easy axis which is characterised by the magnetocrystalline 

anisotropy which is an intrinsic property of a specific material. The 
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magnetic ordering is temperature dependent and is only present until a 

critical temperature at which the thermal energy overcomes the 

exchange energy. At this point the material losses its long-range 

magnetic order and becomes paramagnetic. For ferro- and ferrimagnets 

the critical temperature is called the Curie temperature, TC and for 

antiferromagnets it is called the Néel temperature, TN. 

1.2.2 Magnetic properties 

Magnetic materials are typically characterised by measuring the 

magnetisation, M, as a function of applied field, H, which yield the 

hysteresis loop as seen in Figure 1.2. The maximum possible induced 

magnetisation that can be achieved is the specific saturation 

magnetisation, Ms. The magnetisation which persist in the sample as the 

applied field is removed is the remanence or remanent magnetisation, 

Mr. The field needed to fully remove the induced magnetisation, i.e. 

demagnetise the sample, is the coercive field, Hc. A so-called hard 

magnet is difficult to demagnetise and has a high Hc whereas a soft 

magnet is easy to demagnetise and has a low Hc. The key figure of merit 

for permanent magnets is the maximum energy product BHmax which is 

the energy stored pr. unit volume. Its definition is based on the magnetic 

induction B-H curve [𝐵 = 𝜇0(𝑀 +𝐻)] and is defined as the largest 

possible square underneath the curve in the second quadrant. Figure 1.2 

shows the magnetic behaviour from a theoretical ideal magnetic 

material consisting of a flawless infinite crystal. In this case Mr = Ms. In 

real-materials Mr is smaller Ms since extrinsic properties such the 

coercivity and the remanence are strongly dependent of the materials 

complete morphology.[26]  
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Figure 1.2: Illustration of the M-H and B-H hysteresis loop for an ideal 

ferromagnetic/ferrimagnetic material. 

1.2.3 Nano-structuring magnetic materials 

Many of the properties of magnetic materials originate from the atomic-

scale magnetic structure. Intrinsic properties such as; the saturation 

magnetisation, Curie temperature, and magnetocrystalline anisotropy, 

can be manipulated by changing the magnetic structure. This can be 

achieved by replacing ionic species in the structure or changing the 

relative atomic positions. As mentioned, the extrinsic properties can be 

tuned by changing the complete morphology of a material which 

includes, crystallite size and morphology, or size distribution. The 

magnetic properties of a bulk sample are highly dependent on the 

interaction between crystallites. A so-called exchange-spring magnet 

can be made by the mixing a magnetically hard and soft magnetic 

material. 

Size-dependence of the coercivity 

The crystallite size of magnetic nanoparticles can greatly affect their 

magnetic behaviour. As seen in Figure 1.3 Large crystallites tend to lower 

their stray field energy by forming multiple magnetic domains. The 

creation of multiple domains allow spin reversal to take place much 

easier via domain wall movement, thereby causing a reduction in their 

coercivity, Hc.[29] As the crystallite size decreases the energy needed to 
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obtain domain walls exceed the stray field energy. As a consequence, the 

number of magnetic domains decrease until the crystallite consist of 

only one stable single domain (SSD). By eliminating magnetic domains, 

the coercivity of the material increase and a specific critical particle size 

Dsd exists at which Hc is at a maximum. The Dsd is highly dependent on 

the crystallite morphology and can have values ranging from a few to 

hundreds of nano meters. Nanoparticles smaller than Dsd tend to exhibit 

a reduced magnetisation capacity as a result of their non-negligible 

amount of surface defects and lower density. When they become small 

enough, they encounter another critical value called the critical 

superparamagnetic size, Dsp, at which point the ultrafine super-

paramagnetic crystallites completely lose their coercivity due to random 

thermally-induced flipping of the magnetic moments.  

 

Figure 1.3 The change in coercivity as a function of crystallite size 

Exchange-coupling 

In 1989 it was discovered by Coehoorn et. al.[31] that the magnetically 

hard-soft Nd2Fe14B-Fe3B composite had an enhanced Mr without 

suffering from loss of coercivity, thus increasing the BHmax. At the time, 

the presence of a soft phase in a permanent magnet had been considered 

inconsequential to the magnetic properties since it was known to induce 

a drop in the Hc. Thus, the discovery of a higher Mr did not get much 

attention until E. F. Kneller and R. Hawig[32] in 1991 presented a 

theoretical model that could describe the observation made by 
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Coehoorn. The discoveries founded a new scientific approach in the 

pursuit to create a magnet with an increased BHmax and even after 

almost 20 years of research it is still a very hot topic. 

In a typical permanent magnet with high Hc (Hc > Ms/2) the BHmax can 

be increased as a function of Ms.[33] 

 
𝐵𝐻𝑚𝑎𝑥 ≤

1

4
𝜇0𝑀

2 Eq. 1.1 

However, often materials with a high Hc exhibit much lower Ms than 

more abundant and cheaper soft magnetic materials. Kneller and Hawig 

presented the theory that the BHmax could be improved by combining a 

magnetically hard material with a high Hc with soft magnetic material 

which provides a high Ms.  

If the two phases are successfully exchange-coupled the direction of 

magnetic moment of the two phases switch coherently and is 

dominated by the hard phase as seen in Figure 1.4. Acquiring an effective 

exchange coupling has proven to be very difficult. The inter-grain 

exchange-coupling is a very short range effect and not long after the 

theoretical model was discovered, Screft, Kronmüller and Fidler, 

concluded that the soft phase diameter should not exceed twice the 

domain wall width of the hard phase.[34] Thus very intimate contact is 

needed between the phases.  

 

Figure 1.4: Effective exchange-coupling where the magnetic moments in the soft phase 

align with the magnetic moments of the hard phase 
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The macroscopic magnetic improvement in an exchange-coupled 

magnet has been illustrated in Figure 1.5. Here the hysteresis loop of a 

hard and a soft phase is seen together with the hysteresis loop of an 

exchange-coupled nanocomposite based on the two phases. As seen the 

loop has increased in area which shows an increase in BHmax and shows 

inter-phase coherent flipping of the direction of magnetisation. The 

figure also shows a decoupled nanocomposite where the kinks on the 

loop originate from the superposition of the loops of the individual 

phase. 

 

Figure 1.5: Illustration of the hysteresis behaviour for a hard (blue) and a soft (orange) 

magnetic material, and for an exchange-coupled nanocomposite (green). The grey curve 

shown the hysteresis behaviour of a decoupled nanocomposite. 

Since exchange-coupling is a such a short-range effect, methods to 

prepare samples are needed which ensure high control over the 

crystallite size whilst offering homogenous distribution of soft and hard 

phase in the bulk. One solution could be preparing magnetically hard 

and soft core-shell nanoparticles.
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Chapter 2  

X-ray and Neutron Scattering 
 

 

In the present work X-rays and neutron diffraction has been used 

extensively to characterise the crystal- magnetic- and microstructures 

of the studied materials. The sample environments developed in 

thisdissertation are based on both X-ray and neutron diffraction, thus, 

a strong understanding of the theory behind is necessary. The following 

chapter gives an introduction to the X-ray and neutron scattering 

method as well as the underlying scattering-, diffraction and structural 

modelling. The chapter is based on material from the textbooks by; Als-

Nielsen & Mcmorrow,[35] Dinnebier & Billings,[36] Egami & Billings,[37] 

Giacovazzo,[38] Guinier,[39] Warren,[40] Young.[41] The reader is referred to 

these books for further details.  

2.1 Radiation sources 

2.1.1 X-ray sources 

X-rays were discovered by William Conrad Röntgen in 1895 while he was 

performing experiments with cathode ray tubes.[42] X-rays were quickly 

implemented in the preparation of radiographic images as a diagnostic 

method in hospitals. However, twenty years would pass before Max von 

Laue[43] and the Braggs[44] discovered that X-rays could be used to study 

the atomic structure of matter, and a new field of research came to life; 

X-ray crystallography. 
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Nowadays, X-rays used in crystallography are typically produced in one 

of two ways. 

2.1.2 X-ray tubes 

The most widely used way to produce X-rays is by using an X-ray tube 

and this is typically the method used in laboratory-scale X-ray 

diffractometers. They consist of a heated filament that emits electrons 

that are accelerated toward an anode, the so-called target. As the 

electrons travel through the target there is a possibility that they will hit 

a core electron in an atom, and the atom will be ionized as seen in Figure 

2.1. The ionization is typically followed by the relaxation of an electron 

and brings the atom back to its ground state. The relaxation process 

emits X-rays with a specific energy related to the energy difference 

between electron donor and receiver shell.  

 

Figure 2.1 a) Sketch of the ionization and emission process creating characteristic Kα X-

rays from Cu. b) Qualitative illustration of the X-ray spectrum in a traditional Cu X-ray 

source. 

Together with the characteristic x-rays, the spectrum distict 

background, the so-called Bremsstrahlung. It is produced through 

inelastic scattering events in the target. The Bremsstrahlung can be 

removed, by using X-ray filters or a monochromator. The specific energy 

of the X-rays is inversely proportional to the wavelength. X-rays with a 

specific wavelength can be produced by changing the anode material. 

In this dissertation, a Cu (1.54 Å) and a Co (1.79 Å) anode were used. The 

limiting factor to the X-ray flux is typically the cooling of the anode, 
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thus, in modern X-ray sources, solid anodes are water-cooled. Anodes 

can also consist of a liquid jet, thus replacing the irradiated material 

continuously. 

2.1.3 Synchrotron light sources 

In order to generate even higher X-ray flux, we turn to synchrotron light 

sources. A synchrotron light source is a special type of particle 

accelerator where the circulation of centripetal accelerated electrons 

produce a broad energy spectrum of high flux and high brilliance X-rays. 

The concept was reported first in 1947 by researchers from General 

Electric Laboratories[45] and changed the field of X-ray-based science 

drastically.  

The electrons are created by an electron gun, accelerated in a linear 

accelerator or booster ring to relativistic speeds and finally fed into a 

much larger storage ring. The storage ring consists of a number of 

straight section connected by dipolar bending magnets to create a closed 

loop. The bending magnets keep the electron in their circular path while 

the straight pieces contain radio frequency cavities which ensures that 

the electrons are keep at relativistic speeds.  

The electrons emit radiation in a broad energy spectrum as their path is 

changed in the bending magnets. In order to increase the flux, insertion 

devices called wigglers and undulators can be inserted in the electron 

path in the straight parts of the synchrotron. Insertion devices consist 

of a periodical array of magnets with alternating magnetic field 

direction. As the electron move through the alternating magnetic field 

it will start to oscillate and emit radiation. Wigglers consist of a number 

of bending magnets and produces a broad spectrum of X-ray intensities 

with a flux determined by the number of “bending magnets”. An 

undulator ensures a much higher flux and a very narrow energy 

spectrum. The magnets in an undulator a placed in very close proximity 

to limit the oscillation of the electrons. By changing the periodicity and 

the distance between the magnetic constructive interference occur 

between the emitted x-rays, further increasing the flux. The X-ray beam 

is modified by using filters, monochromators and focusing mirrors 

before it hits the sample. 
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The first synchrotron experiments where carried out as a parasitic 

operation of high energy accelerator physics. Since then many 

improvements have been implemented and today the third generation 

of synchrotron are put into use together with the first X-ray free electron 

lasers. An overview of the evolution in X-ray brilliance can be seen in 

Figure 2.2  

 

 

Figure 2.2 The evolution of the brightness of X-ray sources as a function of time. X-rays 

sources used in this dissertation is marked in red Figure adapted from Als-Nielsen.[35] 

2.1.4 Neutron sources 

The production of neutrons is very demanding both with respect to the 

huge construction site needed but also due to the need for heavy 

shielding. Today two types of neutron sources are available; continuous 

sources and pulsed spallation sources.  

Continuous sources 

The classical continuous neutron source produces neutron through 

nuclear fission. In a fission process an atom captures a neutron and 

splits into smaller part. In the fission process of 235U and average of only 
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~1.4 neutrons are produced pr impact. The neutron are produced with a 

very broad energy spectrum. The fission process is continuously 

ongoing ensuring a continued source of neutrons 

Pulsed spallation sources 

A pulsed spallation source works in an analogous was to an x-ray tube. 

Here protons are accelerated in a cyclotron to relativistic speeds. The 

protons are aimed at a target consisting of heavy elements such as, W, 

Pb, Bi, etc. As the protons hit the target, they have a possibility of hitting 

the atomic nuclei of an atom. This will cause a spallation of the nuclei 

and will typically release 10-20 neutrons per impact. Thus, a spallation 

source creates a much higher intensity than a continuous source. 

However, the production of neutron is not continuous and is limited by 

the proton accelerator. For instance at the neutron spallation source 

ISIS, at Rutherford Appleton Laboratory the neutron pulse frequency is 

5 Hz.  

Neutron beam modification 

Since both types of sources produces neutron in a wide energy range, 

the neutron will have to be moderated to fit particular experiment. The 

neutron will hit a so-called moderator which can consist of either liquid 

He (4K), deuterated water (300K), or heated graphite (2000K). The 

moderator produces cold, thermal and hot neutrons respectively. As 

with X-rays, the neutron wavelength can be adjusted using 

monochromators. In addition, due to the non-relativistic particle nature 

of neutrons, the neutron beam can be split into bunches of neutron with 

a specific energy range using a chopper. This kind of beam structure is 

called time-of-flight ToF and add a time dimension to the detected 

neutrons data.  

2.2 Scattering theory 
When x-rays or neutrons propagate through a material there is a finite 

possibility that they will scatter on an atom. If the scattering process 

preserves the energy of the x-ray or neutron the process is elastic and is 

known as Thomson scattering. If the energy is not preserved however 

the scattering is inelastic and is known as Compton scattering. 
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Generally, Compton scattering is observed as background signal 

whereas Thomson scattering is related to the crystal structure of a 

material. The scattering experiments in this dissertation is based on 

Thomson scattering.  

The strength of scattering is measured in scattering power or scattering 

length, f, and is atom specific as X-rays are scattered on the orbital cloud 

surrounding the atom. The scattering power can be calculated and is 

dependent on the number of electrons in the cloud. Neutrons, on the 

other hand, scatter on the atomic core and the nature of the process is 

quantum mechanical. Thus, it is not possible to calculate the neutron 

scattering length so they must be determined experimentally. This is 

done through the differential scattering cross-section dd and is 

related to the measured coherent scattering intensity from a given atom 

Iatom where: 

                𝐼𝑎𝑡𝑜𝑚 ∝ |𝑓𝑎𝑡𝑜𝑚|
2 ∝ 𝐼0∆Ω(

𝑑𝜎

𝑑Ω
)
𝑎𝑡𝑜𝑚

 Eq. 2.1 

Here fatom is the atomic scattering power, I0 is the incident flux and Iatom 

is the measured number of scattered x-rays or neutrons for a given atom 

per second per solid-state angle d It is not possible to probe a single 

atom so the differential scattering cross-section must be determined 

based on the total scattering signal from a sample.  

Even though X-rays scatter on the electronic orbitals and neutrons 

scatter on the nuclei as well as unpaired electrons, the two can generally 

be described using the same theory. In the following section, the 

scattering theory will be described based on X-rays while substantial 

differences from neutrons will be described in individual sections. 

2.2.1 X-ray scattering from a point scatterer 

Figure 2.3a illustrates an elastic scattering event on a point scatterer 

such as an electron. An electromagnetic wave with the incident 

wavevector ki hits the electron (represented by the green dot) and is 

scattered with the final wavevector kf with a total scattering angle of 2 

The wavevector is related to the wavelength defined as 
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|𝐤𝒊| = 𝑘𝑖 =

2𝜋

𝜆𝑖
 and |𝐤𝒇| = 𝑘𝑓 =

2𝜋

𝜆𝑓
 

Eq. 2.2 

where λi and λf is the wavelength of the incident and final waves 

respectively.  

   

Figure 2.3: a) Thomson scattering from a point scatterer i.e an electron. The scattering 

vector q is the difference between the incident wavevector ki and the final wavevector kf. 

b) Scattering from a charge distribution, i.e. an atom. The phase difference between the 

scattered wave at the origin and at the position r is q•r. The figures are inspired by Als-

Nielsen.[35] 

The momentum transferred in the process is the scattering vector q 

which is defined as the difference between the incoming and final wave. 

q is typically given in units of Å-1. 

 𝐪 = 𝐤𝒊 − 𝐤𝒇 Eq. 2.3 

In the elastic scattering case illustrated in Figure 2.3 λi = λf i.e. the 

wavevectors are equal in magnitude  

 
𝑘𝑖 = 𝑘𝑓 = 𝑘 =

2𝜋

𝜆
 Eq. 2.4 

In this case, the scattering vector, q, can be described as a function of 

the scattering angle θ, by 

 
                        |𝐪| = 𝑞 = 2𝑘 𝑠𝑖𝑛 𝜃 =

4𝜋 𝑠𝑖𝑛 𝜃

𝜆
   Eq. 2.5 

As of now, we have only discussed scattering from a point change where 

the scattering intensity is spatially uniform. However, this changes 

when more than one scatterer are present in a charge distribution such 
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as in an atom. The case is illustrated in Figure 2.3b where, a wave 

scattering on a charge at the position r will be in front of the wave 

scattering at the origin by φf = kf• r. This will result in a total phase 

shift between the waves of: 

 Φ = 𝜙𝑖 − |𝜙𝑓| = (𝐤𝒊 − 𝐤𝒇) ∙ 𝐫 = 𝐪 ∙ 𝐫 Eq. 2.6 

The phase difference introduces destructive interference between the 

wavevectors and is dependent on the scattering vector, q. This gives a 

non-uniform distribution of scattering with an amplitude A of: 

 
𝐴(𝐪) = 𝑓(𝐪) = ∫𝜌(𝐫)𝑒𝑖𝐪∙𝐫𝑑𝐫  Eq. 2.7 

Here, f is the atomic form factor, and ρ is the charge distribution at the 

position specified by r. According to Eq. 2.7 the atomic form factor is 

simply the Fourier transform of the electron density of an atom.   

As q approaches zero all electrons scatter in-phase and the atomic form 

factor becomes equal to the number of electrons in the atom, on the 

other hand as q tends toward infinity all electrons scatter out of phase 

and the atomic form factor becomes zero. A quantitative illustration is 

shown in Figure 2.4a. For ionic charged particles the atomic form factor 

follows the behaviour of an uncharged system at high q but as q 

approaches zero the atomic form factor becomes equal to the number 

of electrons of the ion. This is illustrated in Figure 2.4b. 

Typically, the X-ray photon energy of the incident beam is on the order 

of the K-to-L shell transition-energies. If the X-ray photon energy is very 

close to any of these-transitions, a resonant behaviour of the atom will 

lead to a change of the atomic form factor. It is important to correct for 

this behaviour when modelling X-ray scattering data.[35, 40] 
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Figure 2.4: a) Qualitative illustration of the atomic form factor as a function of q. b) The 

change in atomic form factor for charged and uncharged particles. Figure by courtesy of 

Cecilia Granados-Miralles. 

2.2.2 Neutron Scattering from atoms 

Unlike X-ray photons that scatter on the electronic cloud, neutrons 

scatter on the atomic nucleus. This introduces a few differences between 

X-ray and neutron scattering. 

The length scale of the atomic forces is in the range of femto meters and 

the wavelength of a thermal neutron is several orders of magnitudes 

larger and is measured in Å. Due to this difference, the atomic nuclei act 

as a point scatterer and the coherent neutron scattering length bc does 

not have a q dependency. In addition, the coherent neutron scattering 

length changes erratically with the atomic number, N which can be seen 

in Figure 2.5A  

The erratic behaviour of the coherent neutron scattering length means 

that light atoms, which scatter weakly with X-rays, can be probed. Also, 

a contrast between neighbouring atoms and even between isotopes of 

the same element can be achieved. In this thesis, neutrons have been 

used to distinguish a number of 3d transition metals and their respective 

coherent neutron scattering lengths are seen in Error! Reference 

source not found.a. 
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Figure 2.5 A) Coherent neutron scattering length as a function of atomic number N. The 

Thomson scattering length, r0, for a free electron and the regular increase in coherent X-

ray scattering length for q=0 Å and q=10 Å are plotted for comparison  B) Coherent 

neutron scattering length of selected 3d transition metal.[46] Figure by courtesy of Henrik 

Lyder Andersen 

Since neutrons only scatter on the atomic nuclei their interactions with 

matter are far weaker than for X-rays, they can travel further inside a 

material without being scattered or absorbed. For this reason, neutrons 

are often used to study bulk material. 

The scattering cross-section, σs describes the possibility of a neutron to 

be scattered. It contains a coherent σc and an incoherent σi contribution 

and is described by: 

 𝜎𝑠 = 𝜎𝑐 + 𝜎𝑖 Eq. 2.8 

where 𝜎𝑐 = 2𝜋〈𝑏𝑐〉
2 And 𝜎𝑖 = 2𝜋〈𝑏𝑖〉

2 Eq. 2.9 

Here, bi is the incoherent scattering length. The neutron also has an 

absorption cross-section σa which describes the absorption measured in 

the unit barns (1 barn = 100 fm2).  

The material-specific coherent, incoherent and absorption cross-

sections are very important to consider when designing a sample 

environment. For instance, vanadium is a perfect sample holder 

material due to a very low coherent scattering length, that is, very weak 

Bragg reflection, whereas gadolinium is often used as neutron shielding 

due to its very high absorption cross-section. 
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Magnetic scattering 

Since neutrons carry a spin of ½, they can, apart from interacting with 

the atomic nuclei, also interact with the magnetic moment of unpaired 

electrons in the electron cloud surrounding the atom. The magnetic 

scattering length is similar in magnitude to the nuclear scattering length 

and produces comparable scattering intensities. However, since the 

unpaired electrons are placed in the electron cloud the magnetic 

scattering will have similar behaviour to that of X-ray scattering and 

have a q dependency described by: 

Magnetic form  

factor 
𝑓𝑚𝑎𝑔(𝐪) = ∫𝑠(𝒓)𝑒

𝑖𝐪∙𝐫𝑑𝐫 Eq. 2.10 

Here, s(r) is the normalized spin density function, and only the 

contributions from the unpaired electrons are counted. Since the 

unpaired electrons are typically placed in the most exterior orbitals such 

as the 3d and 4f the drop in the form factor with q is more pronounced 

than for the X-ray form factor. Finally, since the magnetic scattering has 

a dipolar nature, a magnetic scattering event will only take place for the 

magnetic component perpendicular to the scattering vector q. 

2.3 Scattering from crystal structures 
A crystal structure consists of atoms arranged in a long-ranged ordered 

crystal lattice. For each of the three directions in the crystal, it is always 

possible to find a repetitive motif and the smallest volume of repetition 

is known as the unit cell. 

As X-rays are focused on a crystal, they scatter on the electron clouds of 

the atoms as described in the §2.2.1. The X-rays scattered from an array 

of atoms will mutually interfere. As with visible light, the interference 

can be either constructive or destructive. If the path difference between 

two electromagnetic (EM) waves, with identical wavelengths, λ, is an 

integer of the wavelength (nλ), they will interfere constructively. 

However, if the path difference is an integer of half the wavelength 

(½nλ) the interference will be destructive, and the total scattered 

intensity will become zero. If the path difference lies between these two 

extreme cases, it can be demonstrated for an infinite crystal that there 
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will always be another EM wave in the condition to create destructive 

interference causing the emitted intensity to be cancelled out.  

Thus, even though crystals scatter EM waves in all direction the emitted 

intensity observed from the crystal will only be non-zero for a very 

specific direction, or scattering angle, θ, where the conditions for 

constructive interference is fulfilled.   

2.3.1 Bragg’s law 

The atoms in a crystal structure create imaginary planes called lattice 

planes. The orientation of these planes can be described by the Miller 

indices (hkl). A family of planes exists for sets of parallel planes and the 

distance between them is the interplanar spacing or d-spacing. 

This description of the crystal structure was used in 1913 where William 

H. Bragg and William L. Bragg discovered a simple model to predict the 

scattering angles, θ, at which diffracted intensity can be observed. In this 

model, X-rays are reflected, with identical incident and reflection angle, 

on a family of lattice planes and is illustrated in Figure 2.6. 

 

Figure 2.6: Illustration of the geometric derivation of Bragg’s law of diffraction 

The path difference between the two X-rays in the figure is 2dhklsin(θ). 

If this path difference is equal to an integer of the wavelength, λ, they 
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will interfere constructively, and an emitted intensity will be observed. 

Thus, what is now called Bragg’s law was derived to be: 

 2𝑑ℎ𝑘𝑙 sin(𝜃ℎ𝑘𝑙) = 𝑛𝜆 Eq. 2.11 

Diffraction can also be derived in reciprocal space and it can be 

demonstrated that Bragg’s law is equivalent to the Laue condition. In 

the Laue condition diffraction is observed when the scattering vector q 

is equal to the reciprocal lattice vector H.[35, 47]  

2.3.2 Structure factor 

The total kinematical scattering amplitude from the ensemble of atoms, 

that is a crystal structure, is given by the structure factor F(q). It can be 

derived in an analogously way to the atomic form factor and is described 

by: 

The structure 

factor 
𝐹(𝐪) =∑𝑓𝑚(𝐪)𝑒

𝑖𝐪∙𝐫𝒎

𝑚

 Eq. 2.12 

Here fm represents the X-ray or neutron scattering length of the m’th 

atom and is dependent on the radiation source used while rm is the 

position vector of the m’th atom. 

In order to better relate the structure factor to the crystal structure, it 

can be described using the reciprocal lattice vector H = (h,k,l), together 

with the fractional coordinates of the m’th atom in the unit cell 

described by rm = (xm, ym, zm). The expression for the structure factor 

then becomes: 

 𝐹𝐇 =∑𝑓𝑚(𝐪)

𝑚

𝑒2𝜋𝑖(ℎ𝑥𝑚+𝑘𝑦𝑚+𝑙𝑧𝑚) Eq. 2.13 

The coherently scattered intensity Icoh(q) from a crystal structure can be 

described by the structure factor times the complex conjugate of the 

structure factor: 

 𝐼 = |𝐹(𝒒)| ∙ |𝐹(𝒒)|∗  Eq. 2.14 
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2.3.3 Debye-Waller factor 

The structure factor described in the previous section is only true for 

perfect flawless crystal, with stationary atoms. However, a flawless 

crystal does not truly exist and the atoms are in fact at dynamic 

equilibrium. This has an effect on the scattered intensity.[35] 

The displacement of the atoms can be described by thermal vibrations 

of the atoms and by static disorder in the crystal structure. The thermal 

vibrations increase with higher temperature whereas the static disorder 

is independent of the temperature and is present even at zero Kelvin.[48] 

The thermal average deviation of the atoms from their equilibrium is 

described using the Debye-Waller factor, Tn. It is an hkl-dependent 

parameter and is defined as: 

 
𝑇𝑚 = 𝑒

−𝐵𝑚
𝑠𝑖𝑛2(𝜃ℎ𝑘𝑙)

𝜆2  Eq. 2.15 

Here Bm is the temperature factor also known as the B-factor, θ is the 

scattering angle, and λ is the wavelength of the X-rays or neutrons. The 

B-factor can be expressed as: 

 𝐵𝑚 = 8𝜋
2〈𝑢𝑚

2 〉 Eq. 2.16 

Here 〈𝑢𝑚
2 〉 describes the mean square displacement from the equilibrium 

position (xm, ym, zm) of the m’th atom. The mean square displacement 

can be described for isotropic displacements by a single parameter uiso. 

In case of anisotropic displacement it is replaced by a tensor. 

For some structures, the atomic sites are not fully occupied or are 

occupied by different atoms that share the same rn. This has a huge 

influence on the intensities of the Bragg reflection and is accounted for 

by the incorporation of a site occupancy factor in the expression for the 

structure factor.  

When accounting for both atomic displacement and partial occupation 

the expression for the structure factor becomes 

 
         𝐹𝐇 =∑𝑛𝑚𝑓𝑚(𝐪)

𝑚

𝑒2𝜋𝑖(ℎ𝑥𝑚+𝑘𝑦𝑚+𝑙𝑧𝑚)𝑒
−𝐵𝑚

𝑠𝑖𝑛2(𝜃ℎ𝑘𝑙)
𝜆2  

Eq. 

2.17 
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The attenuation of the structure factor from the atomic displacement 

increases with increasing scattering angle.  

2.3.4 Powder diffraction 

In a single-crystal diffraction experiment, a sample consisting of a single 

isolated crystal is illuminated by a monochromatic collimated beam. As 

the beam hits the crystal, diffraction will occur and a detector will 

record the scattered Bragg reflection as seen in Figure 2.7a. In the 

visualised experiment a total of nine lattice planes are under scattering 

conditions when the beam hits the sample. By rotating the sample, it is 

then possible to access all other lattice planes in the crystal. 

 

Figure 2.7: Schematic presentation of the basic principle of a) single-crystal diffraction 

and b) powder diffraction. Figure by courtesy of Mads Ry Vogel Jørgensen 

In a powder diffraction experiments (see Figure 2.7b) the sample is 

polycrystalline and consist of a very large number of much smaller 

crystallites. If the crystallites are randomly oriented in the sample every 

possible (hkl)-plane will be under diffraction conditions at any given 

point in time. Thus, the beam will be diffracted in all possible direction 

described by a particular 2θ-angle to form what is known as Debye-

Scherrer cones. The diffraction signal measured on the detector will, in 

this case, consist of concentric rings as opposed to spots in the single-

crystal case. In the experiments presented in Figure 2.7, the diffraction 

signal is measured on a 2D detector. The data is typically azimuthally 

integrated to describe the Intensity as a function of 2θ-angle and 

scattering vector q or the lattice spacing d. However, in some cases the 

unintegrated 2D data can be used to discern information about the 

microstructure of a sample.  
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Diffraction data can also be measured using a 1D line detector where 

only a small section of the data is accessible as visualised by the black 

line in Figure 2.7b. Data can also be measured with a point detector that 

is scanned over the entire 2θ-range. The specific Bragg peaks in the 

diffraction data acquired can then be used to extract information about 

the structure of the crystallites. 

In the experiments visualised in Figure 2.7, the sample is measured in 

transmission mode known as Debye-Scherrer geometry (DS). 

Transmission mode is typically used in neutron powder diffraction 

(NPD) or powder X-ray diffraction (PXRD) experiments performed at a 

synchrotron. However, in in-house diffractometers diffraction is often 

measured in reflection mode, using either parallel-beam (PB) or Bragg-

Brentano (BB) geometry. In BB geometry a divergent beam is diffracted 

by the sample and is then refocused onto the detector.  Data is acquired 

either by fixing the sample and scanning the detector over the 2θ-angle 

or by fixing the detector and instead rotating the sample. Due to the 

refocusing of the beam in BB geometry, it offers a very high 2θ-

resolution. However, it is highly sensitive to the sample’s surface 

roughness and thus ensuring a flat sample is of the essence. The 

advantage of PB geometry, is the high level of precision in the 

determination of the peak positions and profiles as well as not being so 

sensitive to the sample shape. 

In this thesis, all geometries mentioned above have been used to 

measure: ex situ and in situ NPD (DS geometry); in situ synchrotron 

PXRD (DS geometry); in-house PXRD ex situ (BB and PB geometry) and 

in-house PXRD in situ (PB and DS geometry). Further details on the 

specific instruments used can be found in the respective articles where 

they were used. 

2.3.5 Peak Profile analysis 

In an infinite large crystal, the diffraction intensities can be described as 

a delta-function, situated at the 2θ-angel where the diffraction 

condition is fulfilled. However, in a real experiment, the peaks have a 

broadening which can be described by two main contributions; 

instrumental broadening, and sample broadening.  
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Instrumental broadening 

The instrumental contribution to the peak broadening is caused by 

different geometric and measuring effects such as specimen 

transparency, wavelength distribution, incident beam divergence, 

detector type, etc.[41, 49]. It is theoretically possible to calculate the 

instrumental broadening, however, in most cases it is determined 

empirically. This is done by using the Rietveld method on the diffraction 

signal obtained from a sample with negligible sample broadening. Many 

different materials can be used as so-called standards, and in this thesis 

the most commonly used standards were the NIST LaB6 660b (PXRD) 

and Na2Ca3Al2F14 (PND). The instrumental peak profiles described 

through Rietveld refinement were collected in an instrumental 

resolution file (IRF) which was then used to describe the instrumental 

broadening contribution in any given experiment. 

Size broadening 

In §2.3 it was described how scattered EM waves in an infinite large 

crystal, not in perfect diffraction condition, would always have an EM 

wave counterpart out of phase causing the two to cancel each other out. 

This explains the sharp peaks observed for large crystallites, however, 

for smaller particles, this assumption is no longer true. EM waves 

slightly deviating from the Bragg condition will no longer always have a 

counterpart and the result is a peak broadening effect over a certain 

angular range around the Bragg peak; 2θH ± Δ2θ. This explains the peak-

broadening observed for small nanoparticles.[36, 50] 

In 1918 P. Scherrer[51] was the first to describe the relationship between 

the peak broadening and the crystallite size. The mean volume crystallite 

size <Dhkl> can be calculated for the Bragg peaks originating from a 

family of hkl-plane. This is described by Scherrer equation: 

 
〈𝐷ℎ𝑘𝑙〉 =

𝜆

𝛽ℎ𝑘𝑙cos (𝜃ℎ𝑘𝑙)
=

𝐾𝜆

Γℎ𝑘𝑙 cos(𝜃ℎ𝑘𝑙)
 

Eq. 2.18 

Here, λ is the wavelength of the radiation, θhkl is the Bragg angle, βhkl is 

the integral breadth (IB), Γ is the peak full-width-half-maximum 

(FWHM), and K is the Scherrer constant dependent on the crystallite 

morphology.  
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The distinction between the FWHM and the IB can be seen in Figure 

2.8. The FWHM is defined as the peak breadth at half the maximum 

intensity[51]. Whereas the IB is defined as the total integrated intensity 

of the peak divided by the maximum intensity.[52]  

 

Figure 2.8: Illustration emphasizing the difference between full-width-half max and the 

integral breadth. Figure is adapted from Weidenthaler.[50] 

In this dissertation, most of the samples have an isotropic crystallite 

morphology and the mean volume crystallite size has been calculated 

through the use of the FWHM and a Scherrer constant of K= 0.829.[52] 

With a sample consisting of anisotropic crystallites however the 

morphology can be described through the peak broadening of the 

individual Bragg peaks. 

Strain broadening 

Another type of sample broadening can be described as micro- or 

macrostrain in the structure. This strain in the structure originates from 

imperfection in the crystal such as vacancies, defects, interstitial atoms, 

or dislocations. This leads to a variation of the lattice spacing and gives 

rise to a broadening of the peaks and can even give rise to peak shifts.  

In Figure 2.9 a peak profile is seen with three different strain 

contributions. In Figure 2.9a a lattice with no strain can be seen, in this 

case, the d-spacing between a family of lattice planes is identical. If the 

d-spacings undergo an identical change the effect is known as macro-

strain and this will give rise to a peak shift. If, on the other hand, the 

change is not identical between the d-spacings the effect is called micro-
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strain. In this case, a broadening of the peak will be observed. The 

broadening of the peak can be described as a superposition of many 

diffractions from different, close to identical d-spacings and has been 

visualized in Figure 2.9c. Both micro- and macrostrain can be present in 

a sample at the same time.  

In this dissertation, strain has not been included in the refinements. 

 

Figure 2.9 The difference in peak profile between particles with a) no lattice strain, b) 

macro-strain, and c) micro-strain. Figure adapted from P. Scardi.[53] 

2.4 Rietveld Refinement 
In 1969, H. Rietveld presented a refinement method to model the 

powder diffraction data.[54] Through Rietveld refinement it is possible to 

extract quantitative data about the crystal structure and crystal 

morphology as well as sample composition. With modern computer 

power it is possible to do a refinement within seconds and many 

different kind of software has been written for data treatment. The 
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software used for data analysis in this dissertation is the Fullprof Suite 

software.[55] 

Rietveld refinement consists of building up a mathematical model to 

describe the structure of a sample based on powder diffraction data. By 

using the least square method, the goal is to minimize the residual 

function given by: 

                             𝜒2 = ∑ 𝑤𝑖(𝑦𝑖,𝑜𝑏𝑠 − 𝑦𝑖,𝑐𝑎𝑙𝑐)
2

𝑖  Eq. 2.19 

where 𝑦𝑖,𝑜𝑏𝑠 is the intensity of the i’th data point, 𝑦𝑖,𝑐𝑎𝑙𝑐 is the value of 

the model and 𝑤𝑖 is a statistical weighting factor. The calculated 

intensities are calculated as the sum over the contribution from all 

Bragg reflections H with miller indices (hkl). The multiphase model is 

presented as: 

𝐼𝑖
𝑐𝑎𝑙𝑐 = ∑ 𝑆𝑗𝐴𝑗

𝑝ℎ𝑎𝑠𝑒𝑠

𝑗

∑ 𝐿𝑝𝐇𝑀𝐇|𝐹𝐇|
2Ω𝑖,𝐇(2𝜃𝑖 − 2𝜃𝐇)𝑃𝐇 + 𝐼𝑖

𝑏𝑐𝑘

𝐵𝑟𝑎𝑔𝑔
𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠

𝐇

 

Here 𝑆𝑗 and Aj is the scale factor and absorption factor of the j’th phase, 

𝐿𝑘  is the Lorentz-Polarisation factor, MH is the multiplicity factor, FH 

is the structure factor, i,H(2i-2H) is the profile shape function PH is 

the preferred orientation correction function and Iibck is the 

contribution from the background. In the following a brief introduction 

is given to each of these parameters. 

Refined parameters 

The scale factor, Sj, is split into two main contribution; an instrumental 

and a sample contribution. For X-rays the instrumental contribution 

can be described by: 

 
                                   𝑆𝑖𝑛𝑠𝑡𝑟 = 𝐼0

(𝜆2𝑉𝐼𝑠)

16𝜋𝑅𝑠𝑡𝑑
(
𝑒2

𝑚𝑒𝑐
2)
2

   Eq. 2.20 

Here I0 is the incoming beam intensity,  is the wavelength of the X-

rays, V is the probed sample volume, Is is the height of the detector slit, 

Rstd is the sample-to-detector distance, e and me are the charge and mass 

of an electron, and c is the speed of light. The sample contribution is 

related to the sample composition and can be described as: 
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𝑆𝑗 = ∑
𝑥𝑗

𝑉𝑗
2

𝑝ℎ𝑎𝑠𝑒𝑠

𝑗

 Eq. 2.21 

Here, xj is the volume fraction and Vj is the unit cell volume of the j’th 

phase. In Fullprof only one scale factor is refined which is equal to 

Sinst*Sj. Based on the refined scale factors it is possible to calculate the 

weight fraction Wj of the j’th phase with respect to the total amount of 

coherent scattering from all phases p and is described by:  

 
𝑊𝑗 =

𝑆𝑗𝑍𝑗𝑀𝑗𝑉𝑗/𝑡𝑗
∑ 𝑆𝑝𝑍𝑝𝑀𝑝𝑉𝑝/𝑡𝑝𝑝

 Eq. 2.22 

Here, Zj is the number of formula units in the unit cell, Mj, is the formula 

unit mass, and tj is the Brindley particle absorption contrast factor, 

which includes micro-absorption effects and is defined as: 

                                𝑡𝑗 =
1

𝑉𝑜𝑙𝑗
∫ 𝑒−(𝜇𝑗−𝜇)𝐷𝑗 𝑑𝑉𝑜𝑙𝑗 Eq. 2.23 

Here, Volj is the crystallite volume, 0 is the linear absorption coefficient 

for the j’th phase,  is the average linear coefficient, and Dj is the 

crystallite diameter. Micro-absorption can have an effect on the 

accuracy of the calculated weight fraction for a sample consisting of 

phases with very different linear absorption coefficient or for samples 

with a high crystallite-size distribution. 

It is important to mention that the calculation of the weight fractions 

only considers the coherent scattering contribution. Thus, if a sample 

partly consist of an amorphous phase the calculated volume fractions 

will be overestimated. This effect can be eliminated by mixing a well 

know amount of a calibrant into the sample. 

The absorption correction, Aj, correct the data for any 2-dependent 

attenuation. It is dependent on the sample shape and composition as 

well as instrumental geometry. The absorption correction can generally 

be neglected in a reflection geometry since the X-rays travel an 

equivalent distance in the sample. However, with a transmission 

geometry it can be necessary to apply the correction.  
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The Lorentz-Polarisation factor, LpH, consist of two different 

geometrical/instrument effect. Due to mosaicity of the crystal the 

reciprocal lattice point will be smeared and is corrected for by the Loretz 

term. The polarisation term describes the effect of any polarisation of 

the incoming radiation. 

The structure factor, FH, describes the atomic-scale structure such as 

atomic positions, site occupancy, lattice structure, etc. Further details 

can be found in § 2.3.2 

The peak profile, i,H(2i-2H), includes the peak broadening 

contribution from the instrument and the sample. The sample 

contribution includes size broadening and strain broadening. For more 

details see § 2.3.5 

The preferred orientation function, PH, describes the deviation from 

perfectly randomly oriented crystallites in a powder.  

The background, Iibck, includes a number of contributions such as, air 

scattering, detector noise, scattering and absorption from the sample 

environment, incoherent scattering from the sample, etc. Due to the 

effect of the sample environment the background description will 

depend on the instrument used. Thus, a number of different 

background descriptions exists. In this dissertation the background has 

in most cases been described by Chebychev polynomial. 
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Chapter 3  

In-house In situ Diffraction 
 

 

This section describes my entry into designing and building sample 

environments. The section consists of a context describing the need to 

building an in-house in situ diffraction setup, followed by Publication I 

describing the setup and finally a part describing how the ability of the 

setup has been used to follow the hydrothermal synthesis of Cu particles 

and a solid-gas reduction of CoFe2O4 

3.1 Publication I: Context 
In the chase to produce new and better magnetic materials one of the 

main concerns we had was the lack of in-house equipment to follow 

hydrothermal and solid gas reactions in situ. Typically, an in-house 

powder diffractometer has a line-detector and it is necessary to make a 

2𝜃-scan to create a meaning full diffraction pattern. This takes a least 10 

minutes and the sample can change composition during a measurement.  

This limits the ability to obtain meaningful time resolved data on the time 

scale of typical reaction mechanisms. As a mean to improve the situation, 

a HyPix3000 area detector was purchased for our in-house RIGAKU 

SmartLab X-ray diffractometer. When the area detector is moved as 

close to the sample as possible it covers a 2𝜃-range of up approximately 

32°. The main task of this project was for me to design a setup that could 

follow both solvothermal synthesis (pressure up to 300 bar) and solid 

gas reactions (temperatures up to 700 °C and gas-flow) in situ using the 

HyPix3000 area detector.  
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On a routine basis hydrothermal synthesis had been followed at 

synchrotron using a setup build by Becker et. al.[56]. The setup offers 

heating using a jet of hot air and can reach temperatures of up to 723 K 

with very rapid heating. The sample is placed inside a sapphire capillary 

and can be pressurised to 300 bar. This setup is what has laid the 

foundation for the in-house setup. 

3.2 Development considerations 
The greatest challenge was how to deal with the much lower x-ray 

intensity generated by an in-house diffractometer compared to a 

synchrotron and to remedy this, two initiatives where taken.  

3.2.1 Capillary 

The easiest thing to address was the type of material used for the 

capillary. The sapphire capillaries can withstand a high pressure but 

produces single crystal diffraction peak, instead we decided to use 

amorphous fused silica tubes which has a wall thickness of 0.1 mm 

(outer/inner diameter, 0.85/0.75 mm). Even though the fused silica 

capillaries break more easily they can still withstand the high pressures 

needed for solvothermal syntheses and can withstand most of the 

typical solvents used in such experiments 

3.2.2 Large area soller slit 

Instead of using a point beam as done at a synchrotron we decided to 

use a line beam that would hit much more of the capillary. This way we 

increase the incoming beam intensity on the sample. The approach 

introduced the challenge of peak overlap of the Debye-Scherrer cones 

originating from different parts of the sample. This issue could be solved 

by using a soller slit which is a set of parallel aligned x-ray absorbing 

sheets that limit the beam divergence (collimation).[57] however, 

RIGAKU does not sell any soller slit designed to cover the entire 

HyPix3000 detector. Instead we had to design and build a large area 

soller slit (LASS) that would fit on the area detector.  

The housing of the LASS is made from light-weight aluminium (see 

Figure 3.1) and the collimator sheets are made from 25 m thin tungsten 

sheets and strongly absorbs the X-rays. It was constructed with a 
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conically shaped body to decrease the size of the collimator. This allows 

the detector to be placed closer to the sample stage, while maintaining 

a sufficiently large front opening to also be used when the detector is in 

its furthest position on the detector arm. We wanted the LASS to have 

a horizontal collimation of 5. This could be achieved by either having a 

small spacing between the collimator sheets or sheets with a large 

depth. A small spacing would result in a lot of material in the beam 

which would be heavily attenuated and a large depth would make the 

LASS very bulky. So, in order to limit the loss in intensity, while also 

keeping the housing small, a depth of the collimator was chosen to be 

35 mm and a plate spacing of 1.5 mm. This gives a horizontal collimation 

of 5.  

The closely aligned W-sheets can be seen in Figure 3.1a. The W-sheets 

were stacked using 1.5 mm thin aluminium spacers in the sides. In order 

to ease the packing of the W-sheets, removable aluminium spacer were 

used in the packing of the layers as seen in Figure 3.1b. As the layers 

where in place the collimator was closed and the removable spacers 

were gently pulled out of the stacking. However, this approach did not 

straighten the W-sheets enough to be aligned and we had to incorporate 

a mechanism that could straighten out the sheets after the stacking 

process. The adjustment brass pieces can be seen in Figure 3.1c and they 

are operated using a screw driver. By comparing Figure 3.1d and e it is 

possible to see the collimation achieved with the LASS. A plastic cover 

has been 3D-printed to protect the sheets during storage. 

The implementation of the LASS, ensured that the intensity across the 

detector could be easily integrated without introducing any asymmetric 

peak broadening (see Figure 3.5 in publication I). As a side gain it also 

introduced a spatial resolution to the setup and multiple sample 

positions on the sample can be followed simultaneously (see Figure 3.6 

in publication I). For standard experiments a parallel beam of 15 mm x 

0.6 mm (width x height) was chosen to gain the highest intensity 

possible from the instrument. No gain of intensity was observed by 

increasing the beam height to 0.7 mm; however, this introduces a larger 

instrumental broadening. 
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Figure 3.1: Large Area Soller Slit (LASS). a-b) The stacking procedure of the W-sheets 

using aluminium spacers and a spring to fasten the W-sheets as the LASS is closed. c) 

Adjustment device to straighten out the W-sheets. d-e) illustration of the effect of the 

LASS with a 5° divergence. f) 3D printed cover to protect the LASS.    

3.2.3 Hot air heater 

The second challenge was the confined space and the limitation of 

ventilation of the enclosed RIGAKU diffractometer. In order to avoid 

overheating of the detector we implemented a much smaller but more 

efficient air-gun-heater compared to the one used by Becker. The heater 

used is a HiHeater SAH-1-AFT-440 and delivers 440 W. The standard 

nozzle of the heater had a cylindrical opening of 10 mm (See Figure 3.2) 

This opening could not heat all parts of the 15 mm (beam width) of 

capillary that was measured by the x-rays. Thus, a modified version of 

the nozzle was made as an extension with a size of 40 x 4 mm. As seen 

in Figure 3.2 this extends beyond the irradiated part of the capillary and 

ensures a stable temperature across the entire capillary. This heater is 

now standard hardware in the in situ setup. 
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Figure 3.2: The standard (left) and the modified nozzle profile (right) on the HiHeater 

SAH-1-AFT-440 from Hybec hot air heater. The blue square indicates the part of the 

capillary that is hit by the x-ray beam 

3.2.4 Assembly 

Pictures of the setup is shown in Figure 3.3. In order to hold the sample 

in place a holder was made into which Swagelok fittings can be fixed; 

the so-called shoe. The shoe has been equipped with a knife-edge just 

before the sample and a beam stop made from molybdenum in order to 

minimize the air scattering and stop the direct beam. The shoe can be 

attached to the goniometer in the RIGAKU which allows for height 

alignment of the sample. During an experiment, the heater is positioned 

as close to the sample as possible while avoiding the incident x-ray 

beam. In order to avoid collision of the capillary and heater during a 

height alignment, the heater can be removed using the height adjustable 

holder. 

Top view

Side view

10 mm 40 mm

4 mm

ModifiedStandard
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Figure 3.3: Picture of the in-house in situ diffraction setup. a) From left, 15 mm beam slit, 

sample shoe with a sample. The heater is hidden underneath the shoe, LASS and 

HyPix3000 area detector. b) A zoom of the sample area. The sample capillary is situated 

over the nozzle of the heater.  

3.3 My Contribution 
My contribution to this publication was to: Design, built and 

commission the setup for in situ experiments on the in-house RIGAKU 

Smartlab X-ray diffractometor. I took part in planning and performing 

the experiments presented and contributed to the discussion and 

preparation of the manuscript. The following sections present the 

article: Frederik H. Gjørup, Jakob V. Ahlburg and Mogens Christensen, 

” Laboratory setup for rapid in situ powder X-ray diffraction elucidating 

Ni particle formation in supercritical methanol”, Rev. SCI. Instrum., 

2019, 90, 073902 reproduced with the permission of AIP Publishing, 

with only minor formatting changes to fit the format of this thesis.  
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Abstract 
The design and function of a custom-made Soller slit for a laboratory 2D 

area detector is presented through a series of demonstration images and 

an in situ experiment following the formation of nickel particles in 

supercritical methanol. The in situ experiment is performed in a 

capillary sample environment, modified for a laboratory scale Rigaku 

Smartlab diffractometer, and with a temperature range of 300-1050 K. 

The formation of nickel particles was followed successfully using 

laboratory in situ X-ray powder diffraction with a time resolution in the 

order of 27 seconds. Observations from the area detector images showed 

the appearance of three distinct phases during the reaction: 

Ni3(NO3)2(OH)4, NiO, and Ni. The images were linearly integrated and 

analyzed using Rietveld refinement. A reaction mechanism is proposed 

based on an evaluation of the weight fractions and scattering factors as 

a function of reaction time. 

Introduction 
The field of X-ray diffraction is entering a new era with the introduction 

of the next generation synchrotrons and light sources, like MAX-IV in 

mailto:mch@chem.au.dk
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Sweden and upgrade programs of existing sources, including X-ray Free 

Electron Lasers (FEL), e.g. the European XFEL in Germany, SwissFEL in 

Switzerland and SACLA in Japan. The high brilliance and short-pulsed 

beams allow for faster and more advanced experiments. This calls for 

new and innovative sample environments for in situ (including 

operando) experiments, in order to follow never-before-seen reactions, 

transitions, and mechanisms. In situ X-ray diffraction experiments are 

already widely used in a broad selection of fields, especially in inorganic 

chemistry where the stronger scattering elements allow for faster data 

acquisition. Examples include operando studies of battery cells[58, 59], 

decomposition of hydrogen storage materials[60], mechano-chemical 

reactions[61, 62], and crystallization in solvothermal reactions[63-65]. The 

recently performed in situ experiments have hugely improved our 

understanding of crystallization processes and operations of advanced 

functional materials[66-70]. Dedicated instruments are being built at the 

new synchrotrons and neutron sources e.g. DanMAX at MAX-IV and 

HEIMDAL at ESS, a large science driver for both instruments are the 

ability to investigate real materials, under realistic conditions in real 

time[71, 72]. 

The high intensity and narrow beams provided by modern synchrotrons 

have made it possible to collect diffraction data with a very high time 

resolution, without sacrificing significant data quality. However, in situ 

experiments generally tend to be complicated to perform and rarely 

successful in the first try[64], making trial experiments in the home 

laboratory particularly useful as preparation for synchrotron beamtime. 

It is thus relevant to improve the time resolution of laboratory scale 

diffractometers in order to increase the scientific yield of synchrotron in 

situ experiments. Some experiments may also be sufficiently slow that 

they can be performed at a laboratory source, where the added speed of 

the synchrotron does not add further to the understanding of the 

system.  

One approach to improving the time resolution of laboratory scale 

powder diffractometers is by increasing the incoming beam size to a 

broad line-shaped beam, thus illuminating more powder and increasing 

the intensity of the diffracted beam. This can be further improved by 
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using an area detector to observe a larger part of the Debye-Scherrer 

rings. However, simply increasing the width of the incoming beam leads 

to a significant overlap of the Debye-Scherrer rings, as each 

infinitesimally small segment of illuminated sample gives rise to 

individual diffraction rings. The solution to the overlapping rings was 

introduced by Walter Soller in 1924[57], as what is now known as Soller 

slits. The Soller slits consist of two sets of several closely spaced absorber 

plates, placed on the incident and receiving side, respectively. The slits 

are placed such that the absorber plates are parallel to the goniometer 

plane, i.e. the diffraction plane. The incident slit shapes the line beam 

into many thin parallel beams, which are diffracted from the sample and 

pass through the receiving slit before detection. Only X-rays that are 

diffracted in the Soller slit plane passes on to the detector, thus reducing 

ring overlap significantly. In Soller’s original setup an ionization 

chamber was moved in a circle around the sample, this setup was very 

similar to detectors used at laboratory instruments today. However, 

modern 2D area detectors offer new possibilities. When combined with 

the Soller slits the area detector also provides spatial information on the 

scattering from the sample, due to the parallel nature of the collimated 

X-rays. This is particularly useful for in situ experiments, where the 

spatial information can elucidate heterogeneous changes throughout 

the sample. 

Presented here is a detailed description of a novel laboratory setup 

useful for in situ experiments. The setup consists of a diffractometer 

(Rigaku SmartLab) equipped with an area detector combined with a 

custom-made Large Area Soller Slit (LASS). The components of the 

setup are described along with examples of the images produced by the 

area detector with and without the LASS. Lastly, a demonstration 

experiment is presented, investigating in situ the formation of elemental 

Ni particles from a supercritical solvothermal synthesis. 

Diffractometer setup 
The diffraction setup presented in Figure 3.4 comprises of three main 

parts: The X-ray source and incident optics, the sample environment, 

and the receiving optics and detector. Several sample environment 

options are available for in situ investigations, e.g. XY-table, high-
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temperature stage, a spinning capillary or a battery mount developed 

in-house[73]. Presented here is an in-house developed “in situ” capillary 

environment allowing a range of non-ambient sample conditions at 

elevated temperatures, as presented in[64, 69, 74]. Previous applications of 

the capillary environment have primarily been for synchrotron-based 

experiments, however, here we present a novel modification for 

laboratory diffractometer use. In the laboratory modification 

temperatures up to 1050 K can be reached and several gas-flows are 

available, enabling in situ experiments such as reduction of metal oxides 

using reducing gas, calcination and annealing, and even solvothermal 

synthesis[75].  

For the demonstration described here, two similar systems have been 

used, both are equipped with an X-ray source consisting of a rotating 

anode target. Setup I) A Co anode equipped with Cross Beam Optics 

(CBO)[76] providing a parallel beam, which in reflection mode was used 

to collect images from a standard 660B NIST LaB6[77]. The beam passes 

a commercially available incident Soller slit, which reduces the 

horizontal divergence, and through two beam-shaping slits, before 

reaching the sample environment. The diffraction patterns were 

collected with a) a point beam using micro-area slit and 0.5 mm incident 

slit, b) a line beam using an incident slit of 10 mm, and c) using a 10 mm 

incident slit in combination with the in-house build Large Area Soller 

Slit (LASS). 

Setup II) Uses a rotating Cu anode target, a curved Johnson Ge(111) 

monochromator selecting only Cu Kα1 and an elliptical focusing mirror 

(CBO-E, not illustrated in Figure 3.4) resulting in a convergent beam, 

which is subsequently shaped by beam slits before reaching the sample. 

The convergent X-rays are scattered from the sample and pass through 

the LASS to remove horizontal divergence. Incident slits of 15 mm 

(width) and 0.6 mm (height) were used to shape the beam. The detector 

was placed with the center at 2θcenter = 48.0° and at a distance of LSD = 

135.5 mm. The exposure time for each frame was 20 seconds, with a few 

seconds of readout time, giving a time resolution in the order of 27 

seconds. 
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The LASS consists of 20 equidistant 100 µm thick tungsten blades, with 

a slit spacing of 1.5 mm and a depth of 30 mm, corresponding to a 5° 

collimation. Behind the LASS, the scattered intensity is measured by a 

Rigaku HyPix-3000 semiconductor area detector. The center of the 

detector is positioned at a fixed angle with respect to the incident beam, 

with a sample-to-detector distance of 135.5 mm. The active area of the 

detector is a flat rectangle with dimensions 77.5 by 38.5 mm, divided in 

pixels of 100 µm by 100 μm, giving a total number of pixel equal to 775 x 

385 = 298375 pixels. 

 

Figure 3.4 Schematic of the diffraction setup in transmission mode (Debye-Scherrer 

geometry) 

Due to the flat nature of the detector, the relation between the 

scattering angle 2θ and the pixel position x is not linear, but are related 

according to: 
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2𝜃(𝑥) =

180°

𝜋
tan−1 (

𝑥 + 𝐶

𝐿𝑆𝐷
) + 2𝜃𝑐𝑒𝑛𝑡𝑒𝑟  Eq. 3.1 

with x being the vertical distance from the corresponding pixel to the 

center of the detector, LSD being the sample-to-detector distance, C 

being a detector displacement correction, and 2θcenter being the fixed 

detector angle. The conversion from pixel position to 2θ angle is 

performed in a Python script written specifically for the setup. The 

script also filters out dead pixels using a simple smoothing function, and 

mask out the dark edges of the images. The script uses linear integration 

to convert the images into 2θ diffractograms to make them more 

accessible for analysis software like FullProf[78], TOPAS[79], or GSAS[80]. 

Detector and Large Area Soller Slit (LASS) 
Figure 3.5.a-c illustrates the images collected in reflection mode from 

the LaB6 standard sample, demonstrating three distinct situations. The 

first image is the Debye-Scherrer cone segments produced when the 

powder is illuminated by a thin point-shaped beam. The segments have 

minimal tail broadening from ring overlap and the intensities can 

comparatively easily be integrated azimuthally. The point beam and the 

even ring segments come at the cost of intensity and powder statistics. 

 

Figure 3.5: Illustration of X-ray powder diffraction from a LaB6 sample collected with the 

HyPix3000 area detector in three distinct cases: a) Using a point beam without the LASS. 

b) Using a 10 mm broad beam without the LASS. c) Using a 10 mm broad beam collimated 

with the LASS. The intensity of the colors have been scaled with respect to each other, as 

indicated in the top right corner and are represented by the linear colormap Cividis[81]. d) 

Comparison of the linearly summed (110) peak for the three cases, normalized with 
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respect to the largest linearly summed intensity (Imax = 24.9(3) cps, 1148(2) cps, and 

76.0(5) cps, respectively). The X-ray source is Co Kα. 

In the second image, a broad beam is used to illuminate the powder, 

and a significant ring-overlap is observed. This leads to broad tails on 

the ring segments but gives an increased intensity in the centre of the 

diffraction segments. The broad tails make azimuthal integration 

difficult and give peaks that are asymmetrically broadened towards 

higher angle. A linear integration would likewise cause profoundly 

asymmetric peaks at low angles due to a combination of ring overlap 

and axial divergence, as illustrated in Figure 3.5. d.  

The last image is produced using the LASS. Ring overlap is significantly 

reduced and the diffracted intensity is observed as horizontal lines 

across the detector. The slit blades cast a shadow on the detector, which 

is seen as equidistant vertical lines. The Soller slit also removes scattered 

X-rays that are outside the width of the incident beam, making the sides 

of the image completely dark. The linear intensity lines are easily 

integrated and introduce only a small asymmetry, compared to the open 

geometry case, and they provide a significant increase in intensity 

compared to the point beam case. Furthermore, by illuminating more 

sample the powder statistic is improved, especially for setups that do 

not allow a rotating sample holder.  

The resulting peak-shapes for the three setup options are summarized 

in Figure 3.5.d, which illustrates the linearly summed (110) peak for each 

of the three detector images. The point beam image has been 

azimuthally integrated, while the uncollimated and LASS collimated 

images have been linearly integrated and the intensities are normalized 

with respect to the maximum linearly summed intensities: 24.9(3) cps, 

1148(2) cps, and 76.0(5) cps, respectively. From Figure 3.5.d, it is evident 

that the sharpest peak is obtained from the LASS collimated image, 

which has a FWHM of 0.144(6)° as compared to 0.218(2)° and 0.281(9)° 

for the point beam and uncollimated images, respectively. The point 

beam image has a slightly higher peak resolution of about 0.023° per 

pixel as compared to 0.039° per pixel for the collimated image. 

Furthermore, the higher count rate of the collimated compared to the 

point beam image results in a better signal-to-noise ratio for the 
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collimated image. The uncollimated image has the highest count rate 

and thus the best signal-to-noise ratio but at the expense of a 

significantly higher background, and a very asymmetric peak shape.  

The area detector in combination with the Large Area Soller Slit gives 

rise to another useful feature, namely a spatial resolution. Due to the 

parallel nature of the beam, each diffraction segment observed between 

the vertical slit shadows correspond to a small segment of the sample. 

This is an extremely useful feature, as it can be used to track 

inhomogeneous changes in situ, e.g. arising from a temperature 

gradient or a reaction propagating from one side of a capillary to the 

other, without having to scan over the sample. The spatial resolution is 

demonstrated in Figure 3.6, where a one-euro coin has been exposed in 

reflection geometry using parallel beam Co Kα radiation. Part of the coin 

was illuminated in a thin line, as indicated in the figure, hitting both the 

inner and outer segments of the coin. The inner segment consists of a 

75% copper and 25% nickel alloy, while the outer segment of a 75% 

copper, 20% zinc, and 5% nickel alloy[82]. The transition between inner 

and outer alloys are seen as peak displacements in the diffraction image, 

as expected from Vegard’s law, due to the larger atomic radius of Zn 

compared to copper. The observed overlap is due to both beam 

divergence and the curvature of the segment interface.  

Demonstration experiment 
Purpose 

The purpose of the experiment is to investigate the supercritical 

solvothermal synthesis of nickel particles by using the laboratory scale 

in situ setup described. In general, it is useful to study the formation of 

metal nanoparticles to understand and control growth. Here, nickel is 

chosen, because of the low absorption and high scattering power for the 

Cu Kα radiation. Nickel nanoparticles have gained interest due to their 

catalytic properties as well as their magnetic properties[84, 85], making 

their nucleation and growth mechanism a relevant research subject. 
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Figure 3.6 Demonstration of the spatial resolution obtained with the LASS using a 

standard one-euro coin. The approximate X-ray footprint is illustrated by the red line. The 

white arrows indicate the (111) and (200) reflection indices of the inner and outer alloys. 

The X-ray source is Co Kα. Euro coin image is taken from [83]. 

Experimental 

A 2.0 M solution of Ni2+ was prepared by dissolving Ni(NO3)2∙6H2O 

(Technical grade >98% purity Sigma-Aldrich) in methanol (J.T. Baker 

Analyzed LC-MS Reagent). The precursor solution was injected into a 

~30 mm long fused silica capillary with an inner diameter of 0.70 mm 

and an outer diameter of 0.85 mm and sealed using Swagelok fittings 

and pressurized to 110 bar using an HPLC pump with a methanol supply. 

The capillary was mounted in the Rigaku SmartLab diffractometer using 

a custom build capillary shoe, and heated with a Hi Heater SAH 1 A F T 

400W heat gun from Miyawaka Corporation, Japan, placed immediately 

below the capillary. The nozzle of the heater has been custom made with 

a 20 mm broad rectangular profile that allows for more homogenous 

heating of the full length of the capillary. The diffractometer used 

incident slits of 15 mm (width) and 0.6 mm (height) and the detector 

was placed with the center at 2θcenter = 48.0° at a distance of LSD = 135.5 

mm. The exposure time for each frame was 20 seconds, with a few 

seconds of readout time and opening and closing the shutter, giving a 

time resolution in the order of 27 seconds. Three in situ experiments 

were performed at set temperatures of 350 °C, 400 °C, and 450 °C for 42 
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min, 37 min, and 13 min, respectively. It is acknowledged that the sample 

temperature is slightly lower than the set temperature of the heater. All 

reactions were carried out at a pressure of 110 bar, above the critical 

point of methanol (240 °C, 80.9 bar)[86]. 

Results 

The formation of nickel particles from dissolved nickel(II) nitrate 

hexahydrate goes through at least two intermediate phases, with a 

strong dependence on the reaction temperature. This is evident from 

the selected detector images for the three experiments, illustrated in 

Figure 3.7a,c,e. In Figure 3.7a at t = 0 minutes, no Bragg peaks are visible, 

as is expected for a solution. Shortly after heating is starting, five peaks 

start emerging; two sharp peaks at 33° and 59° and three broad peaks at 

36°, 43°, and 60° as is visible at t = 1.9 minutes. At the end of the 

experiment, at t = 41.6 minutes, three distinct peaks are visible at 37°, 

43°, and 62° and five weak peaks are visible at 33°, 36°, 44°, 52°, and 59°. 

It is also noticeable that the weak peaks appear to be predominantly in 

the right half of the detector image, indicating that the nucleation has 

not taken place uniformly, likely due to an uneven heat distribution in 

the capillary. The phase development of the experiment can be 

visualized by plotting the linearly summed intensities as a function of 

time, as is illustrated in Figure 3.7b. Included in the figure are the 

expected positions and relative intensities for Ni3(NO3)2(OH)4 (PDF 00-

022-0752)[87], NiO (COD ID 4320502)[88], and FCC Ni (COD ID 

2100637)[89]. From this, it is evident that the nickel(II) nitrate hydroxide 

phase forms at the beginning of the experiment, before the formation of 

nickel(II) oxide and lastly elemental nickel. It is seen that the decrease 

in intensity of the Ni3(NO3)2(OH)4 peaks coincide with the increase in 

intensity for the NiO peaks, suggesting that the NiO is formed through 

an intermediate. The high peak resolution provided by the LASS enables 

a distinction of the variation in peak widths for the Ni3(NO3)2(OH)4 

phase, which confirms a layered Ni/OH structure as is often observed 

for nickel hydroxides[90]. 

At 400 °C the same mechanism is observed (Figure 3.7c,d), the 

Ni3(NO3)2(OH)4 peaks are briefly visible at the heating onset, but now 

the NiO peaks quickly appear at the expense of the Ni3(NO3)2(OH)4 
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peaks. After a few minutes of heating the Ni peaks at 44° and 52° increase 

tremendously, outshining the remaining peaks. Again, the increase in 

the Ni peaks coincides with a decrease in the NiO peaks, suggesting 

another phase transformation. At 450 °C, the Ni formation happens 

even faster, with only a brief hint of the intermediate peaks visible in 

Figure 3.7e. The time-resolved diffraction pattern has been omitted, as 

the phase formation happens faster than the time resolution. 

 

Figure 3.7: Selected detector images and time-resolved diffraction patterns for the three 

experiments. All intensities are linearly scaled to an arbitrary interval in order to best 

illustrate the features. Expected peak positions and relative intensities for the Ni, NiO, and 

Ni3(NO3)2(OH)4 phases are illustrated at the top of b) and d), the X-ray source is Cu Kα1. 

Apart from evaluating the diffraction data directly, the LASS collimated 

images are also suitable for analysis by for instance Rietveld refinement 

as is illustrated for four selected images in  Figure 3.8. Here an early and 

a late integrated pattern are plotted for the two experiments at 350 °C 

and 400 °C, along with the refined Rietveld model of the NiO and Ni 

phases. The Ni3(NO3)2(OH)4 phase has been excluded from the Rietveld 
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model (grey open symbol), as the structure, to the best of our 

knowledge, has not been solved yet. 

 

 Figure 3.8: Selected linearly summed intensities and Rietveld refinements for four 

selected images from the 350 °C and 400 °C experiments. Expected peak positions and 

relative intensities for the Ni, NiO, and Ni3(NO3)2(OH)4 phases are illustrated at the top of 

the figure. No Rietveld refinement has been performed on the 350°C t = 1.4 min. Data 

points excluded from the Rietveld models are shown in grey. 

From  Figure 3.8 it can be seen that satisfying Rietveld models can be 

produced, with a well-described background and a low residual plot. 

From sequential refinements of all images, the relative weight fraction 

and scale factor evolution throughout the experiments are determined, 

as is illustrated in Figure 3.9.  

From the weight fractions in Figure 3.9 the same trends are observed as 

from the selected images in Figure 3.7 at 350 °C the reaction is slow and 

only small amounts of elemental Ni is observed, at 400 °C the 

conversion is faster ending at about 70 % Ni after 36.9 minutes, and at 

450 °C the reaction is significantly faster reaching 70 % Ni after 2.5 

minutes and 80 % Ni at the end of the experiment. From the 400 °C and 

450 °C experiments it is seen that the majority of the reduction from 

NiO to Ni takes place shortly after heating is started after which the 

conversion rate decreases and the weight fraction seems to converge 

towards 80 % Ni. 



 Publication I 

Page  51 

 

Figure 3.9: Relative weight fractions and scale factors obtained from sequential Rietveld 

refinements of the integrated images for the three experiments at 350 °C, 400 °C, and 450 

°C. The Ni weight fraction and scale factor for the 350 °C experiment have been set to zero 

from t = 4.2 min to 27.6 min. The weight fractions are calculated relative to the Ni and NiO 

phase content. 

Evaluating the scale factors, which are (among other effects) 

proportional to the illuminated volume of the phases, indicates that the 

formation of Ni depends on the NiO concentration. This is seen in the 

350 °C case, where the NiO scale factor steadily increases in the initial 

29 minutes and then remains constant, coinciding with a steady 

increase in Ni scale factor. This suggests a steady-state where NiO is 

reduced to Ni at the same rate as new NiO is formed from the 

Ni3(NO3)2(OH)4 phase. At 400 °C, the NiO formation rate is beyond the 

time resolution, but the NiO scale factor at the point of Ni formation is 

very similar to that of the 350 °C steady-state. From there on the NiO 

scale factor steadily drops as the Ni scale factor increases, again 

confirming the reduction from NiO to Ni. At 450 °C, the initial reaction 

is even faster but confirms that the reaction retards before the full 

reduction of the NiO. A possible mechanism is as follows: NiO is formed 

during heating from dissolved Ni(NO3)2 through the Ni3(NO3)2(OH)4 

intermediate in methanol. The NiO is then reduced to Ni in supercritical 

methanol, possibly by H2 formed from a NiO catalyzed oxidation of the 

methanol.  As the NiO is used up the reaction slows down and halts 
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when the NiO concentration is too low. A very simple representation 

could be: 

3Ni(NO3)2(MeOH) +  4CH3OH(l)
  

∆
→ Ni3(NO3)2(OH)4(s) + 4CH3NO3

  
(l)

 

Ni3(NO3)2(OH)4(s)
∆
→  3NiO(s) + 2HNO3(MeOH) + 2H2O(l) 

CH3OH(Sc)  
NiO
→  CH2O(Sc) +H2(g) 

NiO(s) +H2(g)
∆
→  Ni(s) + H2O(l) 

Here (MeOH) denotes dissolved in methanol, (l) is in liquid state, (s) is 

in solid state, (Sc) is in supercritical state, and (g) is in gas state. Other 

reaction mechanisms cannot be excluded based on the powder 

diffraction data. 

Conclusion 
The Large Area Soller Slit (LASS) was presented, combined with a 

modified capillary sample environment for a temperature range of 300-

1050 K build to fit in a laboratory scale Rigaku Smartlab diffractometer. 

A detailed description of the LASS was given along with a schematic 

representation of the full laboratory scale in situ setup. 

The effect of the LASS was demonstrated through three images 

collected from a LaB6 NIST standard using different beams; point-

shaped, uncollimated, and LASS collimated. The LASS collimated beam 

produced the sharpest peak with least instrumental broadening, at the 

expense of intensity, but with a satisfactory signal-to-noise ratio and a 

low background. The LASS furthermore provides a unique spatial 

resolution to the area detector images, as was demonstrated from the 

distinct peak shift observed from an image taken using a standard one 

euro coin. 

The in situ capabilities were demonstrated by investing the formation 

of Ni particles in supercritical methanol. Elemental nickel was 

successfully synthesized in a capillary setup mounted in a Rigaku 

SmartLab diffractometer. From in situ X-ray powder diffraction, three 

phases were observed directly from the area detector images, suggesting 
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that Ni is formed through Ni3(NO3)2(OH)4 and NiO intermediates. The 

images were linearly integrated by a custom-written python script and 

analyzed using Rietveld refinement. From evaluation of the weight 

fractions and scattering factors as a function of reaction time, it was 

possible to propose a simple reaction mechanism for the formation of 

nickel particles. 
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3.4 Work beyond Publication I 

3.4.1 Publication II: Zero valent copper formation 

As a mean to further test the capabilities of the setup multiple 

experiments have been carried out. The paper: Panpan Sun, Frederik H. 

Gjørup, Jakob V. Ahlburg, Aref Mamakhel, Shuzhong Wang and 

Mogens Christensen, “In Situ In-House Powder X‐ray Diffraction Study 

of Zero-Valent Copper Formation in Supercritical Methanol”, Cryst. 

Growth Des., 2019, 19, 2219-2227, exemplifies how the setup allows for a 

systematic study of the solvothermal synthesis of zerovalent Cu 

nanoparticles. The Cu nanoparticles were created from a precursor 

solution of Cu(NO3)2•H2O dissolved in methanol using the air-gun-

heater supercritical setup together with the LASS described in 

Publication I. In order to decrease the absorption from the Cu particles 

we used a Cu K𝛼1 X-ray source on a RIGAKU Smartlab X-ray 

diffractometer (compared to the Co source used in Piblication I). The 

Cu formation was studied both as a function of temperature and 

precursor concentration, while fixing the pressure at 114 bar. We were 

able to achieve a time-resolution of 19 s/frame of which 9 s is the 

detector readout time. 

 

Figure 3.10: Time resolved in situ diffraction data collected at 350 °C. The peaks are 

identified first as CuO, followed by Cu2O and finally Cu. The figure is reproduced with 

permission from P. Sun, et. al., Cryst. Growth Des., 2019, 19, 2219-2227.Copyright (2019) 

American Chemical Society. 
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In Figure 3.10 the time resolved data collected at 350 °C and a 

concentration of Cu(NO3)2 of 2.0M can be seen. The data reveals three 

phases: CuO, Cu2O, and Cu. 

By looking at the weight fraction obtained from sequential Rietveld 

refinement of the diffraction data (see Figure 3.11) a four-step reaction 

mechanism could be identified:  

𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 → 𝐶𝑢2(𝑂𝐻)3𝑁𝑂3 → 𝐶𝑢𝑂 → 𝐶𝑢2𝑂 → 𝐶𝑢. 

The refined weight fraction revealed that the speed of the reaction was 

temperature dependent and at high temperature, the reaction happens 

faster than can be resolved by the time resolution available in the in-

house setup. Further details on the reaction mechanism and the kinetic 

analysis can be found in the article (See Appendix Publication II). 

 

Figure 3.11: Weight fractions for experiments performed at 250 °C, 300 °C, 350 °C, 400 °C 

and 450 °C following the creation of Cu particles in super critical ethanol in situ. The figure 

is reproduced with permission from P. Sun, et. al., Cryst. Growth Des., 2019, 19, 2219-

2227.Copyright (2019) American Chemical Society. 

Additionally, to the in situ study two ex situ continuous flow reactions 

were carried out at 350 °C and 400 °C but did not achieve phase pure 

Cu. For these experiments the reaction time was 3.2 and 2.7 s, 

respectively. In the in situ study phase pure Cu was achieved after 16 min 

(350 °C) and 1 min (400 °C). Thus, the preparation of phase pure sample 

ex situ should be possible by increasing the holding time. Alternatively 

to increasing the reaction time, the in situ study showed that phase pure 

Cu could be achieved even faster at elevated temperature. Using 450 °C 

phase pure Cu was formed within the first data set acquired (19 s), and 
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possibly it is formed faster (the time resolution does not allow for a 

deeper conclusion). To conclude; to obtain phase-pure Cu nanoparticles 

in the flow reactor the temperature should be increased, as there are 

only limited options to increasing the reaction time in the flow reactor.  

The publication shows the strength of the in-house in situ LASS 

diffraction setup as a tool to optimise and understand a reaction without 

having to go to a synchrotron. 

My Contribution 

My contribution to Publication II was to: Design, built and commission 

the setup for in situ experiments on the in-house RIGAKU Smartlab. I 

took part in planning and performing the in situ study of the formation 

of Cu nanoparticles and contributed to the discussion and preparation 

of the manuscript.  

3.4.2 In-house solid-gas CoFe2O4 reduction. 

In order to validate the setups capability to follow solid-gas reactions we 

carried out a series of reduction experiments of CoFe2O4. The LASS 

setup described in Publication I was adjusted to perform solid-gas 

reaction by replacing the HPLC pump with a gas bottle and a flow meter. 

The gas flows through the sample and is released through a swagelock 

system on the other side of the capillary. To avoid flushing the sample 

an obstacle in the form of a twisted poly amide tube was inside in the 

capillary on the side where the gas exits.  

The new hot-air-gun furnaces capabilities were compared to our old 

furnace, an Anton Paar domed hot stage (DHS) 1100 furnace (see Figure 

3.12). The DHS have been used for ex situ and in situ studies included in 

Publication VIII.[8] The heat element of the DHS consist of a ceramic 

plate onto which a sapphire disk containing a thin line of sample ( 5 x 

20 mm2) is attached. A graphite dome is used as heat shield and a gas 

can be flowed through the entire dome. In order to minimize the 

background scattering signal, we made a molybdenum knife edge to fit 

under the dome. The optics were set in reflection mode and an parallel 

beam was used together with the Large Area Soller Slit as described in 

Publication I (see Figure 3.12b).   
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Figure 3.12: Anton Paar DHS 1100 Domed hot stage furnace. a) The sample is placed on a 

sapphire plate which is pressed down on the ceramic heat element. A molybdenum knife 

edge is placed over the sample and the entire sample area is incapsulated in a graphite 

dome. b) Schematic of the optics in the PB reflection mode used for the DHS furnace. A 

parallel beam hits the sample and is scattered to the detector through the Large Area 

Soller Slit. Schematic made by Frederik Holm Gjørup. 

In order to compare the two setups (DHS and Capillary) two almost 

identical experiments were carried out. CoFe2O4 was heated to 490 C 

with a gas-flow consisting of 7% H2/Ar. The acquisition time was set to 

30 second/frame. The DHS experiment had a gas-flow of 50 ml/min 

while the capillary experiment had a flow of 15 ml/min. A lower gas-flow 

was used for the capillary experiment since the sample volume is much 

smaller. 

The raw data from the experiment was linearly integrated as described 

in Publication I and the time resolved diffraction patterns for both 

experiments is shown in Figure 3.13. In both experiments it is possible 

to follow the reduction of CoFe2O4 which first reduces to a Co-Fe 

monoxide (peaks at 2 42 and 49 and t 5 min) followed by the 

reduction to a Co-Fe alloy (peak at 2 52 and t 13 min). The big 

difference in the two experiments lie in the background. Figure 3.13c 

compares the diffraction pattern at t = 0 min for the DHS and capillary 

setup. Evidently the background from the DHS is much higher and more 

difficult to describe than the almost linear flat background of the 

capillary. The lower background makes it much easier to trust the 

presence of hardly visible peaks like the one at 2 43 which in the DHS 

data could have been interpreted as background. 
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Figure 3.13 : In-situ reduction of CoFe2O4 performed on the in-house RIGAKU Smartlab 

diffractometer using a Co target (40 kV, 180 mV) and the Hypix 3000 detector with an 

acquisition time of 30 second/frame. a) Reduction performed in the dome hot stage at 

490C and a gas-flow of 50 ml/min of 7 % H2/Ar and. b) Reduction performed in the 

capillary hot air gun setup at 490C and a gas-flow of 15 ml/min of 7 % H2/Ar and. a-b) 

bright colours are high intensity. At t = 0 min only the pristine CoFe2O4 is present. The 

first peaks at 2 42 and 49 is a Co-Fe monoxide and the final peak at 2 52 is a Co-

Fe alloyc) 1D Diffraction pattern of the pristine CoFe2O4 at t = 0 min measured using the 

DHS (red) and the capillary air-gun setup (blue).  

In the reduction experiment performed using the air-gun heater and the 

capillary it was possible to follow the reduction from one side of the 

capillary to the other. A series of raw detector images are shown in 

Figure 3.14 for different times of the reduction. 
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Figure 3.14 :Detector images from the Hypix 3000 detector. The bottom of the picture is 

2 = 33 while the top is 2 = 65. The images have been taken during an experiment in 

the capillary setup with Tset= 490 C and a 15 ml/min flow of 7 % H2/Ar. The first frame 

at time zero shows the pure CoFe2O4 peaks. The first peak to appear is the Co0.33Fe0.67O 

and the second one is the CoFe2. Since the gas-flows into the capillary from one side, it is 

seen that the reduction happens from the side of which the gas enters and then develops 

through the sample. 

At t = 0 min the pure CoFe2O4 peaks are seen. At t = 7 min the new peak 

a Co-Fe monoxide peak appear and finally at t = 12 min Co-Fe alloy peak 

appear. When looking at the appearance of the peaks across the detector 

it is clear to see that the reduction happens from one side of the sample 

and then develops through it. Thus, as soon as the gas is released in the 

sample it will immediately reduce the compound and not distribute 

throughout the sample. This spatial resolution optained with the setup 

surpasses what can be achieved at a synchrotron where it is necessary 

to scan the sample to gain spatial resolution. 

3.5 Reflection 
The in-house in-situ setup was commissioned through a study of the 

formation mechanism of Ni nanoparticles (Publication I). Next we 

followed the formation of Cu nanoparticles by varying both the 

temperature and precursor concentrations (Publication II). The results 

clearly show the setups ability to follow solvothermal reactions in situ. 

Finally we followed the reduction of CoFe2O4 and showed how the new 

air-gun heater setup surpasses the old DHS furnace. Furthermore this 

study showed the sample ability to perform spatially resolved in situ X-

ray powder diffraction.  

20	min0	min 12	min7	min 30	min 60	min
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However, there is still a lot of room for improvement on the time 

resolution. The biggest issue was the readout time of the detector. This 

process to around 7-9 s per frame and was due to the way the Firmware 

was created. This issue has been addressed and today a Firmware 

upgrade from RIGAKU has been installed. It is now possible to run the 

detector in a mode where the shutter is open at all times which in the 

Ni experiment would have given a time resolution of 20 s/frame.  

The setup has been available for use since the end of 2016 and has proved 

to be an indispensable tool to perform preliminary in situ experiments 

before bringing the experiment to a synchrotron or in order to optimise 

on experimental parameters. As presented in Publication I the setup can 

be used together with either a Co or a Cu x-ray source. This further 

expands the use of the setup as it allows the user to optimize the 

scattering intensity for at specific elements.  

3.6 Synchrotron version 
In addition to the in-house studies, the air-gun heater described in 

publication I was adapted to fit into our in situ X-ray synchrotron setup 

used at the beamline P02.1 at PETRA III at Deutsches Elektronen-

Synchrotron DESY. An illustration of the setup can be seen in Figure 

3.15. A controlled gas-flow is released through the sample while heat is 

provided by the air-gun heater. In the synchrotron setup a point beam 

is used and is scattered onto a Perkin Elmer XRD1621 area detector. The 

air-gun heater has been used to study many types of material. The next 

section describes how the setup was used to investigate the reduction 

mechanism of CoFe2O4 in situ. 

3.7 Publication III: X-ray Synchrotron reduction of 

CoFe2O4 
The in situ solid-gas setup upgraded for the X-ray synchrotron beamline 

P2.01 at PETRA III has been used to follow the reduction process of 

CoFe2O4 using a 5% H2/Ar gas to create the spring-exhanged 

nanocomposite CoFe2O4/Co-Fe alloy. This work of which I am a co-

author is presented in Publication IV: Cecilia Granados-Miralles, 

Mathilde Saura-Músquiz, Henrik L. Andersen, Adrian Quesada, Jakob 
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V. Ahlburg, Ann-Christin Dippel, Emmanuel Canévet and Mogens 

Christensen, “Approaching Ferrite-Based Exchange-Coupled 

Nanocomposites as Permanent Magnets“, ACS Appl. Nano Mater. 2018, 

1, 3693−3704.  

 

Figure 3.15: Illustration of the in situ solid-gas synchrotron setup. The figures is 

reproduced with permission from C. Granados-Miralles, et. al., ACS Appl. Nano Mater. 

2018, 1, 3693−3704.Copyright (2019) American Chemical Society. 

The in situ study aimed to follow the reduction using varying gas-flow 

and temperature. The goal was to understand the reaction mechanism 

and to investigate whether the monoxide typically appearing in ex situ 

studies was created during the reduction or as a post oxidisation 

process. 

From the time resolved PXRD data seen in Figure 3.16a the CoFe2O4 

spinel, the monoxide and the alloy has been identified. The data reveals 

a reduction process where CoFe2O4 is reduced into the monoxide and 

then later into the Co-Fe alloy. The weight fraction seen in Figure 3.16b 

show that only after a certain amount of monoxide has been formed it 

further reduces into the alloy. This clearly suggest that the monoxide is 

an intermediate step in the reduction process rather than a phase 

appeared in a post oxidisation. The weight fractions also show that the 
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reaction is highly temperature dependent and happens faster for higher 

temperatures. 

 

 

Figure 3.16 (a) Contour plot of time resolved in situ PXRD reduction of CoFe2O4 performed 

at 400 °C and a gas-flow of 10ml/min of 4% H2/Ar. (b) Weight fraction and (c) Unit cell 

parameter as a function of reaction time obtained from sequentially Rietveld refinement 

of in situ PXRD reduction data using a gas-flow of 10 ml/min and variable temperature: 

300 °C (grey), 350 °C (orange), 400 °C (green), 500 °C (pink). The black open triangles 

refer to samples prepared ex situ at 350 °C, 400 °C and 450 °C. Figures are reproduced 

with permission from C. Granados-Miralles, et. al., ACS Appl. Nano Mater. 2018, 1, 

3693−3704.Copyright (2019) American Chemical Society. 

The changes in the unit cell parameters observed in Figure 3.16c) of the 

three phases suggest a non-stoichiometric reduction process. Since the 

unit cell parameter of CoO (a = 4.270 - 4.273 Å)[91-93] is smaller than for 

FeO (a = 4.280-4.326 Å)[94-96] n expansion of the unit cell of the 

monoxide means that the phase adopts an increased amount of Fe. The 

same expansion of the unit cell with increased Fe content has been 

reported for the Co-Fe alloy[97]. Based on these observations it was 

argued that both the monoxide and the alloy appears first as a Co-rich 

phase an with time adopts the Fe. 

However, since the scattering factor of Co and Fe offers neglectable 

contrast using x-rays, it was not possible to follow any changes in the 

site occupancies during the reduction. Therefore, samples were 

prepared ex situ and measured with neutrons at the DMC beamline at 
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Paul Scherrer Institute PSI. The result confirmed the non-stochiometric 

reduction of CoFe2O4 and for samples prepared at 450 °C the Co to Fe 

content in the CoFe2O4 was lower than 8 %. Based on the results it was 

suggested that the as Co leaves the CoFe2O4 it is turned into 𝛾-Fe2O3. 

3.7.1 My Contribution 

My contribution to this publication was to: Design, built and 

commission the setup for in situ experiments on P2.01 at the 

synchrotron PETRA III. I took part in planning and performing the in 

situ experiments and the neutron measurements performed at the 

neutron diffractometer DMC at PSI. I contributed to the building of the 

refined Rietveld model and participated in the discussions and 

preparation of the manuscript.  
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Chapter 4  

Neutron In situ Reduction  
 

 

Part of our research group has specialised in reducing transition metal 

doped spinels in an effort to create exchange-spring nanocomposites. 

Since X-rays to not offer a contrast significant contrast between 

transition metals, we desperately needed a way to follow the reaction in 

situ using neutron powder diffraction. This section presents the design of 

a solid-gas reaction setup specially made for in situ neutron powder 

diffraction. 

4.1 Publication IV: Context 
Based on the results obtained in Publication III it has become clear that 

if we wanted to understand the reaction mechanism of the reduction of 

CoFe2O4 we could not use X-rays. As a mean to overcome this problem 

we turned to neutrons. In the past we have only measured samples that 

had been prepared ex situ using neutron powder diffraction at room 

temperature. Even though high-temperature furnaces are easily 

available at any neutron facility, furnaces with a gas availability are more 

exotic and typically only exists as custom-made setups for specialised 

research groups that bring their own setup to the beamline[98-100] (The 

same is true for the X-ray beamlines). Thus, the main task of this project 

was for me to design and built a solid-gas reaction setup to be used at a 

neutron powder diffractometer. Since we had already seen the strength 

of the air-gun heater we based the present setup on an larger version 

with a maximum output of 1000 W. 
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We already had a collaboration with the beamline scientists Lukas 

Keller, and Emmanuel Canévet at the DMC instrument at Paul Scherrer 

Institute, which we decided to expand. The cold neutron powder 

diffractometer DMC is designed for high intensity performance, which 

makes it an ideal instrument for in situ studies. Furthermore, it has an 

oscillating radial collimator to suppress peaks from any sample 

environment and offers a low instrumental background. As a draw back 

the Q-range available is not incredible (Q-range = 0.57 Å-1 – 3.70 Å-1 with 

a wavelength of 𝜆 = 2.4621 Å) but there is a price for everything. 

4.1.1 My contribution 

My contribution to this publication was to: Design, built and 

commission the setup for in situ neutron powder diffractin on the DMC 

instrument at Paul Scherrer Institute PSI. I planned and performed all 

experiments presented. I contributed to all discussion, created all the 

figures and wrote the manuscript. The following sections present the 

article: Jakob V. Ahlburg, Emmanuel Canévet and Mogens 

Christensen, “Air-heated solid-gas reaction setup for in situ neutron 

powder diffraction”, J. Appl. Cryst., 2019, 52, 761-768, reproduced with 

the permission of permission of © International Union of 

Crystallography with only minor formatting changes to fit the format of 

this thesis. 

 

 

 

 



 

Page  67 

Air heated solid-gas reaction setup for 

in situ neutron powder diffraction 

Jakob Voldum Ahlburg, a Emmanuel Canévet,b,c Mogens Christensen.a 

a. Center for Materials Crystallography, Department of Chemistry and 

iNANO, Aarhus University, Langelandsgade 140, 8000 Aarhus, Denmark 

b. Laboratory for Neutron Scattering and Imaging, Paul Scherrer Institut 

(PSI), 5232 Villigen, Switzerland 

c. Department of Physics, Technical University of Denmark, 2800 Kgs. Lyngby, 

Denmark 

Abstract 
The design and function of a reduction furnace, specially designed for 

solid-gas in situ monochromatic angular dispersive neutron powder 

diffraction is presented. The functionality is demonstrated by 

performing a reduction experiment of CoFe2O4 nanoparticles at the 

instrument DMC at SINQ. Heating is provided by an air gun allowing 

the sample to reach temperatures in the range of 300 - 973 K within less 

than 5 min. The setup is based on a single-crystal sapphire with one end 

closed tube. A φ-scan of the tube reveal the single-crystal nature of the 

tube, through strong single-crystal reflections, while the remaining 

background is very low, uniform and flat. CoFe2O4 was reduced using a 

time resolution of 8 min and a sample volume of  2 cm3. By means of 

sequential Rietveld refinement of the in situ neutron diffraction data, a 

two-step reduction mechanism was discovered; CoFe2O4 → Co.33Fe.67O 

→ CoFe2. The setup offers; high temperatures, fast temperature stability, 

large sample volumes and respectable time resolution. The setup has 

proven to be ideal to carry out investigations of advanced materials 

under realistic conditions. The ability to investigate real materials, in 

real time under realistic conditions may be a significant advantage for 

scientific investigations as well as for industrial applications. 
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Introduction 
In modern-day society, the value of solid–gas reactions cannot be 

underestimated. Simple reaction from our everyday life involves 

oxidation of steel or copper as can be seen in cars and copper roofing, 

respectively. Steel hardening can involve nitridation of low-carbon steel 

to enhance their mechanical properties.[101, 102] For energy storage, 

hydrogen is expected to play a crucial role and the materials involved 

are carefully designed nano-sized crystallites, which can absorb and 

desorb hydrogen through a controlled process.[103, 104] Advanced 

magnetic materials such as α"-Fe16N2 and γ-Fe4N can be made in a two-

step mechanism, where FeO is first reduced under heat and hydrogen 

(H2) gas followed by subsequent treatment with gaseous ammonia 

(NH3).[105] These processes typically take place at elevated temperature 

and pressure. In order to optimize these materials, it is of outmost 

importance to understand the reaction mechanisms at hand. In situ 

powder diffraction can be used to give information about the crystalline 

phases forming during a chemical reaction between a solid and a gas.  

A typical experiment for investigating changes in crystal structures 

would be in situ X-ray diffraction performed at a synchrotron, which 

allows a very high time resolution (~ms) and very small beam size 

(~µm), to look at changes locally in a small sample (~mg). However, in 

many of the above-mentioned experiments a large sample may be 

advantageous, and X-rays are challenged when it comes to light 

elements (Z < 10), as these scatter X-rays weakly compared to heavier 

elements (Z > 20).[38] A solution to this problem is to use neutrons 

instead of X-rays. Neutrons interact more weakly with matter compared 

to X-rays, consequently neutrons can penetrate through a large sample 

volume and bulky sample environment. Neutrons also have the ability 

to distinguish neighbouring elements as the scattering length changes 

erratically with the atomic number Z e.g. Fe(Z = 26), bFe = 9.45 fm and 

Co(Z = 27), bCo = 2.49 fm[106], in contrast to the linear relationship 

between scattering power and Z for X-rays. Neutrons allow detection of 

light atoms such as hydrogen, oxygen and nitrogen in the presence of 

heavy elements, as well as distinguishing between neighbouring atoms. 

Finally, the neutron carries a spin, which can interact with the atomic 
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magnetic dipolar moment allowing determination of the magnetic 

structure at the atomic level.[107] 

Neutrons allow for bulky sample environments, which in turn allows 

experimentalists to approach industrial setups, however it is typically 

desirable to have unhindered access to the scattering plane, therefore 

special sample environments have to be developed for neutron 

scattering experiments. For solid-gas reaction the goal is to have a 

sample environment that can deliver highly reactive and/or flammable 

gasses and a large amount of heat to the system in a controlled manner, 

while also granting access for the neutrons.[99] A suitable in situ neutron 

diffraction solid-gas reaction setup has to fulfil the following criteria: 

• Controllable gas-flow and pressure 

• Corrosion resistance 

• Heating to high temperatures with a fast heating rate  

• Pressure resistant 

• Temperature stability 

• No hydrogen embrittlement 

• Inert surfaces  

• Clear optical path for the neutron 

• Transparent to neutrons (No parasitic reflections, low 

background, low incoherent scattering) 

• Transparent to light (allowing other spectroscopic techniques) 

With these criteria in mind the most crucial part of the sample 

environment is finding the right material, that can fulfil most of these 

criteria. A hard metallic alloy may seem a good option, due to its 

excellence in mechanical and thermal stability.[108-110] However, due to 

the polycrystalline nature of steel, Inconel, aluminium etc. they will 

typically contribute significantly to the diffraction pattern with strong 

parasitic reflections. To avoid these reflections Null-scattering materials 

such as Ti1-xZrx have been developed using different x stoichiometries.[111, 

112] Unfortunately, these show hydrogen embrittlement and are therefore 
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excluded in experiments using hydrogen. Amorphous materials like 

quartz have also been widely used, but have a distinct structured 

diffraction background.[113] Single-crystal sapphire (SCS) solves the 

problem by offering a low background, and the inevitable single-crystal 

diffraction peaks can be avoided in monochromatic angular dispersive 

neutron powder diffraction by ensuring that the reciprocal lattice vector 

H of the single-crystal and the scattering vector Q do not coincide. 

Fulfilling the Laue condition H = Q[35] can be avoided by controlling the 

orientation of the SCS sample holder. SCS can be manufactured to 

withstand high pressures (> 100 bar) and has an operating temperature 

of up to 2270 K.[114] Furthermore, it has the advantage of being 

transparent and thereby allow simultaneous employment of 

complementary light based techniques.[115] The disadvantages to using 

SCS is the risk of sudden rupture during high-pressure experiments and 

the release of flammable or toxic gases, which can be prevented by 

proper shielding of the surrounding equipment as well as suction on the 

experiment. 

Sample environments for in situ neutron diffraction solid-gas reactions 

using SCS already exist.[98, 99, 116, 117] Kohlmann et. al. reports SCS setups, 

which allow pressures of up to 80-160 bar and a temperature range of 

RT - 700 K.[98] By measuring an -scan of the SCS tube at  = 0° in the 

4-circle diffractometer geometry described by Busing, W. R. et al [118], 

they succeeded to find a suitable  position, where the background was 

only affected around 2  90°. In other words, the SCS can be oriented, 

so that parasitic scattering can be avoided. The SCS sample holder 

described in the literature has been manufactured by drilling a hole into 

a SCS rod, with an inner diameter of 6 mm and an outer diameter of 12 

mm.[99] The sample is heated using laser heating with a power input of 

80 W. This setup is optimized for high pressure studies at intermediate 

temperatures. 

In this study, we report on an in situ neutron powder diffraction solid-

gas reaction setup optimized for experiments with gas-flow and a very 

rapid heating. Temperatures of 973 K can be reached using a hot-air gun 

with a power input of 1000 W. Furthermore, a test experiment was 

carried out at the neutron instrument DMC at SINQ[119] in which the 
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magnetic compound CoFe2O4 was partially reduced to CoFe2 using a 

flow of 5% H2/Ar to realize an exchange-spring magnet. 

Materials and Methods 
Synthesis of CoFe2O4 nanopowders  

The synthesis of CoFe2O4 followed the steps reported in the literature.[9, 

24, 120, 121] In short, a stoichiometric 1:2 molar ratio of Co:Fe was mixed 

directly in a Teflon-lined steel autoclave using aqueous solutions of 3.0 

M Co(NO3)2∙6H2O and 2.3 M Fe(NO3)3∙9H2O (reagent grade Sigma-

Aldrich). A 16 M NaOH solution was added dropwise in slight excess 

(OH-:NO3- molar ratio of 1:1.25) under constant stirring. The sealed 

autoclave was placed in a 240 C preheated oven for 2 hours. The 

obtained dispersion of nanoparticles was washed and centrifuged five 

times in demineralised water and dried in a vacuum oven at 50 C for 

approximately 24 hours. 

Powder x-ray diffraction 

Diffraction data were collected on an in-house Rigaku Smartlab 

diffractometer using a Co target (35 kV, 170 mA) in Bragg-Brentano 

mode. Rietveld analysis[54, 122] of the diffraction data was done using the 

programme FullProf suite[55] to investigate the purity and apparent 

crystallite size of the sample prior to reduction. A NIST LaB6 660B 

standard was used to determine the peak broadening originating from 

the instrument. 

In situ setup 

The schematic and picture illustration of the single-crystal Sapphire, Air 

gun Heater, Setup (SAHS) are presented in Figure 4.1. The sample is 

placed in a SCS tube with one end closed with a diameter of 10 mm, a 

height of 150 mm and a wall thickness of 1 mm. The SCS has been grown 

in one piece along the c-axis by the company Crytur with no additional 

mechanical machining.[114] The tube can withstand high pressures 

despite the relatively thin wall thickness of 1 mm. The SCS tube was 

tested to 100 bar using water as pressure medium and an HPLC pump 

(Prep Pump, LabAlliance). In the setup the SCS tube is connected to 

standard Swagelok stainless steel fittings and sealed with a Teflon 

ferrule. A ~0.5 mm diameter thermocouple is introduced into the setup 



Chapter 4: Neutron in situ Reduction 

72  Page   

through a 1/16” fitting using a Vespel ferrule. The thermocouple 

measures the temperature 10 mm above the bottom of the SCS tube. 

Gas-flow is applied from the bottom of the tube through a fused silica 

tube with outer/inner diameter of 0.85/0.75 mm, fastened with a 1/16” 

fitting using graphite ferrules. The gas bottle is connected through a 

quick fit connection. The gas is released at the bottom of the SCS tube 

and flows up through the sample and escapes through the gas outlet 

valve at the top. The entire system from the gas bottle to the valve is a 

closed system and inert samples can be loaded in a glovebox, it is 

likewise possible to prepare and extract air sensitive samples from the 

system. The fused silica tube is fragile, and the tube is carefully held in 

place by specially designed holders fitting the Swagelok equipment. 

These holders also ensure the centring of the sample and allow 

adjustment of the sample height. 

The SCS sample tube is lowered into a custom-made quartz dome which 

acts as heat shield, and only allows hot air to escape through small 

pathways at the top and bottom of the dome. This traps the hot air 

around the sample and ensures a homogenous heating. The quartz 

dome only traps the hot air around the part of sapphire tube containing 

the sample, while allowing the top of the tube to be air-cooled. This 

ensures that the Teflon ferrule does not melt, when operating the setup 

at high temperatures >800 K. The quartz dome has an inner diameter of 

60 mm allowing typical radial collimators to suppress effectively any 

quartz scattering coming from the dome using an incident beam size of 

10 mm x 60 mm. The heater and sample mounting shadows roughly 60 

in the detector plane leaving a free optical path of roughly 300. 
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Figure 4.1. Sample environment. Left: Schematic drawing of the setup. Gas-flows through 

the system in the following order: A Quick fit connector, B Fused silica tube, C SCS sample 

container, D Outlet valve. The heater air flow goes through: E Hi-Heater air gun, F heat 

confinement quartz dome, G Ceramic insulator with air outlet grooves. H Thermocouple. 

I Typical neutron beam size of 10 mm by 60 mm. Right: picture of the setup with the 

vertical  rotational axis through the centre of the sample container.  

Pressurization and flow 

The pressure of the gas inlet is controlled by using a standard reduction 

valve. The flow of the gas is regulated by a flow meter with a flow range 

of 0-100 mL/min. On the exhaust side of the setup the pressure can be 

controlled in multiple ways. The system can be left open for ambient 

pressure conditions inside the sapphire tube. A pressure relief valve can 

be attached to perform flow experiments at higher pressure or a pump 

can be attached for vacuum or flow experiments at low pressures. 

Finally, the exhaust can be blocked by closing a simple ball valve to allow 

for non-flow high-pressure experiments. The valve also allows to close 

the system completely after an experiment and easily transfer the whole 

setup to a glovebox to retrieve air sensitive samples. 

Heating 

The air gun heater is a Hi-Heater SAH-1-AFT-1000W from Hybec, 

Miyawaka Corporation, Japan[123]. It heats compressed dry air using an 

electrically heated coil to give a temperature range at the nozzle of RT-
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1273 K. Any temperature within this range can be reached and stabilised 

within 15-20 seconds. Furthermore, the heater offers active cooling of 

the sample as the heater itself will cool to room temperature within 

approximately 30 seconds, when the power is turned off. This allows for 

rapid heating and cooling of the sample. The air-heater comes with a 

controller module with built-in PID and fail-safe operation in case of 

overheating or missing airflow. The controller allows setting the air-

inlet pressure, the air-outlet flow, and the nozzle temperature. 

General experimental procedure 

The setup can be installed on the sample table of almost any 

monochromatic neutron diffractometer as the footprint is relatively 

small and good angular access is provided except at the position of the 

hot air gun. The SCS tube is loaded with 2 cm3 of sample giving a 

sample height of 40 mm depending on sample density. The fused silica 

gas inlet is inserted in the sample tube with a flow rate of 10 mL/min to 

avoid any clogging of the inlet. The sample tube is then fastened to the 

Swagelok fittings and once a steady gas-flow is ensured throughout the 

sample, the flow rate is adjusted to the intended experimental value. 

The gas-flow makes the sample act as a fluidized bed and the height 

typically increases by 50% with little fluctuation during an experiment. 

The total height of the sample must never exceed 60 mm in order to 

probe the whole sample volume at all times when using a fixed neutron 

beam size of 10x60 mm2. The sample tube is inserted into the glass dome 

and centred with respect to the neutron beam.  

Data collection 

A powder diffraction pattern with good statistics is acquired from the 

pristine sample at RT, before starting any heat treatment. This ensures 

that the sample is in the beam and avoidance of sapphire Bragg 

reflections hitting the detector, and it produces high statistics data for 

the initial refinements. The neutron count is changed to fit a desired 

time resolution and the heater is turned on. At the end of the 

experiment the heater is turned off, and the sample is allowed to cool to 

RT, at which point another data set with high statistics is acquired. 

Experiments typically run for 3-15 hours with a time resolution of 8 

min/pattern. 
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Reduction of CoFe2O4 

The reduction of CoFe2O4 spinel was selected as a case study on the 

instrument DMC at SINQ. A wavelength of 2.46 Å was selected and a 

2-range of 12.8 - 92.9 was covered with an angular resolution of 0.1. 

Each pattern was collected for a total neutron monitor count of 50400, 

which is equivalent to 8 min/pattern in steady state operation of the 

neutron source. In the given example, a total of 39 patterns were 

collected. The pristine sample, consisting of 13 nm sized CoFe2O4 

nanocrystallites, was heated to a sample temperature of 485C while 

flowing 100 mL/min of 5% H2 in Ar through the sample.  

Results 
Temperature calibration 

A temperature calibration of the setup was performed using the 

thermocouple inside the sapphire tube to measure the sample 

temperature, while monitoring the exhaust temperature of the heat gun. 

Quartz sand was used as sample for the temperature calibration. The 

heat gun used a compressed air flow rate of 48 L/min at a pressure 0.6 

MPa and set temperatures in the range of RT-1273 K in steps of 100 K. 

For each temperature step the heater nozzle reached the set 

temperature within 20 seconds. The setup was allowed to thermally 

stabilize for 10 min before the sample temperature was read out. The 

obtained calibration data are plotted in Figure 4.2a. It follows a linear 

trend and the maximum sample temperature reached was 973 K. The 

sample temperature was followed as a function of time to determine the 

time needed to obtain a stable sample temperature. The set temperature 

of the heater in this case was 1273 K. The data are presented in Figure 

4.2a using a red line. The sample temperature increases rapidly as the 

heater is turned on and stabilises within 2 K of the final temperature in 

less than 5 min.  

The calibration curve is used as a tool to estimate the heater set 

temperature for specific experimental sample temperatures, however, 

during an experiment the temperature is monitored in situ and might 

deviate slightly from the calibration due to the gas-flow and thermal 

properties of the sample. 
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In order to evaluate the thermal stability throughout the sample, 2 g of 

CoFe2O4 was brought to thermal equilibrium using a heater 

temperature of 1073 K and a N2 gas-flow of 20 ml/min and a 

backpressure of 2 bar. By changing the position of the thermocouple 

inside the SCS sample tube the change in sample temperature dT was 

measured as a function of height z within the sample as can be seen in 

Figure 4.2b. The changes in temperature was based on a sample 

temperature of 856 K. The total height of the sample was initially 30 mm 

and rose to 50 mm once the flow of gas was applied as seen in Figure 

4.2c. The upper 10 mm had a low density of powder, which due to the 

gas stirring quickly returned to the denser lower part of the sample. 

 

Figure 4.2 a) Temperature calibration of the sample vs. heater temperature using quartz 

powder. The x's are data points and the dotted line presents the linear fit 𝑇𝑠𝑎𝑚𝑝𝑙𝑒 =

0.693(2) ∙ 𝑇ℎ𝑒𝑎𝑡𝑒𝑟 + 102(2) 𝐾. Error bars are within the size of the symbols. The full red 

line represents the heating of the sample at a constant heater temperature of Theater = 

1273K as a function of time in steps of 5 seconds. The sample temperature is stable after 

less than 5 minutes. The red dotted line is a guide to the eye of the final temperature. b) 

The change in sample temperature dTsample as a function of height z in the sample tube 

using a CoFe2O4 sample and a constant heater temperature of Theater = 1073K. The 

reference sample temperature was set to 856 K. c) Schematic representation of the SCS 

sample holder containing CoFe2O4 as a function of height z in the tube. 

The sample temperature is stable throughout most of the sample, except 

for the bottom part where the temperature deviates up to 3.5 % and 

the upper part where the temperature drops of as the thermocouple is 

no longer within the sample and ends with a deviation of 8 % at z = 56 

mm. However due to the stirring of the powder most of the sample is 
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always placed in the thermal stable region of the SCS sample tube and a 

single grain of powder would experience an almost identical thermal 

history throughout an experiment. 

Phi scan of the SCS sample holder 

To determine the background from the sample holder a φ-scan of the 

empty SCS sample holder was made. Since  = 0°  coincides with φ. 

The c-axis was oriented parallel to the rotational axis and perpendicular 

to the incoming neutron beam. Figure 4.3 a) show the entire data set 

from the φ-scan plotted in the (hk0)-plane.  

 

Figure 4.3: a) φ-scan of the (hk0) reflections of the single-crystal sapphire sample holder. 

The reflections from the single-crystal sapphire are highlighted. b) The azimuthally 

integrated φ-scan. The single-crystal sapphire peak is highlighted as well as powder 

peaks of an unknown origin. c) a zoom of b). 

A total of six single-crystal peaks are seen, these correspond to the Miller 

indices (110), (-1-10), (-120), (1-20), (2-10) and (-210). This leaves six well 

defined angular regions where no single-crystal diffraction peaks are 

present, in other words it is possible to collect data with a very low 

background. In addition to the strong single-crystal peaks there are two 

weak peaks at 2θ  63 and 70 that are observed at all φ values, i.e. this 

intensity is originating from a powder. By azimuthally integrating the 

entire φ-scan Figure 4.3 b)-c) is obtained. Here the smooth background 

is clearly visible and it is noticeable, that the powder intensities do not 

exceed the background intensity at low angle. The low intensity of the 
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powder peaks makes them disappear in the background of a real 

experiment. It has not been possible to identify the origin of these peaks. 

In situ neutron diffraction reduction 

In Figure 4.4 the initial and final diffractograms of the experiment are 

presented. These have been Rietveld refined using the program 

Fullprof[55]. In the initial data set the model only contains the 

crystallographic and a magnetic phase of the pristine CoFe2O4 with 

space group Fd-3m. And in the final data set the model contains three 

crystallographic phases: The spinel CoFe2O4, the BCC metal alloy CoFe2 

(space group: Pm-3m), and the monoxide Co.33Fe.67O (space group: Fm-

3m). In addition, the magnetic phases are included for the spinel 

structure and the alloy. The model fits the data well and the parasitic 

reflections from the sample holder are not observed. Furthermore, the 

background is flat and reasonably low, which gives a high signal-to-

background level even for short exposure times. The background has 

drastically decreased from the initial to the final pattern which is 

presumably due to evaporation of water still bound on the surface of the 

particles after the drying process of the powder at only 50 C. 

 

Figure 4.4: Normalised neutron diffraction data taken at DMC  = 2.46Å. The sample was 

measured for 8 min with a total neutron count of 50400. a) Pristine CoFe2O4. The model 

contains a crystallographic and a magnetic phase. b) Post reduction data at room 

temperature likewise collected for 8 min. The model now contains CoFe2O4: 

crystallographic and a magnetic phase, Co.33Fe.67O: crystallographic phase and CoFe2: 

Crystallographic and a magnetic phase. The red dots are data, the black line is the model 

and the blue line is the difference between the data and the model 

The peak profile has been described using the pseudo-Voigt-Thomas-

Cox-Hastings profile function, where only the Lorentzian contribution 

was refined. By using the Scherrer equation[124] the apparent crystallite 

sizes have been calculated. The CoFe2O4 grows from 13.2(3) to 53(2) nm 
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while the Co.33Fe.67O and the CoFe2 have a final apparent crystallite size 

of 23(1)nm and 50(1) nm, respectively. An average magnetic moment of 

the Co and Fe in the CoFe2O4 has been refined at room temperature and 

increases from the initial to final measurement from 2.02(5) to 2.19(6) 

µB respectively. 

The in situ neutron data are presented in Figure 4.5 as a function of 2θ 

and time (t), while the intensity is given by the color scale. The data 

quality allows for sequential refinement of all the patterns by using the 

model from the initial and final data sets (Figure 4.4). Not only is it 

possible to follow the phase transitions during the experiment, but it is 

also possible to refine occupancies on metallic sites consisting of both 

Fe and Co, due to the contrast in scattering length between the two [125]. 

Furthermore, it is possible to follow the evolution of the average 

magnetic moments of Co and Fe in CoFe2O4. 

 

Figure 4.5: in situ diffraction data of reduction of CoFe2O4 as a function of reduction time. 

Three phases appear throughout the experiment which are visualized above the figure. 

Dark colours are low intensity, bright colours are high intensity. 

The refined weight fraction as a function of time is presented in Figure 

4.6 a). At t = 0 min, the spinel CoFe2O4 is the only observed phase; after 

t = 8 min the CoFe2O4 starts reducing to the monoxide Co.33Fe.67O. The 

two phases coexist until a sufficient amount of Co.33Fe.67O (~30 wt%) has 
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been formed, at which point metallic body centred cubic (BCC) alloy 

CoFe2 starts appearing. This happens after t = 36 min. Once the CoFe2 

has been formed almost all of the Co.33Fe.67O fully reduces. After t = 144 

min, only a small amount of monoxide is still present. At this point the 

peak position of the Co.33Fe.67O shifts to a lower angle. The weight 

fraction of Co.33Fe.67O left in the sample after the peak shift stays 

constant until the end of the experiment, while the reduction of 

CoFe2O4 to CoFe2 continues. The experiment was stopped before a full 

conversion was achieved. 

Figure 4.6 b) shows the refined normalised unit cell parameters for all 

three phases. The unit cell parameter of CoFe2O4 increases at t = 8 min, 

due to thermal expansion, but subsequently it decreases slowly 

throughout the experiment. The unit cell parameter of Co.33Fe.67O 

increases throughout the experiment with a rapid increase from t = 96 

min to 172 min. The unit cell expansion of Co.33Fe.67O suggests 

 that the structure expels Co2+, shifting the unit cell parameter towards 

the larger unit cell of FeO (4.31 Å) compared to that of CoO (4.26 Å) [126]. 

The unit cell parameter of CoFe2 decreases from its first occurrence at t 

= 32 min until t = 112 min after which it increases. 

The apparent crystallite sizes are plotted in Figure 4.6 c). The apparent 

crystallite size of CoFe2O4 increases and plateaus at 55 nm. The 

apparent crystallite size of Co.33Fe.67O is following the trend of the 

weight fraction and it can be concluded that the Co.33Fe.67O is consumed 

by reducing the size of the crystallites. The apparent crystallite size of 

CoFe2 initially increases together with its weight fraction and then 

decreases after t = 144 min. It is hypothesised that this is due to phase 

segregation between CoFe and α-Fe, both having body centred cubic 

structures, but with α-Fe having a slightly larger unit cell, causing an 

apparent broadening of the diffraction peak. Additional refined 

parameters can be found in the supporting information. 
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Figure 4.6: Refined parameters from sequential Rietveld refinement as a function of time  

a) Weight fraction of CoFe2O4, Co.33Fe.67O and CoFe2. b) Normalised unit cell parameters 

of CoFe2O4, Co.33Fe.67O and CoFe2, normalised with respect to the initial values: 8.45223 

Å, 4.32790 Å and 2.87483 Å, respectively. c) Apparent crystallite size of CoFe2O4, 

Co.33Fe.67O and CoFe2. 

The appearance of the monoxide in the product after reduction has 

previously been reported ex situ[127, 128]. Only recently have 

Granados-Miralles et. al.[125] been able to follow the reduction 

process in situ, using synchrotron radiation. In the reported study 

the monoxide was discovered as an intermediate phase in a two-

step reduction from CoFe2O4 → Co.33Fe.67O → CoFe2 rather than a 

phase appearing as a re-oxidisation process. The data presented in 

Figure 4.5 and Figure 4.6 show the same trends as observed by 

Granados-Miralles et. al. 

Conclusion 
The single-crystal Sapphire, Air gun Heater, Setup (SAHS) was 

presented. It is designed for solid-gas in situ monochromatic angular 

dispersive neutron powder diffraction and it can be mounted onto the 

sample table of almost any neutron diffractometer fitting the 

description. 

A φ-scan of the single-crystal sapphire sample holder showed that by 

rotating the tube, it is possible to obtain an orientation with a very low 

and flat background with no parasitic reflections. A temperature 

calibration showed a sample temperature range from 300 to 973 K with 

a fast heating rate and a sample temperature stabilisation time of less 

than 5 min. 



Chapter 4: Neutron in situ Reduction 

82  Page   

The SAHS has been successfully used at the DMC instrument at SINQ 

to follow a reduction experiment of CoFe2O4 in situ in an effort to 

control the production of exchange-spring permanent magnets. From 

sequential refinement of the in situ neutron diffraction data, it was 

confirmed that the reduction happens through an intermediate phase 

in a two-step reduction from CoFe2O4 → Co.33Fe.67O → CoFe2. The data 

quality furthermore allows for refinement of apparent crystallite size as 

well as magnetic moments. 

With a time-resolution of 8 min/pattern and a sample volume of  2 

cm3, it is possible to follow solid-gas reactions on a realistic timescale 

and with a larger sample size compared to similar experiments 

performed using X-rays, moving the application towards conditions 

seen in the industry. The setup can be used to understand how advanced 

materials act under non-ambient conditions. 
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Supporting information 
The supporting information includes the refined parameters for the in situ 

reduction of CoFe2O4. 

Model: 

The sequential refinement carried out was done in two parts. In the first four 

patterns the model only contains CoFe2O4 crystallographic and magnetic 

phase. It is based on the refinement seen in Figure 4.4 a). The phase was 

described in the space group 𝐹𝑑3̅𝑚 using the atomic positions in Tabel S1. 

The tetrahedral and the octahedral sites are both partially occupied by Co2+ 

and Fe3+.  

𝑭𝒅�̅�𝒎 x y z 

Oxygen 0.25432 0.25432 0.25432 

Tetrahedral site 0.125 0.125 0.125 

Octahedral site 0.5 0.5 0.5 

Tabel S1: atomic positions for the 𝐹𝑑3̅𝑚 CoFe2O4. 

The refined parameters in this case were background, scale factor, unit cell 

parameters, Lorentzian isotropic peak broadening (Y), isotropic thermal 

vibration (Boverall), site occupation (tetrahedral and octahedral) and average 

magnetic moment of the octahedral and tetrahedral site. 

From pattern 5 to 39 the model furthermore includes a crystallographic 

phase for Co.33Fe.67O and a crystallographic and magnetic phase for CoFe2. 

The Co.33Fe.67O is described with the space group 𝐹𝑚3̅𝑚 using the atomic 

positions in Tabel S2. The refined parameters for the phase are scale factor, 

unit cell parameters and Lorentzian isotropic peak broadening (Y). It was not 

possible to refine the Boverall and it was fixed at Boverall = 1.4. 

𝑭𝒎�̅�𝒎 x y z 

Oxygen 0.5 0.5 0.5 

Metal 0 0 0 

Tabel S2: Atomic position for the 𝐹𝑚3̅𝑚 Co.33Fe.67O. 

The CoFe2 is described with the space group 𝑃𝑚3̅𝑚 using the atomic 

positions in Table S3. The metal 1 site is occupied fully by Fe and the metal 2 
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site is occupied with a ratio of Co:Fe of 2:1. The refined parameters for the 

phase are scale factor, unit cell parameters and Lorentzian isotropic peak 

broadening (Y). It was not possible to refine the Boverall and it was fixed at 

Boverall = 1.94. It was not possible to refine the magnetic moment and it was 

fixed at 3.466 µB which was achieved from the final refinement in Figure 4 

b). 

𝑷𝒎�̅�𝒎 x y z 

Metal 1 0 0 0 

Metal 2 0.5 0.5 0.5 

Tabel S 3: Atomic positions for the 𝑃𝑚3̅𝑚 CoFe2 

Results 

The refined average magnetic moment of the CoFe2O4 phase is presented in 

Figure S1. The general trend shows a slight increase during the experiment 

but as with the unit cell parameter for the phase presented in Figure 4.6 b) 

it has an abrupt value at t = 8 min. The general increase can be described as 

a spring-exchange with the pure CoFe2 that grows stronger with the amount 

of CoFe2 in the sample. The size of the uncertainties comes from the lack of 

peaks present in the data achievable at the DMC beamline, which has a 

limited Q-range. 

 

Figure S1: Refined average magnetic moment of the CoFe2O4 phase as a function of time. 

In Figure S2 the Rf factors for all three phases are presented. All values are 

below 10% and there are no sudden jumps in the curves which indicates no 

sudden changes or discrepancies in the description of the structure factors. 
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Figure S2: Rf factors for the three phases as a function of time 

Figure S3 shows the weighted profile R-factor Rwp and the 2. Both curves are 

almost constant except for the first pattern where both values are 

significantly higher. This is due to the heating of the sample which happens 

during the first pattern. The Rwp values are  21%, which is somewhat higher 

than you would normally expect. This can be explained in multiple ways; 

either the powder statistics are not high enough during the experiment or it 

is the low background which gives the uncertainty on the intensities a higher 

weighting as discussed by McCusker, L. B. et al. [129] and Toby, B. H..[130] Since 

the background during most of the experiment is very low and all other 

refined parameters show reasonable uncertainties most of the reason for 

the high Rwp lies with the low background. Finally the 2 has a value of  2.5 

during most of the experiment. This shows that Rwp is close to the expected 

R factor Rexp and that the model fits the data well. 
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Figure S3: Rwp and 2 as a function of time 
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Chapter 5  

In situ Reduction of CoFe2O4 
 

 

The creation of the solid-gas setup for in situ neutron diffraction meant a 

change in the way we approach our reduction experiments. The furnace 

has been extensively used to follow reduction both ex situ and in situ due 

to the its incredible heat ramp abilities and easy use. In the following 

chapter the latest publication about the reduction of CoFe2O4 followed 

using in situ Neutron setup and the SAHS setup described in Publication 

IV, is presented  

5.1 Publication V: Context 
After commissioning the air-heated solid-gas reaction setup for in situ 

neutron powder diffraction discussed in Chapter 4 we were ready to 

continue the in situ studies of the formation of CoFe2O4/CoFe2 

exchanged-spring magnetic nanocomposites through reduction of 

CoFe2O4. As with the experiments discussed in section 3.7 (Publication 

III) we investigated the reduction of CoFe2O4 in situ as a function of gas-

flow and temperature. The main objective with this study was to 

investigate what happens to the CoFe2O4 as Co leaves the structure. 

Moreover, we wanted to show that the reaction kinetic are the same for 

a tiny sample used in the synchrotron study (<10 mg) and a larger 

sample used in the neutron study (>2 g). 
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5.1.1 My contribution 

My contribution to this publication was to: Plan and conduct all of the 

in situ experiments which include all refinements of the data, and I 

conducted all VSM measurements. I contributed to all discussion, 

created all the figures and wrote the manuscript. The following sections 

present the submitted article: Jakob V. Ahlburg, Cecilia Granados-

Miralles, Frederik Holm Gjørup, Henrik Lyder Andersen, Mogens 

Christensen, ”Exploring the direct synthesis of exchange-spring 

nanocomposites by reduction of CoFe2O4 spinel using in situ neutron 

diffraction”, submitted to: Nanoscale, 2nd of February 2020, with only 

minor formatting changes to fit the format of this thesis. 

 

 



 

Page  89 

Exploring the direct synthesis of 

exchange-spring nanocomposites by 

reduction of CoFe2O4 spinel 
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c. Current affiliation: School of Chemistry, UNSW Australia, 

Sydney NSW 2052, Australia 

Abstract 
In situ neutron powder diffraction (NPD) was employed for 

investigating gram-scale reduction of hard magnetic CoFe2O4 (spinel) 

nanoparticles into CoFe2O4/CoFe2 exchange-spring nanocomposites via 

H2 partial reduction. Time-resolved structural information was 

extracted from Rietveld refinements of the NPD data, revealing 

significant changes in the reduction kinetics based on the applied 

temperature and H2 available. The nanocomposite formation was found 

to take place via the following two-step reduction process: CoxFe3-xO4 → 

CoyFe1-yO → CozFe2-z. The refined lattice parameters and site occupation 

fractions indicate that the reduced phases, i.e. CoyFe1-yO and CozFe2-z, 

initially form as Co-rich compounds (i.e. y > 0.33 and z > 1 ), which 

gradually incorporate more Fe as the reduction proceeds. The reduction 

depletes the Co-content in the parent spinel, which may end up 

becoming magnetically soft Fe3O4 at high temperature (T = 542 C), 
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while at lower temperatures there may be a co-existence of Fe3O4 and γ-

Fe2O3 or CoxFe3-xO4. The macroscopic magnetic properties of the 

products were measured by vibrating sample magnetometry (VSM) and 

revealed the hard and soft magnetic domains in the nanocomposites to 

be effectively exchange-coupled. An increase of approximately 70% in 

specific saturation magnetisation, remanence magnetisation, and 

coercivity compared to the parent CoFe2O4 material was achieved for 

the best sample. 

Introduction 
Magnetic materials are indispensable in today’s society as they 

constitute key components in a staggering number of modern 

technological devices, such as smartphones, electrical motors, 

loudspeakers, hard disc drives, etc. [12-17] More often than not hinges the 

performance of the given device directly on the performance of the 

integrated magnetic component(s). Consequently, optimising the 

constituent materials’ magnetic strength, magnetisation stability, 

design versatility and mechanical/structural stability, while limiting the 

associated material/production costs, are key objectives for the 

continued improvement and miniaturisation of increasingly complex 

functional devices. 

In this context, nanostructuring of magnetic materials as a means to 

tune or enhance their magnetic properties has gained a lot of 

attention.[21-25] For example, varying the size of magnetic nanoparticles 

can greatly affect their magnetic behaviour.[121] Large crystallites tend to 

lower their stray field energy by forming multiple magnetic domains, 

which in turn allow spin reversal to take place via domain wall 

movement, thereby causing a reduction in their coercive fields, Hc.[29] 

Smaller nanoparticles tend to exhibit a reduced magnetisation capacity 

as a result of their non-negligible amount of surface defects and lower 

density. Furthermore, ultrafine superparamagnetic crystallites (<10 nm) 

completely lose their coercivity due to random thermally-induced 

flipping of the magnetic moments. However, crystallites with sizes in 

the intermediate region can sustain a stable single domain (SSD) and an 

optimal crystallite size, DSSD, exists at which Hc is at a maximum.[29] 

Another potent nanostructuring method relies on compaction of shape-
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controlled anisotropic magnetic crystallites, which self-assemble into 

easy-axis aligned compacts during hot pressing.[8, 23, 24, 131] Notably, this 

approach was recently used to prepare bulk magnets with record-high 

magnetic strength for the commercially important Sr-hexaferrite 

material.[132] 

An even more promising nanostructuring method, yet with a somewhat 

unfulfilled potential, is based on the so-called exchange-spring 

nanocomposite concept, coined by Kneller and Hawig in 1991.[32] The 

idea relies on the effective inter-grain exchange-coupling between a 

magnetically hard phase having a large magnetic anisotropy (high Hc) 

and a magnetically soft phase (low Hc) with high specific mass 

saturation magnetisation, σs. As long as the dimensions of the soft phase 

is kept below a certain threshold, the nanocomposite may attain a 

remanence magnetisation which is greater than the sum of its 

uncoupled parts.[133, 134] The approach is currently being studied for a 

large number of different hard-soft nanostructures, including 

Nd2Fe14B/α-Fe,[135] Co3C/Co0.35Fe0.65,[136] Co3C/NiCo,[137] 

BaFe12O19/Ni0.5Zn0.5Fe2O4,[22] CoFe2O4/CoFe2,[138, 139] and other systems. 

The main challenge for the preparation of effectively exchange-coupled 

hard-soft domains lies in ensuring intimate contact between the phases. 

The required degree of contact is very difficult to achieve by mechanical 

mixing of the individual powders, instead, various approaches such as 

ball milling[136, 140] or preparation through sol-gel auto combustion have 

been used.[22] 

The ferrite-based CoFe2O4 (hard)/CoFe2 (soft) nanocomposite system 

has particularly received attention,[139, 141-146] as it is based on highly 

available, widely-used, rare-earth free materials.[147] Several studies of 

the CoFe2O4/CoFe2 system have demonstrated enhanced single-phase 

hysteresis behaviour and a particularly intimate exchange-coupling has 

been obtainable through controlled partial reduction of CoFe2O4 using 

hydrogen gas[21, 148] or activated charcoal[149] at temperatures as low as 

300 °C.[3] Interestingly, Quesada et al. demonstrated how the degree of 

exchange-coupling obtained via this method can even cause a collapse 

in coercivity when the soft material is above the SSD threshold.[139] The 

parent CoFe2O4 nanoparticles can be easily prepared via solvothermal 
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synthesis with a high degree of control over particle size.[120, 121, 150] 

Notably, CoFe2O4 nanoparticles with a coercivity as high as Hc = 9.5 kOe 

(756 kA/m) at room temperature have been reported,[151] and the optimal 

SSD size for CoFe2O4 particles has been experimentally determined to 

be approximately 40 nm at room temperature.[152] The soft CoFe2 phase 

exhibits a record-high specific saturation magnetisation of σs = 240 

Am2/kg.[26] 

Previous studies of CoFe2O4/CoFe2 nanocomposites prepared via the 

reduction method have shown unfavourable monoxide (CoyFe1-yO) 

impurities, which is an intermediate in the reduction process CoFe2O4 

→ Co0.33Fe0.67O → CoFe2.[139, 145, 146] Considering the huge parameter space 

available (size, composition, temperature, gas-flow, etc.), the insight 

provided by in situ studies are very valuable for the optimisation of the 

preparation process. To the best of our knowledge, only one in situ study 

following CoFe2O4 reduction exists in the literature. The study by 

Granados-Miralles et. al.[3] employs in situ synchrotron powder X-ray 

diffraction (PXRD) to examine the compositional and structural 

evolution of CoFe2O4 nanoparticles during reduction in a hydrogen-

containing atmosphere at elevated temperature. The study suggests the 

reduction to take place by a non-trivial two-step mechanism, where a 

Co-rich CoyFe1-yO (y > 0.33) monoxide intermediate is initially formed 

and subsequently reduced into a Co-rich CozFe2-z alloy (z > 1). 

Subsequently, the Fe-content gradually equilibrates with time until the 

sample is fully reduced into CoFe2. The paper mentions the that the Co-

depletion of the parent CoFe2O4 spinel phase possibly leads to a 

reconfiguration into either Fe3O4 or γ-Fe2O3. However, this question is 

near impossible to answer based on X-ray diffraction data due to the 

very similar scattering powers of Co2+ and Fe3+ and the isostructural 

nature of the three spinel phases: CoFe2O4, Fe3O4 and γ-Fe2O3. The 

crystal structures of the compounds are illustrated in Figure 5.1: Spinel 

structure of CoFe2O4, described in the space group Fd-3m. Octahedral 

and tetrahedral sites are represented in grey and green, respectively. 

Fe3O4 and γ-Fe2O3 are isostructural to CoFe2O4 but the sites are occupied 

differently. The occupancies of each site are marked for Fe (brown), Co 

(blue) and vacancies (blank). Figure generated in Vesta.[155]. The 

difference between the compounds originates from the occupation on 
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the octahedral (Oh) and tetrahedral (Td) sites. Nanocrystalline CoFe2O4 

have been shown to have a disordered spinel structure, where both Oh 

and Td sites are occupied by approximately 1/3 of Co and 2/3 of Fe.[153] 

For the Fe3O4 both sites are fully occupied by Fe (one Fe2+ and two Fe3+), 

and finally for the γ-Fe2O3 the Td site is fully occupied by Fe3+, while the 

Oh site has 1/6 of vacancies.[154] Since the coherent scattering length, b, 

of neutrons vary in an erratic manner between elements, neutron 

scattering can provide contrast between neighbouring elements in the 

periodic table, such as Co (bCo = 2.49 fm) and Fe (bFe = 9.45 fm), which 

are near-indistinguishable using X-ray diffraction. 

 

Figure 5.1: Spinel structure of CoFe2O4, described in the space group Fd-3m. Octahedral 

and tetrahedral sites are represented in grey and green, respectively. Fe3O4 and γ-Fe2O3 

are isostructural to CoFe2O4 but the sites are occupied differently. The occupancies of 

each site are marked for Fe (brown), Co (blue) and vacancies (blank). Figure generated in 

Vesta.[155] 

In the present work, we conduct an in situ neutron powder diffraction 

(NPD) study following the gram-scale preparation of CoFe2O4/CoFe2 

nanocomposites through the partial reduction of CoFe2O4. We explore 

the reduction kinetics by varying both the gas-flow of 5% H2/Ar and 

reaction temperature. The experiments have been carried out using our 

recently developed single-crystal Sapphire, Airgun Heater, Setup 

(SAHS), specially designed and built for studying solid-gas reactions.[4] 
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Time-resolved quantitative structural information has been extracted 

from the NPD data by sequential Rietveld refinement and it is used to 

elucidate the reduction mechanism. Finally, the magnetic properties of 

the synthesised nanocomposite samples are characterised using a 

vibrating sample magnetometer (VSM) and related to the structural and 

microstructural observations. The insights provided by the in situ NPD 

are key to designing improved nanocomposite exchange-spring 

magnets. 

Experimental 
Synthesis of CoFe2O4 nanoparticles 

Pure CoFe2O4 nanopowders were prepared hydrothermally using the 

method described by Stingaciu et. al.[120] Aqueous solutions of 3.0 M 

Co(NO3)2∙6H2O and 2.3 M Fe(NO3)3∙9H2O (reagent grade, Sigma-

Aldrich) were mixed in a Teflon-lined steel autoclave using a Co:Fe 

molar ratio of 1:2. Subsequently, a 16 M NaOH solution was added 

dropwise under constant stirring to create a gel using an OH—:NO3— 

molar ratio of 1.25:1. The autoclave was sealed and placed in a preheated 

convection oven at 240 C for 2 h, and subsequently cooled in air. The 

product was washed five times in demineralised water and dried in a 

vacuum oven at 50 C for 24 h. 

Powder X-ray diffraction 

To investigate the purity and average size of the CoFe2O4 nanopowders 

prior to reduction, powder X-ray diffraction data were collected in 

Bragg-Brentano geometry on an in-house Rigaku Smartlab 

diffractometer equipped with a Co target (35 kV, 170 mA). The X-ray 

source produces both Co -  and K2 radiation with wavelengths of  

= 1.7890 Å and 1.7929 Å, respectively. Rietveld analysis of the diffraction 

data was done using the FullProf suite software.[55] PXRD data from a 

NIST LaB6 660B standard collected under the identical instrumental 

configuration was used to determine the instrument peak broadening. 

In situ neutron powder diffraction experiments  

The in situ NPD experiments following the CoFe2O4 nanoparticle 

reduction were carried out using the custom-designed single-crystal 

Sapphire, Airgun Heater, Setup (SAHS) described by Ahlburg et.al.[4] In 
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situ NPD experiments were conducted at the cold neutron powder 

diffractometer DMC at SINQ, Paul Scherrer Institute (PSI), 

Switzerland.[156] Approximately 2.4 g of as-synthesised CoFe2O4 

nanopowders were loaded into the single-crystal sapphire tube, one-

end-sealed. A fused silica tube and a thermocouple were submerged into 

the powder. The system was sealed using Swagelok fittings and the gas-

flow was increased to the desired value. The sapphire tube was 

introduced into a quartz dome heat shield and heated using an airgun 

heater. 

A high statistics diffraction pattern was acquired of the pristine sample 

at room temperature. The in situ data collection was initiated 

simultaneously with the heating, at time t = 0 min. A stable sample 

temperature (measured using the inserted thermocouple) was reached 

in less than 5 min. Six in situ reduction studies of CoFe2O4 were carried 

out using NPD to evaluate the influence of gas-flow (20, 50, and 100 

ml/min at 486 C) and temperature (360, 420, 486 and 542 C at 50 

ml/min). Subsequently, the sample was actively cooled using the airgun 

with a Tset = 20 C, under a continued flow of reduction gas. Within 

approx. 10 min the temperature was below 50 C. A high statistics 

diffraction pattern was acquired of the final product. 

A neutron wavelength of 𝜆 = 2.4621 Å was selected and a 2-range of 

12.8 - 92.9 (Q-range = 0.57 Å-1 – 3.70 Å-1) was covered with an angular 

resolution of 0.1 using a banana-shaped detector, the background was 

suppressed with an oscillating radial collimator. The neutron beam size 

was fixed to 10 x 60 mm (width x height) in order to probe the entire 

sample volume. Each in situ pattern was collected with a total neutron 

monitor count of 50400, which was equivalent to 8 min/pattern in 

steady-state operation of the neutron source. 

Sequential refinements of in situ data 

Sequential Rietveld refinements of the NPD patterns were performed 

using the software FullProf suite.[55] An instrumental resolution file (.irf) 

describing the instrumental contribution to the peak profile was 

obtained by refining Na2Ca3Al2F14 data collected under similar 

conditions. The sample contribution to the profile was modelled using 

a Thompson-Cox-Hastings pseudo-Voigt function.[157] Due to the 
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limited Q-range covered, all contributions to peak broadening other 

than apparent crystallite size were neglected, and only the Lorentzian 

size-dependent profile shape was refined. The limited Q-range available 

also imposed limitations on the number of structural parameters, which 

could be reliably refined. Thus, the overall thermal parameter (Bov) and 

magnetic moment () were fixed in the refinement. The value of Bov 

and  used in the refinement were obtained from data collected at the 

time-of-flight diffractometer GEM at ISIS.[158] In this experiment, NPD 

data was collected as function temperature for the 420 C sample, 

reduced with 50 ml/min (See supporting information and Figure ESI 1). 

Knowing Bov and  gives access to reliable refinements of the Co/Fe 

occupancies in the spinel structure. 

The CoxFe3-xO4 spinel was described using the crystallographic space 

group Fd-3m (#227) and a magnetic structure with an antiparallel 

ordering of the magnetic moments on the tetrahedral (Td) and 

octahedral (Oh) sites. The magnitudes of the magnetic moments of Co2+ 

(3d7) and Fe3+ (3d5) were constrained with respect to the number of 

unpaired electrons, i.e. 3 for Co2+ and 5 for Fe3+ (assuming high-spin 

configuration). In all diffraction patterns, the refined parameters for the 

structure were: scale factor (S), unit cell parameter (a), the isotropic 

Lorentzian size broadening (Y), the oxygen position (xO), and the Co2+ 

and Fe3+ site occupancy ratio of the Td and Oh sites (occ). Both sites 

were constrained to be fully occupied, and the parameter x was 

calculated based on the refined occupancies. 

The monoxide (CoyFe1-yO) was described using the space group Fm-3m 

(#225) only the crystallographic structure is considered, since all 

experiments were conducted above the Néel temperature of 

Co0.33Fe0.67O (TN = 293 K for CoO[159] and TN = 198 K for FeO[160]). The 

refined parameters for the structure were: scale factor (S), unit cell 

parameter (a), and isotropic Lorentzian size broadening (Y).  

The alloy (CozFe2-z) orders with the CsCl structure and was described 

using the crystallographic space group Pm-3m (#221) and a magnetic 

structure with a parallel ordering of the magnetic moments on the two 

metallic sites Me1 and Me2. The refined parameters for the structure 
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were: scale factor (S), unit cell parameter (a), the isotropic Lorentzian 

size broadening (Y). 

Due to the limited Q-range available, the description of the monoxide 

and the alloy does not allow for refinement of the occupancies of Co and 

Fe and they have been fixed to match a Co:Fe stoichiometry of 1:2 (i.e. 

Co0.33Fe0.67O and CoFe2). Details on the structures can be found in the 

supporting information. In frames where the Co0.33Fe0.67O and CoFe2 

peaks are not well described, the refined parameters were fixed. For each 

experiment, a zero-shift offset and a Chebyshev polynomial background 

with six parameters were refined for a dataset, where all three phases 

were clearly present. These values were fixed and used throughout the 

sequential refinement, refining only a scale parameter for the 

background. 

Vibrating Sample Magnetometry (VSM) 

Approximately 20 mg of sample was cold-pressed into a ⌀ = 3 mm, ~1 

mm thick, cylindrical pellet using a hand-held press. The thickness and 

mass of the pellets were measured with a precision of 0.01 mm and 0.002 

mg, respectively. The field-dependent magnetisation curves of the 

pellets were measured in a field scan of ±2 T at 300 K using a Quantum 

Design Physical Property Measuring System (PPMS) with the Vibrating 

Sample Magnetometer (VSM) option. The measurements were 

conducted using an averaging time of 2 seconds and a frequency of 40 

Hz. 

Results and discussion 
The Rietveld refinement of the as-prepared PXRD pattern revealed 

phase pure CoFe2O4 with an average crystallite size of 13.2(3) nm (see, 

Figure ESI 1). Figure 5.2 shows two representatives in situ neutron 

diffraction experiments performed at 420 and 542 C, the other 

experiments are shown in Figure ESI 2. The heating starts at t = 0 min 

and immediately the NPD pattern shifts to lower Q-values, due to 

thermal expansion, while the background decreases due to evaporation 

of adsorbed water. After a short time (~16 min), CoFe2O4 spinel starts 

reducing into the CoyFe1-yO monoxide and subsequently into the CozFe2-

z alloy. The formation of the monoxide intermediate phase was observed 
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for all experiments, albeit at different reaction speeds depending on the 

specific experimental temperature and gas-flow. At low reduction 

temperatures (Tsample < 480 C) the monoxide almost completely 

disappears with time, while at higher temperatures the amount of 

monoxide stabilises as the peak shifts to a lower Q-value. A full 

reduction was not achieved in any of the presented experiments but has 

been achieved ex situ using a longer timer (not presented here). 

Figure 5.2: Contour plots of time-resolved NPD obtained during reduction at (a) 420 C 

and (b) 542 C and a gas-flow of 50 ml/min. Three phases have been identified and the 

expected Bragg positions are identified at the top of the figure. Dark colours correspond 

to low intensities and bright colours to high intensities.  

All data were sequentially Rietveld refined using the model described in 

the experimental section (See supporting information for reliability 

factors RF, Figure ESI 3-8). Representative refinements for the 

experiment performed at 542 C and 50 ml/min can be seen in Figure 

5.3 for t = 0 min, 16 min, 64 min, and 240 min. The first temperature-

stable measurement is taken at t = 16 min and is seen in Figure 5.3b. The 

temperature dependence of the magnetic moment, causes the magnetic 

spinel peaks to decrease rapidly with increasing temperature. A peak 

described by the monoxide phase is visible at Q = 2.912 Å-1. At t = 64 min 

(see Figure 5.3c) the relative peak intensity of monoxide increases 

compared with the spinel, the monoxide peak position is shifted to Q = 

2.904 Å-1 and the alloy becomes visible at Q = 3.097 Å-1. At t = 240 min 

(Figure 5.3d) the relative peak intensity of monoxide is decreased 

compared with the spinel and the monoxide peak position has shifts to 
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Q = 2.874 Å-1. The alloy peak is the most intense and it has shifted to Q 

= 3.093 Å-1.  

Figure 5.3: Rietveld refinements of the reduction performed at 542 C and 50 ml/min at 

time = 0 min, 16 min, 64 min and 240 min. The figures contain data (grey circles), total 

refined Rietveld model (black), CoxFe3-xO4 spinel crystallographic (cyan) and magnetic 

(red) contribution, Co0.33Fe0.67O monoxide contribution (purple), CoFe2 alloy 

crystallographic (green) and magnetic (orange) contribution, and residual plot (blue). 

Variation of H2 gas-flow 

To investigate the influence of gas-flow on the reduction mechanism, 

three experiments were performed with a 5% H2/Ar gas-flow of 20, 50, 

and 100 ml/min using a sample temperature of 486 C. The Rietveld 

refined parameters are shown in Figure 5.4 and reveal the reduction to 

be flow dependent (scale factors are found in Figure ESI 9). 

Weight fractions: The refined weight fractions, shown in Figure 5.4a-

c, reveal all reduction experiments from CoFe2O4 to CoFe2 to go through 

an intermediate monoxide phase and the transformation is faster at 

higher gas-flow. Conclusively, the availability of H2 is a limiting factor 

for the reduction kinetics at the given temperature. In all three 

experiments, the alloy phase is first visible once ~30 wt% of monoxide 

is present in the sample. At this time the weight fraction of monoxide 

peaks, and the weight fraction of spinel levels out. This can be 

interpreted as the reduction from spinel to alloy happening in two steps, 
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with the monoxide as a necessary intermediate. After this point the 

amount of monoxide decreases until a steady-state is reached at a 

weight fraction of ~5 wt%, while the reduction from spinel to alloy, 

continues almost linearly with time. 

Crystallite size: The volume-weighted apparent crystallite sizes have 

been calculated using the Scherrer equation,[124] and are plotted in 

Figure 5.4d-e. The spinel crystallites grow to a size of ~50 nm and are 

stable until the weight fraction of spinel becomes lower than ~50 wt%, 

at which point the crystallites shrink slightly. 

The monoxide crystallites grow as the weight fraction increases, peaking 

in size around 45 nm, just prior to the conversion of monoxide into the 

alloy starts, after which the crystallites become smaller and reach an 

almost stable size of ~15 nm. The alloy crystallites grow to a size of ~60 

nm as the phase forms and then appear to decrease slowly for the “50 

ml/min” and “100 ml/min” experiments. For the “20 ml/min” experiment 

the data quality did not allow refinement of peak broadening during the 

nucleation of the alloy and the alloy size was fixed at a value of 89 nm 

until t = 104 min. The size reduction caused by increased time could be 

due to segregation into two alloy phases of e.g. CoFe and Fe with closely 

spaced unit cells. This is corroborate with continues expansion of the 

alloy unit cell seen in Figure 5.4i. 
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Figure 5.4: Weight fractions (a-c), apparent crystallite size (d-f), and unit cell parameters 

(g-i) as a function of time for the three reduction experiments performed with varying 

gas-flow of 20 ml/min (red), 50 ml/min (green) and 100 ml/min (yellow) at a 

temperature of 486 C. Uncertainties are obtained from the refinement. 

Unit cell: The unit cell parameters are plotted in Figure 5.4g-i. For the 

spinel, a rapid unit cell increase is observed from t = 0 min to t = 16 min 

due to thermal expansion, and it is followed by a rapid contraction. 

Hereafter, it slowly expands until the end of the experiment for the “20 

ml/min” and the “100 ml/min” experiments. The unit cell parameter for 

the monoxide increases as the phase is formed and stabilises at ~4.32 Å 

for a period of time. In all three experiment the unit cell parameter 

expanse an stabilizes at ~4.38 Å, this happens faster for high H2 flow. 

The unit cell of the alloy first expands as the phase is formed, followed 

by a slight contraction and then a steady and almost linear increase. The 

changes in unit cell parameters can be explained by a change in the Co 

to Fe ratio as will be discussed in the following section. 

Site occupancies: The refined tetrahedral (Td) and octahedral (Oh) 

site occupancies of the spinel are shown in Figure 5.5. Here, a drastic 

drop of the Co2+ occupancy is observed for all experiments. The Td site 

goes from ~25 wt% to ~10 wt% within 40 min, subsequently levelling out 

at around 5 wt%. The Co2+ occupancy of the Oh site drop as well from 
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~33 wt% to ~17 wt% for the “20 ml/min” and the “100 ml/min” 

experiment. However, for the “50 ml/min” experiment the Oh site Co2+ 

occupancy has a minimum at ~ 300 min after which it increases to ~26 

wt%. This deviation overlaps in time with the deviation observed for the 

unit cell parameter of the spinel for this experiment (see Figure 5.4g). 

The total amount of Co2+ in the spinel phase can be seen in Figure 5.5c 

and shows an overall drop in Co2+ content for all experiments. 

The depletion of Co2+ from the structure implies that the parent 

CoFe2O4 transforms into an iron oxide, namely -Fe2O3 or Fe3O4. The 

unit cell parameter could give a hint to determine which phase is 

forming, since the unit cell parameters of the three phases are different: 

a-Fe2O3 = 8.34 Å < aCoFe2O4 = 8.39 Å < aFe3O4 = 8.40 Å (values for bulk phases 

at room temperature).[26] The decrease of the unit cell directly after the 

heat-induced expansion could, therefore, be explained by the formation 

of -Fe2O3 followed by a relaxation into the Fe3O4 over time. A Curie 

temperature of TC = 575 C has been extracted from the GEM data for 

the spinel phase in the final product of the sample reduced at 420 C 

with a flow of 50 ml/min (See Figure ESI 10). By comparing the Curie 

temperature of the three phases CoFe2O4, Fe3O4 and -Fe2O3 (450,[161] 

577,[162] and 645C,[163] respectively), it may be assumed, that the spinel 

phase present in the sample is Fe3O4. 

As the spinel is depleted in Co2+ and turns into the monoxide, the 

initially formed monoxide must be Co rich. The unit cell parameter 

found in the literature for CoO and FeO covers a relatively broad range, 

4.240–4.273 Å[91-93] for CoO and 4.280-4.326 Å[94-96] for FeO at room 

temperature. The values for CoO are smaller than for FeO, which is in 

agreement with the unit cell expansion as time progresses and the Fe 

content increases. The unit cell stabilises at ~ 4.38 Å, and the weight 

fraction at ~5 wt%. This indicates that the final Co:Fe stoichiometry 

must have stabilised in the structure. 

A study done by I. Ohnuma et. al.[97] shows that the unit cell parameter 

of a Co-Fe alloy increases with Fe content. Thus, the unit cell expansion 

of the alloy can be explained as the formation of a Co-rich phase which 

adopts more Fe over time.  
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Figure 5.5: Co/Fe site occupancy in CoxFe3-xO4 as a function of time for four reduction 

experiments performed with varying gas-flow of 20 ml/min (red), 50 ml/min (green) and 

100 ml/min (yellow) and a temperature of  486 C. The contents describe the occupancy 

of the tetrahedral site (a), octahedral site (b) and as phase total (c) as obtained from 

Rietveld refinement. Uncertainties are obtained from the refinement. 

The result observed in the present study, where the reduction of 

CoFe2O4 to CoFe2 happens through an intermediate of a monoxide and 

where the monoxide and alloy is initially formed as Co-rich and 

gradually incorporates more Fe, fits well with the X-ray study by 

Granados-Miralles et. al.[3] 

Variation of temperature 

The influence of temperature on the reduction mechanism was 

investigated from four reduction experiments performed at 360, 420, 

486, and 542 C using a gas-flow of 50 ml/min. The weight fractions, 

apparent crystallite sizes, and unit cell parameters obtain from Rietveld 

refinement are illustrated as function of time in Figure 5.6.  

Weight fractions: The weight fractions in Figure 5.6a-c indicates the 

same reduction mechanism as observed in the gas-flow study, where 

CoFe2O4 reduces to CoFe2 through the intermediate monoxide, but with 

an increased reduction rate for higher temperatures. Also, the maximal 

amount of monoxide present in the sample increases from ~16 wt% to 

~42 wt% for the reduction performed at 360 and 542 C, respectively. 

The sample prepared at higher temperature has a larger monoxide 

content, before the reduction to alloy is initiates. At the same time, a 

significant plateau is observed in the spinel weight fraction. Once the 

fraction of monoxide is below ~10 wt% the reduction of spinel proceeds. 

This corroborate the necessity of the monoxide in preparation of the 

alloy. The formation of the Co-Fe alloy follows an almost linear increase, 
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but the speed of the reduction decreases slightly as the monoxide 

reaches equilibrium. This suggest that the reduction speed is limited by 

the initial reduction into the monoxide and continuous into the alloy as 

soon as the monoxide is formed. 

Crystallite size: In Figure 5.6d-f the change in apparent crystallite size 

shows, that higher temperatures cause the spinel crystallites to grow 

larger from ~28 nm to ~80 nm, at 360 and 542 C, respectively. For 

temperatures <542 C, the alloy crystallites grow from smaller to larger, 

while at 542 C the crystallites appear as large crystallites and then 

decrease in size, but in all cases seem to stabilise at about 50 nm. The 

initial frames of 542 C did not allow a reliable extraction of the peak 

broadening. 

Figure 5.6: Weight fractions (a-c), apparent crystallite size (d-f), and unit cell parameters 

(g-i) as a function of time for the four reduction experiments performed with varying 

temperatures of 360 C (plotted on the top grey axis), 420 C (purple), 486 C (green), 

and 542 C (light blue) and with a gas-flow of 50 ml/min. Uncertainties are obtained from 

the refinement. The reduction at 360 C lasted for 900 min, shown here are only t < 600 

min, because t > 600 min show the same trends. 

Unit cell: The unit cell parameters are shown in Figure 5.6g-i and reveal 

a change in the reduction mechanism between 360 C and the higher 

temperatures. At 486 - 542 C the unit cell of the spinel expands and 
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then slowly contracts, the unit cell of the monoxide is stable for a while 

before having a step like expansion. The unit cell of the alloy expands 

slowly over time. A similar behaviour was observed in the flow series. 

The monoxide unit cell expansion coincides with the decrease in 

monoxide weight fraction. The spinel and the monoxide unit cell tend 

to expand towards the end of the experiment for 486 and 542 C, while 

in the 360 C experiment no expansion is observed. The unit cell of the 

alloy steadily increases for all experiments, as was seen for the flow 

experiments. 

Site occupancies: The site occupancies as function of time are shown 

in Figure 5.7, here the tetrahedral Co occupancy has the same trend as 

in the gas-flow study, it decreases rapidly in the beginning of the 

experiment. The octahedral (Oh) site, on the other hand, is highly 

dependent on the temperature. The Oh site contains more Co at lower 

temperature and for the reduction at 360 C the occupancy is stable at 

approximately 40% Co. 

Figure 5.7: Co/Fe site occupancy in the spinel as a function of time for the four reduction 

experiments performed with varying temperatures of 360 C (grey), 420 C (purple), 486 

C (green) and 542 C (light blue) and a gas-flow of 50 ml/min. The contents describe the 

occupancy of the tetrahedral site (a), octahedral site (b), and the phase total (c), as 

obtained from Rietveld refinement. Uncertainties are obtained from the refinement. 

As mentioned earlier, CoFe2O4 can transform into CozFe3-zO4 (z < 1) and 

finally into (z = 0) either Fe3O4 (z) or -Fe2O3. The three phases are 

isostructural with only slight differences in unit cell parameter, but with 

distinct differences in relative peak intensities in the NPD patterns, see 

Figure ESI 11 for simulated NPD patterns. The relative intensities of the 

spinel phase are dependent on the Oh and Td site-specific scattering 

lengths, which is determined from the Co:Fe:vacancy ratio. Within the 
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refined model it can be difficult to distinguish the following scenarios: 

1) Identical Co:Fe ratios on the Td and Oh site, resembles Fe3O4. 2) 

significantly high Co content on the Oh site compared with the Td site, 

resembles -Fe2O3. The large Co depletion on both the Td and Oh site 

at 542 C corresponds to Fe3O4, while at lower temperatures, more Co is 

present on the Oh site, may actually correspond to -Fe2O3. The Q-range 

does not suffice for a unique solution, but it seems plausible that the 

reduction of CoFe2O4 favours the -Fe2O3 at low temperatures and Fe3O4 

at high temperatures. Zhu et al. found that -Fe2O3 and Fe3O4 co-existed, 

when reducing -Fe2O3.[164] 

Magnetic Properties 

The magnetic properties were measured on the pristine and reduced 

samples. The specific saturation magnetisation was approximated by 

the law of approach to saturation.[29] In  

Figure 5.8, the hysteresis curve of the pristine CoFe2O4 is compared to 

the curves of the samples prepared at 360 and 542 C. For all samples, a 

smooth curvature is observed without steps, indicating that the samples 

are exchange-coupled and behave magnetically as a single phase at 

room temperature.[32] This behaviour is observed in all samples (see 

Figure ESI 12 and ESI 13). 

 

Figure 5.8: Magnetic hysteresis obtained by VSM for the pristine CoFe2O4 (black) and the 

sample reduced at 360 C (grey) and 542 C (light blue) with a gas-flow of 50 ml/min. The 

inset is a zoom of the 2nd quadrant. Uncertainties are too small to be seen in the plot. 
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In Table 1 the weight fractions and crystallite sizes from the Rietveld 

refinements are presented together with the magnetic properties for all 

three samples. Due to the high σs of the alloy, the specific saturation 

magnetisation, σs, of the samples increases, as expected, as a function of 

the alloy weight fraction from σs = 73.9(1) Am2/kg for the pristine 

CoFe2O4 to 188.4(2) Am2/kg for the sample reduced at 542 C (78(1) wt% 

alloy). The specific remanence magnetisation, σr, is doubled from 16.9(1) 

Am2/kg for the pristine CoFe2O4 to 32.0(2) Am2/kg for 360 C. However, 

for the sample prepared at 542 C the high content of soft phase and the 

phase transformation from hard CoFe2O4 to softer Fe3O4 causes the 

remanence to decreased to 10.8(4) Am2/kg. While the coercivity is 

almost reduced to a third (21.8(7) kA/m) of the pristine sample. 

The sample prepared at 360 C has a hard-to-soft composition of 56(1) 

wt% to 38.2(7) wt%. Despite the high amount of soft phase, an increase 

in coercivity from 56(1) kA/m (pristine CoFe2O4) to 93(1) kA/m (360 C) 

is observed. The increase in coercivity could be explained by the 

crystallite growth of the spinel from <D> = 13.2(3) to 27.5(4) nm for the 

360°C sample, thus approaching the optimal SDD size of ~40 nm.[152] 

  Spinel MeO Alloy Magnetic properties 

Sample Id wt% <D>  wt% wt% <D>  σs σr Hc 

    Nm     nm Am2/kg  Am2/kg  kA/m  

Pristine CoFe2O4 100 13.2(3) 0 0 - 73.9(1) 16.9(1) 56(1) 

360 °C reduced 56(1) 27.5(4) 6.1(6) 38.2(7) 35.6(6) 125.0(4) 32.0(2) 93(1) 

542 °C reduced 12(1) 78(8) 9.7(6) 78(1) 52.2(8) 188.4(2) 10.8(4) 21.8(7) 

Table 1: The weight fraction [wt%], crystallite size [<D>], specific saturation 

magnetisation [σs], specific remanence magnetisation [σr] and coercivity [Hc] for the 

CoxFe3-xO4 spinel, the CoyFe1-yO monoxide (MeO) and the CozFe2-z alloy. The samples 

presented are the pristine CoFe2O4 and the samples prepared at 360 C (grey) and 542 C 

(light blue) with a gas-flow of 50 ml/min. Uncertainties on weight-fraction and crystallite 

size are obtained from the Rietveld refinement. Uncertainties on magnetic properties are 

obtained from the data treatment to obtain the values. 

The results presented here clearly show that by carefully optimising the 

temperature, gas-flow, and reaction time it is possible to produce 
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materials with increased magnetic properties (T = 360 C), but too 

extreme condition (temperature, T = 542 C and long time) causes the 

sample to become softer and useless as a permanent magnet. The 

explanation can be found in the none trivial decomposition of the 

CoFe2O4. 

Conclusion  
The preparation of exchange-spring nanocomposites magnet CoxFe3-

xO4/CozFe2-z through the reduction of CoFe2O4 using 5% H2/Ar was 

followed in situ using neutron powder diffraction. The reduction 

kinetics are dependent on both gas-flow and temperature and reveals 

the H2 availability is a limiting factor. The reduction of CoFe2O4 to Co-

Fe alloy happens through an intermediate of monoxide (CoyFe1-yO) and 

the new phases initially appear as Co-rich and increase their Fe content 

over time. The refined site occupancies of the spinel phase suggest that 

Co leaves the CoFe2O4 spinel, which as a result converts into Fe3O4 at 

542 C with a co-existence of different spinel phases at lower 

temperatures. 

Magnetic hysteresis curves for the reduced samples showed single-

phase hysteresis behaviour, i.e., the hard and soft domains were 

successfully exchange-coupled. A comparison of the pristine CoFe2O4, 

to the sample prepared at 360 C shows an increase to the specific 

saturation magnetisation from  s = 73.9(1) Am2/kg to σs = 125.0(4) 

Am2/kg) due to a hard-to-soft phase composition of 56 wt% to 38 wt%. 

The coercivity increased from Hc = 56(1) kA/m to Hc = 93.5(4) kA/m due 

to spinel size increase from <D> = 13.2(3) to 27.5(4) nm, approaching the 

critical magnetic single-domain particle size. For the sample prepared 

at 542 C, a specific saturation magnetisation of s = 188.4(2) Am2/kg) 

was achieved due to the large weight fraction of the soft alloy 78(1) wt%. 

But, the sample was softened and had a coercivity of only Hc = 21.8(7) 

kA/m. 

An effective exchange-coupled CoFe2O4/CoFe2 magnet could be made 

through reduction, but the reduction temperature should be kept low. 

Low temperature ensures limited crystallite growth and small quantities 

of the intermediate monoxide phase. To speed up the reduction process 
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the availability of hydrogen can be increased. The present study has 

clearly shown how neutron powder diffraction can give deeper insights 

into the reduction mechanism of CoFe2O4 in order to produce the next 

generation spring-exchange CoFe2O4/CoFe2 nanocomposite. 
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Supporting Information 
Rietveld refinement of as prepared CoFe2O4 

Here the refined powder X-ray diffraction data obtained using the 

Rigaku Smartlab equipped with Co-source is shown. 

 

Figure ESI 1: X-ray powder diffraction pattern of as prepared CoFe2O4. 

Results 

Time-resolved neutron powder diffraction 

The time-resolved neutron powder diffraction data for the experiment 

not presented in the article can be found here. The experimental 

parameters are mentioned above the figure. 
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Figure ESI 2: Contour plots of time-resolved NPD obtained for the experiments not 

presented in the manuscript.. Three phases have been identified and the expected Bragg 

positions are identified at the top of the figure. Dark colours correspond to low intensities 

and bright colours to high inte nsities. 

Rf-factors  

For all refinement, the Rf factor for the CoFe2 phase at the beginning of 

the experiments is unphysical, as the phase is not yet present. For this 

reason, the y-limit in some figures has been limited to show only Rf 

values obtained once a given phase can be clearly identified in the data. 

In general, the Rf values for all phases never goes higher than 6.5 % 

which mean that the phases are well described. The only exception is 
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the CoFe2O4 phase in the experiment at 542 C and a flow of 50 ml/min. 

Here, a very high Rf value up to 18 % is seen late in the experiment. This 

means that at this point the phase is not as well described which is 

evident in the uncertainties on the refined parameters presented in the 

paper. 

T = 360 C flow of 50 ml/min 

 

Figure ESI 3: Rf factor for experiment performed at T = 360 C flow of 50 ml/min 

T = 420 C flow of 50 ml/min 

 

Figure ESI 4: Rf factor for experiment performed at T = 420 C flow of 50 ml/min 
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T = 486 C flow of 50 ml/min 

 

Figure ESI 5: Rf factor for experiment performed at T = 486 C flow of 50 ml/min 

T = 542 C flow of 50 ml/min 

 

Figure ESI 6: Rf  factor for the experiment performed at T = 360 C flow of 50 ml/min 

Flow of 20 l/min and a temperature of 486 C 

 

Figure ESI 7: Rf  factor for the experiment performed at a flow of 20 ml/min and a 

temperature of T = 486 C. 
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Flow of 100 l/min and a temperature of 486 C 

 

Figure ESI 8: Rf  factor for the experiment performed at a flow of 100 ml/min and a 

temperature of T = 486 C. 

Refined parameters 

Scale factors 

 

Figure ESI 9:Scale factors obtained from sequential Rietveld refinement as a function of 

time. Left:The three reduction experiments performed with varying gas-flow of 20 

ml/min (red), 50 ml/min (green) and 100 ml/min (yellow) at a temperature of T = 486 

C. Right: The four reduction experiments performed with varying temperatures of 360 

C (plotted on the top grey axis), 420 C (purple), 486 C (green), and 542 C (light blue) 

and with a gas-flow of 50 ml/min.Uncertainties are obtained from the refinement. 
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Refined magnetic moments obtained from GEM@ISIS 

 

Figure ESI 10: Rietveld refined parameters from data acquired at GEM of the sample 

produced at 420 C and 50 ml/min of gas-flow. Top: The magnetic moments of Co and Fe 

in the CoFe2O4 structure. Middle: The magnetic moments of Co and Fe in the CoFe2 alloy. 

The dotted lines are the average magnetic moment. Bottom: Overall thermal parameter 

Boverall refined for all phases. The dotted line is a linear fit of the data from T = 30 C to T 

= 575 C. Uncertainties are obtained from the refinement.     

The sample reduced at 420 C and with a gas-flow of V̇ = 50 ml/min was 

measured using neutron powder diffraction as a function of 

temperature on the Time-of-Flight neutron diffractometer GEM at ISIS. 

A 6 mm vanadium sample can was used to contain the sample and the 

experiment was carried out in vacuum.  

The data was sequentially Rietveld refined to obtain the magnetic 

moments the Co and Fe in the CoFe2O4 and CoFe2 and the overall 

thermal parameter Bov. These parameters have been used in the 

sequential refinement of the in situ neutron powder diffraction 

reduction experiments performed at DMC and described in the article. 

The magnetic moments obtained for the CoFe2O4 have been used 

directly in the refinements. Since the magnetic moment of the CoFe2 
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slightly fluctuates as a function of temperature, an average magnetic 

moment was calculated for both Co and Fe and used for refinements at 

all temperatures. The values are mCo = 2.135 B and mFe= 3.087 B The 

refined overall thermal parameters were fitted with a linear function in 

the temperature range = 0 - 575C. The function 𝐵𝑜𝑣 = 0.0010234 ∗

𝑇𝑒𝑚𝑝 + 0.3027 was used to calculate the Bov for all experiments. The 

same Bov was chosen for all phases. 

It is worth mentioning that the refinement of the magnetic moments of 

the CoFe2O4 structure furthermore reveals the Curie temperature to be 

TC = 575 C. 

Simulated NPD pattern for CoFe2O4, –Fe2O3, and Fe3O4 

The Simulated data seen in Figure ESI 11 shows a clear distinction 

between the peak intensities for the isostructural CoFe2O4, γ–Fe2O3, and 

Fe3O4. Since the intensities are proportional to the site occupancy of the 

tetragonal (Td) and octahedral (Oh) site, it is possible to distinguish the 

three phases by varying the site occupancies. The unit cell parameters 

used for the simulations were 8.39 Å, 8.33 Å, and 8.40 Å for CoFe2O4, γ–

Fe2O3, and Fe3O4, respectively The model was based on the same volume 

of sample with a magnetic moment for iron mFe = 3.1 B and for cobalt 

mCo = 2.1 B. The particle modelled particle size was 25 nm. 
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Figure ESI 11: Simulated NPD patterns for CoFe2O4, –Fe2O3, and Fe3O4. Top: only the 

structure has been simulated with no magnetic contribution. Bottom: Both the nuclear 

and a magnetic structure is simulated. 

Sequential Rietveld refinement 

The crystallographic description of the phases in the Rietveld 

refinement is described below. Two models are described for the 

CoFe2O4: One for the Pristine CoFe2O4, where the final values from the 

refinements are presented and another used during the sequential 

refinement. 

Ions 
Wyckoff 

position 

Atomic position Site 

Occupancy 

[%] 

Site 

Occupancy 

Refined x y z 

O2- 32e 0.258 0.258 0.258 100% 0.16667 

Co2+ (Td) 8b 3/8 3/8 3/8 28.9% 0.01205 

Fe3+ (Td) 8b 3/8 3/8 3/8 71.1% 0.02962 

Co2+ (Oh) 16c 0 0 0 35.6% 0.02964 

Fe3+ (Oh) 16c 0 0 0 64.4% 0.05370 

Table ESI 1: Crystallographic description of the pristine CoFe2O4 (spinel). Space group Fd-

3m (#227), with a total multiplicity of 192. 
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Ions 
Wyckoff 

position 

Atomic position 
Site Occupancy 

[%] 

Site Occupancy 

Refined 
x y z 

O2- 32e xO xO xO 100% 0.16667 

Co2+ (Td) 8b 3/8 3/8 3/8 𝑜𝑐𝑐%𝐶𝑜
𝑇𝑑 𝑜𝑐𝑐𝐶𝑜

𝑇𝑑 

Fe3+ (Td) 8b 3/8 3/8 3/8 100% - 𝑜𝑐𝑐%𝐶𝑜
𝑇𝑑 0.04167 - 𝑜𝑐𝑐𝐶𝑜

𝑇𝑑 

Co2+ (Oh) 16c 0 0 0 𝑜𝑐𝑐%𝐶𝑜
𝑂ℎ 𝑜𝑐𝑐𝐶𝑜

𝑂ℎ 

Fe3+ (Oh) 16c 0 0 0 100% - 𝑜𝑐𝑐%𝐶𝑜
𝑇𝑑 0.08334 - 𝑜𝑐𝑐𝐶𝑜

𝑂ℎ 

Table ESI 2: Crystallographic description of the CoFe2O4 (spinel) during sequential 

refinement. Space group Fd-3m (#227), with a total multiplicity of 192. x and occ are 

refined values.  

Ions 
Wyckoff 

position 

Atomic position Site 

Occupancy 

[%] 

Site 

Occupancy 

Refined x y z 

O2- 4b 0.5 0.5 0.5 100% 0.02083 

Co2+ 4a 0 0 0 33.3% 0.00694 

Fe2+  4a 0 0 0 66.7% 0.01389 

Table ESI 3 Crystallographic description of the Co0.33Fe0.67O (monoxide) for all samples 

and refinements. Space group Fm-3m (#225), with a total multiplicity of 192. 

Ions 
Wyckoff 

position 

Atomic position Site 

Occupancy 

[%] 

Site 

Occupancy 

Refined x y z 

Fe0 (Me1) 1a 0 0 0 100% 0.02083 

Co0 (Me2) 1b 0.5 0.5 0.5 66.7% 0.00694 

Fe0 (Me2) 1b 0.5 0.5 0.5 33.3% 0.01389 

Table ESI 4: Crystallographic description of the CoFe2 (alloy) for all samples and 

refinements. Space group Pm-3m (#221), with a total multiplicity of 48. 
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Magnetic hysteresis data 

 

Figure ESI 12: Magnetic hysteresis data acquired using a PPMS with the VSM option. The 

samples presented are the pristine CoFe2O4 (black) and the samples reduced with a gas-

flow of V̇ = 20 ml/min (orange), 50 ml/min (green), 100 ml/min (yellow) with a 

temperature of T = 486 C. The inset is a zoom of the 2nd quadrant.   

 

Figure ESI 13: Magnetic hysteresis data acquired using a PPMS with the VSM option. The 

sample presented are the pristine CoFe2O4 (black) and the sample reduced at T = 360 C 

(grey) , T = 420C (purple), T = 486 C (green) and T = 542 C (light blue) with a gas-flow 

of V̇ = 50 ml/min. The inset is a zoom of the 2nd quadrant.  
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Sample Composition, particle size and Magnetic properties of reduced 

samples 
  Spinel MeO Alloy Magnetic properties 

Sample Id wt.% <D>  wt.% wt.% <D>  s r Hc 

    nm     nm Am2/kg  Am2/kg   kA/m  

“Pristine” 100 13.2(3) 0 0 - 73.9(1) 16.9(1) 56(1) 

“360” 56(1) 27.5(4) 6.1(6) 38.2(7) 35.6(6) 125.0(4) 32.0(2) 93(1) 

“420” 52(1) 33.6(4) 1.6(4) 46.8(7) 43.5(6) 146.7(2) 20.3(2) 62.7(9) 

“486”, “50mlmin” 25.5(8) 43(1) 6.0(4) 68.5(9) 43.5(5) 133.1(2) 20.5(4) 48.2(9) 

“542” 12(1) 78(8) 9.7(6) 78(1) 52.2(8) 188.4(2) 10.8(4) 20.0(7) 

“20mlmin” 49(1) 50(1) 6.2(4) 44.4(7) 60.3(1) 149.1(4) 13.8(2) 37.8(8) 

“100mlmin” 34(1) 52.9(9) 5.5(4) 60(1) 45.5(7) 165.0(4) 12.0(2) 39.6(7) 

ES 1: The weight fraction [wt%], crystallite size [<D>], saturation magnetisation[s], 

remanence [r] and coercivity [HC] for the CoFe2O4 spinel, the Co0.33Fe0.67O monoxide 

(MeO) and the CoFe2 alloy. The samples presented are: the pristine CoFe2O4, the samples 

prepared at T = 360, 420, 486, and 542 C with a gas-flow of V̇ = 50 ml/min, and the 

samples prepared at a gas-flow of V̇ = 20 and 100 ml/min at a temperature of T = 486 C. 

Uncertainties on weight-fraction and crystallite size are obtained from the Rietveld 

refinement. Uncertainties on magnetic properties are obtained from the data treatment 

to obtain the values.
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5.2 Reflections 
Chapter 4 and 5 has described a new solid-gas reaction setup for in situ 

neutron diffraction and has been used to perform an extensive study on 

the CoFe2O4 reduction process in an effort to create magnetic 

nanocomposites. Beyond what has been presented in these chapters the 

setup has been used extensively for ex situ and in situ studies on a 

plethora of magnetic ferrites, including the study in Publication XI, as 

well as rare earth metal containing samarium magnetic materials. Due 

to the incredible heat rate it is possible to perform reactions in which 

the crystallite size can be controlled much easier than with a slow 

furnace, and due to the easy use, many people have preferred it to 

perform preliminary test of yet unknown reaction. As the next step the 

setup will we be used on a beamtime at the beamline D1B at ILL, in the 

spring 2020 Here the furnace will be used to follow the reduction of 

SrFe12O19 in an effort to produce an exchange-spring  SrFe12O19/Fe 

nanocomposite. This will be the first time the setup has been used at 

another beamline than the DMC at SINQ. 

In Publication X we have extended the study of CoFe2O4/CoFe2 by 

measuring neutron powder diffraction as a function of temperature on 

the samples produced in Publication V. The data was acquired at the 

ToF neutron powder diffractometers GEM (10-300 K) and POLARIS 

(300-1023 K) at ISIS. The goal of the study was to follow the temperature 

dependency of the exchange-spring behaviour in the material. 

Preliminary results show that it is possible to follow the change in the 

magnetic moments for each individual phase but a conclusion is yet to 

be drawn. One of the data sets acquired at POLARIS was used to 

determine the magnetic moments used for the refinements in 

Publication V.  
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Chapter 6  

High-Temperature Furnace 
 

 

In our magnetic group we are mainly working on spinel ferrites and Sr-

hexaferrites. The heating capability of the SAHS setup presented in 

Publication IV is excellent for studying the spinels, however, for some of 

the Sr-hexaferrites much higher temperatures are needed. In the following 

chapter a case study of W-type hexaferrite is given in order to validate the 

development of a high-temperature furnace. The setup presented is my 

companion-piece and the crown-of-my-work, an Induction furnace made 

for in situ time-of-flight neutron powder diffraction. In this setup all my 

years of expertise come together to create a fully autonomous furnace 

which excellent thermal capabilities leading in situ neutron science into 

the future.  

6.1 Publication VI: W-type Sr-heaxaferrite 
In addition to the study of exchange-spring CoFe2O4/CoFe2 magnetic 

nanocomposite we have also studied Sr-hexaferrites (SFO). The M-type 

hexaferrite, SrFe12O19, has a high coercivity (~460 kA/m) a reasonable 

specific saturation magnetisation (~74 Am2/kg) and has been prepared 

as nanoplatelets in Publication VIII.[8] Preparing hexaferrites as 

nanoplatelets, allows a high degree of particle alignment during 

compaction and has been shown to increase the BHmax.[165] SFOs 

crystallises in a number of crystal structures. The saturation 

magnetisation of the W-type hexaferrite (WHF) SrMe22+Fe163+O27 can be 

increased by introduction of nonmagnetic species such as Zn into the 
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structure (replacing Me). In a study by Ram & Joubert[166] they achieved 

a specific saturation magnetisation of 91 Am2/kg and Toyota [167] reached 

a BHmax of 42 kJ/m3. Even though the W-type hexaferrites show great 

potential ionic distribution and magnetic ordering of transition metal 

doped WHF (Me = Mg, Mn, Fe, Co, Ni, Cu, Zn) is not well known. 

Publication VI:[6] Mathias I. Mørch, Jakob V. Ahlburg, Mathilde Saura-

Músquiz, Anna Z. Eikeland and Mogens Christensen,” Structure and 

magnetic properties of W-type hexaferrites”, IUCrJ, 2019, 6, 492-499, 

presents a thorough study of the crystallographic and magnetic 

structure of SrMe2Fe16O27 (Me = Mg, Co, Ni, and Zi) synthesised by high-

temperature sol-gel synthesis. Here a brief summary is presented and 

the reader is referred to the article in the appendix for greater details. 

Four diffraction patterns where optained for each of the four sample as 

seen in Figure 6.1a for SrCo2Fe16O27. Two patterns where obtained using 

NPD at the high resolution neutron powder diffractometer HRPT, 

SINQ, at PSI using the wavelengths 𝜆 = 2.45 Å and 1.89 Å. Additionally 

X-ray Diffraction data was obtained using an in house RIGAKU 

SmartLab with a Co-K𝛼 source (Kα1 = 1.789 Å, Kα2 = 1.793 Å), and the X-

ray synchrotron beamline SLS-MS at PSI using 𝜆 = 0.778 Å. For each 

sample a combined refinement of all four patterns was made which 

made it is possible to refine the crystal and magnetic structure with high 

accuracy (see Figure 6.1b).  

The refinements reveal the magnetic ordering of SrMg2Fe16O27, 

SrNi2Fe16O27 and SrZn2Fe16O27 to be oriented uniaxially with the 

crystallographic c-axis (see Figure 6.1c). The individual site-specific 

magnetic moments order ferrimagnetically with the 4etet, 4ftet, and 4foct 

ordering antiparallel to the remaining four sites. The magnetic structure 

of SrMe2Fe16O27 (Me = Mg, Ni, and Zi) has been determined to belong to 

the magnetic space group P63/mm´c´. The SrCo2Fe16O27 has, as the only 

phase, a magnetic contribution to the (006) reflection (see Figure 6.2a) 

and has a planar magnetic ordering (see Figure 6.1d) again with the 4etet, 

4ftet, and 4foct ordering antiparallel to the remaining four sites. The 

magnetic space group of SrCo2Fe16O27 had not been determined as the 

paper was published but has later been determined to be Cm´cm´. 
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Figure 6.1 (a) Combined Rietveld refinement of SrCo2Fe16O27 using data optained by 

neutrons (SINQ-HRPT, PSI, 𝜆 = 2.45 Å and 1.89 Å) and X-rays (in house RIGAKU, Smartlab 

and synchrotron beamline SLS-MS, PSI). The insert is data from SLS-MS at PSI for Q = 6.6-

14 Å. (b) The unit cell and seven distinct Me sites for SrMe2Fe16O27 (Me = Mg, Co, Ni, Zn), 

the green spheres are Sr and the coloured polyhedra show the Me sites and their relative 

coordination. Oxygen atoms at the corners of polyhedra are not shown. (c) Uniaxial 

magnetic ordering of SrMg2Fe16O27, SrNi2Fe16O27 and SrZn2Fe16O27. (d) Planar magnetic 

ordering of SrCo2Fe16O27. The brackets in the right part of the figure indicates the 

common hexaferrite layers. Figures are reproduced from M. I. Mørch, IUCrJ, 2019, 6, 492-

499, with the permission of © International Union of Crystallography.[6]  

The Curie temperature (TC) of the samples were determined 

thermogravimetrically to be 435(2) K, 470(3) K, 500(2) K, and 345(3) K 

for the Mg2+, Co2+, Ni2+, and Zn2+ doped WHF respectively. The much 

lower TC of the Zn2+ doped WHF can be explained by the site-specific 

preference for the cations in the structure. Mg2+, Co2+, and Ni2+, mostly 

occupy the 6goct site whereas Zn2+ mostly occupy the 4etet site. The 4etet 

and 4ftet are the two most influential sites for super-exchange in the 

structure and by occupying this site with the diamagnetic Zn2+ this 

weakens the temperature stability of the magnetic long-range order.  

From the magnetic hysteresis obtained using vibration sample 

magnetometry seen in Figure 6.2b the weight corrected specific 

magnetic saturation (𝜎𝑠) can be extracted. The σs ranked from highest 

to lowest is given with indicated Me substitutiton: 𝜎𝑠,𝑍𝑛(80.4(3) Am2/kg) 

> 𝜎𝑠,𝐶𝑜 (78.4(2) Am2/kg) > 𝜎𝑠,𝑁𝑖  (69.0(3) Am2/kg) > 𝜎𝑠,𝑀𝑔(63.7(2) 

Am2/kg). As with the curie temperature the difference in saturation 

depends on the site preference for the cations. Since the diamagnetic 

Zn2+ mostly occupy the 4etet, which has a magnetic moment pointing 

http://www.iucr.org/
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antiparallel to the majority ordering direction, the macroscopic 

saturation increases. 

 

Figure 6.2 (a) NPD data for SrZn2Fe16O27 measured at SINQ-HRPT 𝜆 = 2.45Å. The 

contribution from the magnetic peak is shown in red. The insert compares NPD data from 

the four SrMe2Fe16O27 (Me = Mg, Co, Ni, Zn) samples. The two main magnetic reflections 

(006) and (101) are highlighted with dotted lines. (b) Magnetic hysteresis of the four 

SrMe2Fe16O27 (Me = Mg, Co, Ni, Zn) samples measured using a PPMS-VSM. Figures are 

reproduced from M. I. Mørch, IUCrJ, 2019, 6, 492-499, with the permission of © 

International Union of Crystallography.[6] 

This study showed the strength of a combined x-ray and neutron 

refinement in order to refine crystal structures. However, the synthesis 

of the samples used in this experiment was not straight forward and it 

has proved difficult to produce a completely phase pure sample. In order 

to fully understand the reaction mechanism, it would be interesting to 

follow the high-temperature sol-gel synthesis in situ. Following, W-type 

hexaferrite formation in situ, requires a furnace that can reach 

temperatures above 1500 K. Additionally previous studies on M-type 

strontium hexaferrite nanoparticles has shown that an increased control 

of the growth of the crystallites can be achieved through ultra-fast 

heating and cooling.[165] We believe that this could also be the case for 

the W-type hexaferrite due to the similarities in the structure and 

composition. By improving on the crystallite size control, it is possible 

to enhance the magnetic properties of the compound. Thus, what we 

wanted next was an ultra-fast high-temperature furnace preferably 

capable of insertion in a neutron powder diffraction instrument.  

http://www.iucr.org/
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6.1.1 My contribution 

As this study started Mathias had just entered our group and I spend 

some time together with him planning the beamtime and wrote the 

proposal for the beamtime. Beyond that I participate in the neutron 

measurements at SINQ, I contributed to the scientific discussion and 

the preparation of the manuscript. 

6.2 Publication VII: Induction furnace 

6.2.1 Context 

For many years, induction heating has been a widely used method for 

sintering and heating at high temperature using only a limited amount 

of power and a steep heat ramp, rapidly reaching high temperatures. 

Despite the huge potential of induction heating it has not yet become a 

standard piece of equipment at large-scale facilities such as 

synchrotrons and neutron sources. The next generation of neutron 

instrumentations at the European Spallation Source, ESS, and other 

spallation sources increases the data collection speed significantly 

compared with continuous source instruments.[168] In order to take full 

advantage of these fast instruments, it would be  paramount to develop 

an induction furnace to match the speed of the new instruments. In 

order to follow the creation of some materials such as the W-type 

hexaferrite described in Publication VI we needed to create a furnace 

which can reach high temperatures with an high heating ramp. 

The following article present an induction furnace with Ultra-fast 

heating capabilities (thermal equilibrium reached in 5 min) and is 

capable of reaching very high temperatures (above 1811 K). An induction 

furnace for in situ powder diffraction will allow scientist to follow the 

creation of advanced materials using identical methods to what is 

currently being widely used in the industry. 

During the entire constructing process of the furnace, Tommy Kessler, 

the department electrician, has been a treasured help and the project 

would not have succeeded without his efforts. 



Chapter 6: High temperature Furnace 

128  Page   

6.2.2 My contribution 

My contribution to this publication was to: Design, develop and build 

the instrument. Perform all relevant tests of the setup ex situ as well as 

in situ. I participated in all discussion made all the figures and prepared 

the manuscript. The following sections present the manuscript in 

preparation: Jakob V. Ahlburg, Tommy O. Kessler, Frederik H. Gjørup, 

Mathias I. Mørch, Paul Henry, Ron Smith and Mogens Christensen, 

“Ultra-fast, high-temperature induction furnace for time-of-flight 

neutron powder diffraction”, manuscript in preparation  
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Ultra-fast, high-temperature induction 

furnace for time-of-flight neutron 

powder diffraction 

Jakob V. Ahlburg,a Tommy O. Kessler,a Frederik H. Gjørup,a Mathias I. 

Mørch,a Paul Henry,b Ron Smithb and Mogens Christensen a 

a. Center for Materials Crystallography, Department of Chemistry and 

iNANO, Aarhus University, Langelandsgade 140, 8000 Aarhus, Denmark 

b. ISIS Neutron and Muon Source, Rutherford Appleton Laboratory 

Abstract 
The design and function of an ultra-fast, high-temperature induction 

furnace for in situ time-of-flight (ToF) neutron powder diffraction 

(NPD) is presented. The functionality is demonstrated by heating a Si 

sample in a temperature range of 573 – 1473 K at the ToF neutron powder 

diffractometer POLARIS at ISIS. Heating is provided by a 1000 W zero 

voltage switch module in combination with a Cu induction coil and two 

graphite pistons. The furnace reach temperatures above 1811K in 

approximately 5 min. By coating the Cu coils with a spray on BN it was 

possible to suppress any parasitic scattering from the Cu induction coil. 

In the near future diffraction data will be measured on a NIST Si sample 

and through refinement of the unit cell parameter it will be possible to 

calculate sample temperatures above the temperature limit of a type-k 

thermocouple. The diffraction data obtained of CoFe2O4 showed that it 

was possible to distinguish the scattered peaks from the background 

signal. Based on extensive work to create a well function induction 

furnace beamtime has been granted for the first “new science” 

experiment performed using the induction furnace. Here we aim to 

follow the Zn distribution in three Zn doped Zn0.2MeFe2O4 spinels (Me 

= Fe2+, Mn2+, and Co2+) at elevated temperatures up to 1373 K. the ultra-

fast heating ability of the induction furnace will be an invaluable asset 

as a higher flux will be available at the next generation spallation source 

ESS, increase the achievable time resolution. 
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Introduction 
The goal in modern materials science is to create functional materials 

with improved properties, through simple chemical procedures. A 

materials properties are directly linked to material characteristics such 

as; crystallite and particle size and morphology, surface chemistry, etc. 

A great number of these characteristics can be evaluated using x-ray and 

neutron powder diffraction techniques[38, 169]. Diffraction has been used 

to study battery materials,[170-172] magnetic materials,[5, 8, 121, 173] 

semiconductors,[174-176] and hydrogen storage materials[103, 177].  

Developing a synthesis necessitates knowledge about the correlation 

between reaction parameters, crystal structure and the physical 

properties. The study of the reaction parameters impact on the product 

has traditionally been done through ex situ studies. 

Ex situ studies, is a very time-consuming process since knowledge about 

the system can only be acquired on a post-synthesis basis. A great 

number of close to identical experiments are needed to determine the 

impact on the individual experimental parameters and in many cases 

the result may not yield any detailed knowledge about the reaction 

kinetics or pathways.  

In an effort to gain deeper knowledge about these processes, a number 

of research groups have developed methods to follow reactions in situ.[1, 

3, 4, 56, 98, 178-183] This includes our own contribution of an in-house in situ 

diffraction setup for solvothermal and solid-gas reaction.[1] The setup 

exists in a modified version used at synchrotron facilities.[3] Finally, it 

includes an in situ solid-gas reaction setup used for monochromatic 

angular dispersive neutron powder diffraction.[4] Typically an in situ 

sample environment is developed for a specific type of experiment e.g. 

solvothermal reaction, solid-gas reaction or high pressure, and is 

optimised to work within a certain parameter space. This means that in 

order to expand our knowledge about reaction mechanics we need to 

optimise the sample environments for each type of experiment while 

benefiting from the advances in synchrotron and neutron source 

technology.  
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Standard high-temperature furnaces for neutron diffraction has a slow 

heat ramp in order to limit the wear on critical components in the 

furnace. However, the next generation of neutron instrumentations at 

the European Spallation Source, ESS, and other spallation sources 

increases the data collection speed significantly compared with 

continuous source instruments.[168] In order to take full advantage of 

these fast instruments, it is paramount that new sample environment is 

developed to match the speed of the new instruments. 

In this study we present the newly developed ultra-fast, high-

temperature furnace based on induction heating. The furnace has a max 

temperature above 1811K a heat ramp in the order of 300 K/min and 

reaches thermal equilibrium in approximately 5 minutes. The use of the 

furnace is demonstrated by heating a silicon sample.  

Setup description 
A photograph and a schematic of the induction furnace are presented 

in Figure 6.3. The sample is packed in the centre of a quartz tube with 

an outer diameter, OD, of 10 mm, a height, h, of 200 mm, and a wall 

thickness of 1 mm. The sample is held in place in a stack of graphite 

pistons (OD = 8 mm, h = 25 mm), ceramic spacers (OD = 8 mm, exists 

with many heights) and a spring (OD = 7 mm h = 1 - 2.5 mm). The 

graphite pistons are placed closest to the sample since they act as heat 

elements for the furnace and need to be in thermal contact with the 

sample. The ceramic spacers are used to height align the sample in the 

beam. The spring ensures that everything is kept in contact if the sample 

should experience a volume change during the experiment. Two type-k 

thermocouples enter the setup from the bottom of the sample tube. One 

thermocouple measures the temperature of the sample while the other 

thermocouple measures the temperature of the graphite piston closest 

to the sample. The piston temperature will be mentioned as the heater 

temperature. The sample tube is fixed in the centre of the setup between 

a steel screw, used for fine adjustments of the sample height, and a 

sample holder shoe.   
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Figure 6.3 a) The induction furnace b) Cross section sketch of the induction furnace. The 

furnace consists of the following components; A: Sample Area, B: Sample holder, C: 

Graphite piston heat element, D: Induction coil, E: ZVS induction module, F: Induction 

legs, G: Ceramic spacer, H: Spring for pressure absorbance, I: Steel screw for height 

alignment, J: Sample holder shoe, K: Rose Krieger profile for sample holder attachment, 

L: Tomkinson flange, M: KF40 flange, N: Aluminium barrel, O: 45° tilted mirror for sample 

monitoring. The sample area sits in vacuum while the induction module sits in air 

A double wound induction copper coil surrounds the sample tube and 

has an optical window for the neutrons. The coils are connected to a 

zero-voltage switch, ZVS, induction module through two copper legs. 

The copper coil, ZVS module, and graphite pistons composes the 

furnace elements of the setup. Since the sample is measured in vacuum 

and the ZVS induction module needs air for cooling the module is place 

in a barrel which fits in a standard Tompkinson flange used for all 

instruments in vacuum at ISIS. The Tompkinson flange has six KF40 

flanges for connectors and visual monitoring. Visual monitoring is 

possible using the 45° tilted mirror, together with a camera looking 

through a window in a KF40 flange. Two diodes provide light for the 

monitoring. 
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Every component of the furnace is connected to the electronic control 

module situated in the top of the setup (see Figure 6.3a).  

Heating 

The power for the ZVS induction module is provided by an EA-PSI 9080-

40 DT 1000W power supply. It is connected to the ZVS module through 

a switch element in the electronic control box. As the power is switched 

on the power supply feeds a direct current up to 40 A and a voltage up 

to 60 V. The ZVS module transforms the direct current into a high 

frequency (~100 kHz) alternating current up to 200 A which runs 

through the induction legs and the induction coil to produce a strong 

alternating magnetic field. In order to minimize the electric loss in the 

circuit, the legs and coils are made from copper and placed in close 

proximity to the sample and have been created as bulky and parallel as 

possible.  

The graphite pistons sits inside the copper coils. They are heated by 

eddy current induced by the high frequency magnetic field produced by 

the coils and heats the sample through thermal contact. The 

temperature of the graphite pistons and the sample is monitored at all 

times by the inserted type-k thermocouples. A radiation shield, 

consisting of a polished 0.075 mm thick steel foil, is wrapped around the 

quartz tube, to avoid radiative heat loss. 

The coupling between the ZVS module and the graphite pistons is 

voltage controlled and a minimum voltage is requirement in order to 

obtain a coupling. If the coupling is broken the ZVS module will short 

circuit and quickly be destroyed. Thus, if the furnace is used correctly it 

has a minimum temperature of operation. 

Furnace cooling 

By electric resistance the high current running through the ZVS module, 

induction legs and the induction coil will heat the elements. To prevent 

the components from breaking, active cooling is needed. Cooling is 

provided by water running through the inside of the legs and the coils 

at all times. The flow rate and temperature of the cooling water is 

monitored at all times.  
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Additionally, the ZVS module is air-cooled using a fan. The temperature 

of both the capacitor and the aluminium cooling elements on the ZVS 

module is monitored at all times. 

Chamber design 

The design of the setup is based on a number of requirements, taking 

into consideration the furnace components, the sample position, and 

the detector position The following parameters were considered: 

Geometry 

• Beam centre lies 60 mm below the top of the detector tank 

• Open access for the direct neutron beam 

• Avoid detector shadowing of the scattered neutron 

• A simple sample change procedure. 

 

Electronics 

• The induction circuit has to be as short as possible to avoid electric 

loss 

• The ZVS module needs air-cooling and the sample is in vacuum 

 

As a result, a Tompkinson flange with an aluminium barrel inserted in 

the centre created the frame work of the setup. The ZVS module is 

placed inside the barrel close to the sample. In this case the barrel acts 

as a heat-shield from the furnace and the ZVS module sits in air. The 

depth (189.5 mm) and diameter (ø = 212 mm) of the barrel was designed 

to avoid shadowing of any of the detectors. In Figure 6.4 the entire 

detector coverage of the POLARIS instrument is illustrated based on 

scattering from a 40 mm x 10 mm sample (height x diameter). The figure 

shows how the KF40 flange feedthroughs have been positioned in-

between the detector banks and that both the Rose Krieger profile and 

the mirror is positioned in the large detector gap between the 

backscattering and the 90° detector bank. As a consequence, the setup 

does not shadow any of the detectors.  
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Figure 6.4: The Induction furnace, the incident beam (red arrow) and the detector 

coverage (transparent). A Top view B Bottom view C Side view.  

Furnace control 

A Teensy 3.5 processor incapsulated in the electronic control module 

controls the furnace. The Teensy can communicate with the IBEX 

control software used for all instruments at ISIS. The user inputs a set 

temperature for the heater and presses start. From that point on the 

furnace is autonomous. The firmware is written to run as a PID control 

while monitoring all vital parameters; heater temperature, sample 

temperature, ZVS module temperature, flow and temperature of the 

cooling water, as well as the power output from the power supply. If at 

any point during an experiment any parameter violates a set value the 

furnace will immediately shut down and the sample will be cooled. 

Thus, the furnace can be left running over night with no supervision.  

Experimental 
General experimental procedure 

The furnace is designed for the time-of-flight neutron powder 

diffractometer POLARIS at ISIS. The quartz sample tube is loaded with 

~1.4 cm3 of sample, giving a sample height of ~28 mm. The sample is 

A 

B 

C 
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surrounded by the graphite pistons and hollow ceramic spacers and a 

spring is inserted in the bottom of the sample tube. The graphite pistons 

in the bottom are drilled out to fit a 1/16” and at 1/8” type k-

thermocouple. One of the thermocouples is inserted in the sample and 

measures the sample temperature. The other thermocouple is inserted 

in graphite piston closest to the sample and measures the heater 

temperature. The sample tube is secured in the sample holder shoe and 

can now be slid onto the Rose Krieger profile. As the top of the sample 

tube slid onto a steel screw (used for height alignment) the sample 

holder shoe is fixed and the sample is now centred in the setup. The 

entire furnace is inserted into the detector tank at POLARIS and the 

tank is evacuated. The cooling water and power is connected to the 

furnace and the furnace can now be controlled from the IBEX software 

in the control hutch.  

Data collection 

The incident beam size is adjusted in order to avoid parasitic reflections 

from the graphite pistons and the copper coil. A high-statistics powder 

diffraction pattern is obtained of the pristine sample and can be used to 

ensure a good starting model for data refinement. Based on the initial 

diffraction pattern it is possible to determine a reasonable time 

resolution for the experiment providing the necessary statistics. The 

time resolution can be as low as 1 min/pattern. The required time 

resolution can be set by changing the acquisition current (in μA) per 

pattern. The data acquisition is started as the heater is turned on. When 

the experiment finishes a second high-statistics pattern is acquired at 

room temperature. 

Results and discussion 
Temperature calibration 

A temperature calibration was made to compare the set temperature of 

the furnace (graphite piston) and the centre of the sample. 1.97 g of 

silicon powder was used for the temperature calibration giving a sample 

height of 24 mm. A temperature range of 873 – 1473 K in steps of 100 K 

was used. For each temperature step the furnace reach the set 

temperature in less than 30 s, however, the setup was allowed to 

thermally stabilise for 10 min between measurements. The temperature 
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calibration is plotted in Figure 6.5a and show a linear trend between the 

furnace and sample temperature and the sample reached a temperature 

of approximately 1200 K. The maximum temperature used in the 

calibration was based on the limit of the type-k thermocouples. The 

furnace has reached higher temperature in an experiment where Fe was 

heated above its melting point of 1811 K.[184] The Thermocouples capable 

of measuring temperatures this high has not been available, thus, the 

maximum temperature of the furnace is still unknown. 

The heating was also followed as a function of time at a heater 

temperature of 973 K and the data is plotted in red in Figure 6.5a. The 

sample temperature increases rapidly and stabilises within 3 K of the 

final temperature in approximately 5 min. 

The calibration temperature is meant as a tool to estimate the furnace 

temperature needed to reach a specific sample temperature. However, 

during an experiment, deviation in the sample temperature will occur 

and depend on sample composition, density, and the thermal transport 

properties of the sample. In order to measure the temperature deviation, 

the sample temperature is monitored during an experiment, requiring a 

furnace temperature below 1473 K (type-k limit).   

The thermal gradient through the sample was measured by bringing the 

sample to thermal equilibrium at a heater temperature of 873 K. By 

slowly moving a thermocouple through the sample in steps the changes 

in temperature dT was measured as a function of the sample height z. 

The data shown in Figure 6.5b-c was based on a sample temperature of 

830 K. The temperature deviates through the sample with up to 9 % 

(50K) between the pistons and the coldest part of the sample. Reaching 

a temperature deviation this low was only possible by using the steel foil 

heat shield. Without the shield, only having the quartz capillary, the 

temperature deviation was up to 50 %.   
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Figure 6.5: The thermal behaviour of the induction furnace in air. a) The black crosses 

represent the temperature calibration of Tsample vs. Theater. The dotted line is a linear fit 

with the function Tsample = 0.66(3)Theater +233(44)K. The red line represents the heating 

behaviour over time as the sample is heated using a furnace temperature of 973K. The 

red dotted line represents the final sample temperature. b) The thermal gradient inside 

the sample as a function of height using a furnace temperature of 873 K. c) The sample 

(grey), the graphite pistons (black), the quartz tube with iron foil in (blue), the induction 

coils(yellow). 

Induction coils and BN coating 

The induction coils play a vital role in the effectiveness of the heater. 

Consequently, a number of different replaceable coils have been made 

(see Figure 6.6) while varying following coil parameters: coil diameter, 

coil length, the gap size between the coils, the number of windings, and 

the pitch of the windings. In Table 6.1 the specification for the coils seen 

in Figure 6.6 can be seen. It is clear that the main observable change 

between the coils are the minimum operating temperature. A low 

minimum temperature is achieved by having a large diameter and a low 

number of windings which lowers the magnetic flux in the coil. This will 

as well have an impact on the maximum temperature possible but as 

mentioned we have not been able to measured temperatures above the 

type-k thermocouples limit. Another different between the coils is the 

thermal gradient they offer. The thermal gradient is highly dependent 

on the gap size between the coils. Since most experiments can be carried 

out with a maximum heater temperature of 1300 K coil number 5 was 

chosen to be the standard coil since it offers a low temperature gradient 

and while still having a respectable neutron window of 24 mm.  

(a) (b) (c) 
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Figure 6.6: a) different coil designs used for the Induction Furnace depending of the 

desired temperature range in a particular experiment. b) The coil used for the second test 

run at POLARIS, covered in spray-on boron nitride to absorb any neutrons from the 

divergence and penumbra of the direct beam. 

Coil Inner 

diameter 

[mm] 

Number of 

winding 

Gap 

size 

[mm] 

Minimum 

temp 

[C] 

Maximum 

temp 

[C] 

Thermal 

gradient 

[%] 

1 14 6 32 500 >1300 9- 13 

2 14 6 32 500 >1300 9 – 13 

3 14 6 24 450 >1300 7 - 9 

4 14 3 28 420 >1300 8 - 11 

5 16 3 24 360 >1300 7 - 9 

Table 6.1: Coil dimensions and heating ability. The thermal gradient has been measured 

in a quartz tube with a steel foil around it using a silicon sample. 

As illustrated in Figure 6.5c the sample fills the gap between the 

induction coils. In order to increase the scattered intensity, that is the 

time resolution, the beam size should be adjusted to probe the entire 

sample. However, due to beam divergence some parasitic reflections 

from the Cu was measured using a beam size of 22 x 8 mm (height x 

width). The scattering originates from the part of the Cu coils closest to 

the sample. In an effort to suppress the parasitic scattering, the straight 

piece of the Cu coils was bend out of the beam and the entire coil was 

sprayed with a spray on BN as seen in Figure 6.6a(5). Boron has a very 

high neutron absorption coefficient and shield the Cu from the 

(a) (b) 

1 2 3 4 5 
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neutrons. The effect of the coating was investigated by evaluating on the 

diffraction signal of the empty setup with no sample inserted. In Figure 

6.7 the scattering observed from the naked Cu coil is compared to the 

coil with one and three layers of coating. The data clearly shows the 

effect of the BN and with only three layers of coating almost no Cu is 

visible in the data however some BN peaks have emerged. Using this 

approach for equipment shielding has saved a lot of space and has been 

very cheap. If over time the BN wears of another layer can be added in 5 

minutes. 

The scattering contribution to background from the quartz sample 

holder and steel foil was measured and compared to the direct beam 

scattering observed with 3 layers of BN. The data can be seen in Figure 

6.7b. The broad peaks originate from the amorphous quartz and the 

sharp peaks from the steel foil with only small contribution from the BN 

coating. 

 

Figure 6.7: Time-of-flight neutron powder diffraction from the 90 bank of POLARIS. a) 

The copper coils with additional layers of applied BN. The peaks originate from the Cu 

and the high background from the cooling water. b) Empty setup background compared 

to the quartz sample tube covered with a steel foil. 

Si sample 

As a test experiment a silicon sample was inserted in a quartz tube with 

steel foil cover. ToF diffraction data was obtained as a function of heater 

temperature using a heat-range of 573 – 1473 K. The data is plotted in 

Figure 6.8. The data shows that the silicon peaks are clearly identifiable 

amongst the peaks from the steel foil which is necessary for a 
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trustworthy data refinement. In Figure 6.8b a zoom of the (220) silicon 

peak is presented. Here it is possible to see the heat induced unit cell 

expansion. If the sample had been a NIST standard it would have been 

possible to determine the sample temperature based on the unit cell 

expansion. The unit cell parameter could have been determined 

through Rietveld refinement of the data. However, the data presented 

here is carried out on a silicon sample with no data sheet to convert from 

unit cell parameter to temperature. Thus, the data analysis has been 

kept on a qualitative basis and the experiment will be repeated using a 

NIST sample at a granted instrumental beamtime in the spring of 2020. 

This method will allow us to make a temperature calibration of the setup 

beyond the limits of the type-k thermocouples. 

 

Figure 6.8: Time-of-flight neutron powder diffraction of a silicon sample as a function of 

temperature obtained from the  90 bank of POLARIS. a) Silicon sample. The peak are 

identified to belong to silicon (*) and the steel foil (+) surrounding the quartz sample tube. 

b) Zoom of the (220) reflection of silicon.  

Zn2+ distribution in Zn-doped spinels 

In extension to the instrumental beamtime a second beamtime has been 

granted which will be the first experiment investigating new science. In 

the study we mean to follow the redistribution of Zn on the tetrahedral 

and octahedral site in three Zn doped Zn0.2MeFe2O4 spinels (Me = Fe2+, 

Mn2+, and Co2+) at elevated temperatures up to 1373 K. The refinement 

of the occupancies is based on the relative intensities between peaks 

with different hkl-index. Thus, it is important that at least a number of 

peaks are clearly distinguishable from the steel reflection in the 

background signal. The Zn doped spinels are all isostructural with 
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CoFe2O4 and has very similar unit cell parameter. A CoFe2O4 sample in 

the quartz sample tube with a steel foil had been measured during the 

initial tests of the furnace. The data is shown in Figure 6.9. In 

comparison with the background contribution the data reveals that the 

peaks originating from the CoFe2O4 sample is clearly distinguishable 

from the steel peaks. Based on this data we are looking forward to follow 

the first real experiment using the induction furnace. 

 

Figure 6.9 Time-of-flight neutron powder diffraction of a CoFe2O4 (blue) sample as a 

function of temperature obtained from the  90 bank of POLARIS. The background signal 

from the quartz sample tube with steel foil is plotted as reference (red) 

Conclusion 
An Induction furnace for Time-of-flight in situ neutron powder 

diffraction was presented. It is designed for ultra-fast heating, and high 

temperature measurements and has been implemented at POLARIS at 

ISIS, Rutherford Appleton laboratory. A temperature calibration of the 

setup showed that a sample temperature of approximately 1200 K could 

be reached in 5 min, while using a type-k thermocouple regulated PID 

control. However, a sample temperature of above 1811 K was achieved ex 

situ in an effort to melt Fe. At thermal equilibrium the temperature 

difference in the sample is only 9 %. 

In an effort to minimise background scattering from the setup, the 

induction Cu coils where successfully covered with a spray on BN. By 

measuring the empty setup, it was shown that the scattering signal from 

Cu has almost vanished. 



Publication VII 

Page  143 

As a test experiment a silicon sample was heated from 573 K – 1473 K in 

steps of 100 K while gathering diffraction data. By visual evaluation of 

the data the unit cell of the Si increased with temperature. In a follow 

up experiment, a NIST Si sample will be measured using the same 

temperature range. Based on a refinement of the unit cell paramter it 

will be possible to determine the sample temperature above the limit of 

the type-k thermocouples. 

Finally, a beamtime has been granted in which we intend to follow the 

Zn distribution in three Zn-doped spinels. Based on ToF diffraction data 

gathered on a CoFe2O4 sample using the induction furnace it is shown 

how the parasitic background signal from the steel foil does not overlap 

significantly with the data.  

The present study has presented the first version of the next generation 

furnaces that will be necessary in order to follow the increased flux and 

achievable time resolution of the next generation spallation source ESS.  
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6.3 Work beyond Publication VII 
Since the induction furnace presented in Publication VII is built 

specifically for the POLARIS instrument at ISIS it is not available to us 

at Aarhus university any more. Therefore, we have built two additional 

induction furnaces specifically for use at our department. The 

components that comprise the furnace are identical to the POLARIS 

version and the furnace uses the same power supplies and firmware. 

However, in the design of a home lab version a key concern was to make 

the furnace portable and easy to operate. Additionally, we wanted to 

incorporate a gas option to perform solid-gas reaction or to have the 

sample in an inert atmosphere. As a result, the furnace presented in 

Figure 6.10 was created. Since the ex situ version does not have to handle 

neutron scattering the design of the sample holder is different. The 

sample is placed in a ceramic sample holder which is imbedded in a 

drilled-out graphite cylinder. The diameter of the piston can be up to 20 

mm. Additionally the graphite cylinder is covered in insulation. 

Additional induction coils have been made with a larger diameter up to 

40 mm. The graphite cylinder, and sample, is placed directly inside the 

coil, which ensures an effective heating of the entire sample and no 

thermal gradient is experienced. The furnace is covered with a glass 

dome and through the side panel it is possible to evacuate the system 

and if needed introduce a gas. As the sample is in place and the chamber 

is evacuated the furnace is operated using Arduino software to 

communicate with the electronic control module which is also identical 

to the POLARIS version. 
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Figure 6.10: In house induction furnace 

Upgrades 

The general plan for the induction furnace, that be the POLARIS and in-

house version, is to implement a piston. This way we will be able to 

perform compaction of powders and hopefully follow the process with 

neutron diffraction. Frederik H. Gjørup has continued the project and 

is now close to implementing the press also seen in Figure 6.10. by using 

a simple linear actuator, it will be possible to apply a force on the sample 

of up to 1 ton. The applied pressure is measured by a simple weighing 

cell with an accuracy of ±10 kg. In addition to the implementation of the 

piston, Frederik is also finishing up on a GUI to be used for the in-house 

version of the setup. The GUI will be used to control the PID of the 

furnace and will include firmware to control the press. 

Hopefully a functioning version of the induction furnace/press will be 

ready for the opening of ESS, and would be a much-needed tool for the 

neutron instruments of the future. 
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Co-author publication VIII 

Coercivity enhancement of strontium hexaferrite nano-crystallites 

through morphology controlled annealing[8] represents a thorough study 

of particle size and morphology dependent coercivity in The M-type 

SrFe12O19. Through hydrothermal flow synthesis and subsequent 

annealing 10 samples of SrFe12O19 with unique morphologies and particle 

size were prepared. We observed a change in the coercivity as a function 

of the [00l] crystallite size. As a maximum value of the coercivity was 

observed it was possible to determine the magnetic stable single domain 

(SSD) size of SrFe12O19. 

My contribution was to participate in the sample annealing, which was 

carried out using the setup described in Publication I while measuring 

in situ PXRD. I wrote a Matlab script, which treats magnetic hysteresis 

data from the VSM. I contributed to the scientific discussion and in the 

writing of the paper. 

Co-author publication IX 

Enhanced intrinsic saturation magnetization of ZnXCo1-xFe2O4 

nanocrystallites with metastable spinel inversion[9] is a meticulous study 

of the crystal-, magnetic-, and micro-structures of ZnXCo1-xFe2O4 spinel in 

the composition range x = 0.0 – 1.0 in steps of 0.1. We demonstrated how 

the change in compositions of the nanocrystallites alters the inversion 

degree of the spinel, which is different from the bulk equivalents. The 

inversion degree of the structure became more bulk-like as the samples 
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where thermally treated. However, thermal treatment increased the 

crystallite size, which influenced the magnetic properties negatively. The 

mass specific saturation magnetisation was observed to peak at x = 0.2 

and drastically drop towards x = 1.0. By means of NPD it was observed 

that the drop was due to loss of long-range magnetic order? induced by 

the introduction of the non-magnetic Zn2+. 

My contribution to this work was to participate in the NPD 

measurements. I contributed to the scientific discussion and in the 

writing of the paper. 

Co-author publication X (in preparation) 

Temperature dependence of exchange-spring behaviour in CoFe2O4/CoFe2 

nanocomposites followed by in situ neutron powder diffraction is a follow 

up study on Publication V to get a deeper understanding of the 

exchange-spring behaviour of CoFe2O4/CoFe2 (spinel/alloy) nano-

composites. In this study the CoFe2O4/CoFe2 (prepared in situ in 

Publication V were measured with NPD at temperatures ranging from 

10–1023 K. Through Rietveld refinement of the data, we were able to 

follow changes in the individual atomic magnetic moments of the spinel 

and the alloy and could determine the Curie temperature of each phase. 

A breakdown of the exchange-coupling can be seen around the Curie 

temperature of the spinel as abnormal variations in the magnetic 

moment of the alloy.  

My contribution to this work was to prepare all sample, measure all the 

NPD data and perform all data analysis. 

Co-author publication XI (in preparation) 

Investigating the Reduction Kinetics of γ-Fe2O3-like Nanoparticles by In 

Situ Neutron and Synchrotron Powder Diffraction, exploits the combined 

strength of the synchrotron version of the heat gun heater setup (high 

time resolution) described in Publication III and the single-crystal air 

gun heater reduction setup (large samples) described in Publication IV 

to create -Fe. The reduction was followed as a function of temperature, 

reduction flow and particle size of the pristine γ-Fe2O3. We discovered 

that hydrogen is a limiting factor to the reduction and that only by using 
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a reduction temperature of 500 C we were able to fully reduce our 

samples into pure -Fe. Finally, the reduction happened faster as we 

used smaller nanoparticles as the starting powder. 

My contribution was to participate in both the in situ x-ray and neutron 

powder diffraction measurements. Furthermore, I was setting up the 

sample environments and performing all necessary alignments of the 

setup prior to the experiments, I have participated in discussion as well 

as preparation of the manuscript. 

Co-author publication XII (in preparation) 

X-ray and neutron diffraction: Magneto structural investigations on 

exchange-spring nanocomposite magnets present a study of the effect of 

the mixing technique of the hard SrFe12O19 and soft Zn0.2Co0.8Fe2O4 in 

the effort of achieving an exchange-spring magnet. The samples were 

prepared through mechanical powder mixing and sol-gel auto-

combustion coating of as-prepared SrFe12O19 nanoplatelets. Surprisingly 

the magnetic properties of both samples had worsened compared to the 

individual powders. For the mechanically mixed sample this was due to 

poor mixing of the powder. A combination of PXRD and PND allowed 

for an accurate structural analysis of the sol-gel prepared sample and 

showed that due to the hard chemical conditions of the sol-gel auto-

combustion the SrFe12O19 particles had been partly turned into a spinel 

phase thus creating an excess of soft spinel compared to hard SrFe12O19. 

This study proves how difficult it is to prepare exchange-spring 

magnets. 

My contribution to the paper was to prepare the mechanical mixed 

sample and to perform the NPD measurements. The VSM MATLAB 

script written for publication VIII was used in the data analysis. 

Co-author publication XIII (in preparation) 

Investigating the formation of six-line ferrihydrite using in situ X-ray 

powder diffraction is carried out using the synchrotron version of the 

heat gun heater setup described in Publication III. We demonstrated 

that by changing the reaction temperature in the hydrothermal 

synthesis the morphology of the six-line ferrihydrite could be altered. 
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Pure six-line ferrihydrite nanoplatelets can be formed using a 

temperature of only 150 C.  

My contribution was to set up the sample environment and participate 

in all the in situ measurement. 

Co-author publication XIV (in preparation) 

Controlling Structural and magnetic properties of SFO nanoplates by 

synthesis route and calcination time presents a thorough study of the 

effect of annealing SrFe12O19 particles prepared by conventional sol-gel 

method, modified sol-gel method, autoclave and flow synthesis. Each 

method of preparation creates particles with a unique morphology. We 

showed that for samples annealed for 1 hour the particles became more 

isotropic and the magnetic properties were enhanced. Interestingly 

increasing the annealing time had no influence on the particles, since 

they had reached a stable size and morphology in only 1 hour. 

I synthesise SrFe12O19 nanoparticles by autoclave hydrothermal 

synthesis. I participated in the scientific discussions.  
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Concluding Remarks 
 

 

The work presented in this dissertation is devoted to the development 

of three in situ sample environments for powder diffraction 

experiments. The sample environments have proven effective in the 

elucidation of solvothermal synthesis of Ni, and Cu nanopowders, and 

the formation of exchange-spring nanocomposite CoFe2O4/CoFe2 in a 

solid-gas reduction. The development process has focused on exploiting 

the increased flux from the next generation X-ray synchrotrons and 

neutron sources. 

Chapter 4 presented a hot-air-gun heater setup to follow solvothermal 

and solid-gas reactions in situ using an in-house X-ray diffractometer. A 

custom-made Large Area Soller Slit (LASS) have been made to obtain 

spatial resolution and to reduce the instrumental peak broadening to 

the integrated diffraction signal. The formation of Ni nanoparticles was 

followed successfully and showed three distinct phases present during 

the reaction; Ni3(NO3)2(OH)4, NiO, and Ni. In a second experiment the 

formation of Cu nanoparticles revealed a four-step reaction mechanism 

of CuII2(OH)3NO3 → CuIIO → CuI2O → Cu0. In both studies, the reaction 

mechanism was shown to be temperature dependent. 

The hot-air-gun heater was used in a modified version to successfully 

follow the reduction of CoFe2O4 in an effort to prepare the spring-

exchange nanocomposite CoFe2O4/CoFe2. The reduction was followed 

in situ using X-ray synchrotron radiation. The experiment revealed a 

rather complex reaction mechanism which happens in three steps; 

CoFe2O4 → CoxFe1-xO → CozFe2-z. In each reduction step the 
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appearing phase is at first Co rich (x > 0.33 and z > 0.66) and with 

time more Fe is introduced in the phases. 

In chapter 5 a second sample environment is presented to study 

solid-gas reaction using in situ neutron powder diffraction. The 

single-crystal Sapphire Air-gun Heater reaction Setup (SAHS) have 

been able to reach temperatures of 973 K within less than 5 minutes 

and has been designed for angular dispersive neutron powder 

diffraction. By using the SAHS to follow the reduction of CoFe2O4 it 

was discovered that during the first step in the reduction Co leaves 

the CoFe2O4. Through refinement of the Td and Oh occupancies in 

the structure of CoFe2O4 it was deducted that the CoFe2O4 turns into 

Fe3O4 at high temperatures and -Fe2O3 at low temperatures. The setup 

has proven useful in both in situ and ex situ studies of solid-gas reactions 

and annealing experiments. 

In Chapter 6 the crystallographic and magnetic structure of the 

transition metal doped W-type hexaferrite SrMe2Fe16O27 (Me = Mg, Co, 

Ni, and Zn), prepared at temperatures as high as 1573 K, has been 

determined by use of X-ray and NPD. The study reveals the site 

preference of the transition metals within the structure. Also, the 

study reveals that the Zn, Co, and Mg doped W-type hexaferrite has 

a magnetic ordering along the crystallographic c-axis whereas the Co 

has a planer orientation along the ab-plane. In order to understand 

the underlying reaction mechanism leading to this ordering, a high-

temperature induction furnace has been developed. It is designed 

for time-of-flight neutron powder diffraction and has thoroughly 

tested at the time-of-flight neutron powder diffractometer POLARIS 

at ISIS. The furnace will be used at an upcoming beamtime where 

the inversion degree of transition metal doped MeFe2O4 (Me = Fe, 

Co, and Mn) will be investigated at high temperatures. A lab scale 

version of the induction furnace has been made and is now being 

used on a daily basis at the department of Chemistry Aarhus. 

As a final remark, the three setups presented have already proven to 

be useful for the scientific community through the elucidation of 

reaction mechanism in materials science. 
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ABSTRACT: Nano-/microcrystalline copper is widely used in catalysts,
and it has potential for being used as conductive additive to ink for inkjet
printed electronics. Copper is attractive, because it has excellent electrical
conductivity and low cost compared to noble metals. The nucleation and
phase transitions from the precursor to the final micrometer sized Cu in
supercritical methanol have been studied for the first time using in-house in
situ powder X-ray diffraction (PXRD). Temperatures have a significant
impact on the reduction process of Cu2+; at a low synthesis temperature
(250 °C), it was observed how the Cu2+ precursor initially formed copper
hydroxy nitrate (Cu2(OH)3NO3) and transformed to copper(II)oxide
(CuO), i.e., no reduction took place. At 300 °C, multiple phase
transformation could be observed from initial copper hydroxy nitrate to
zerovalent copper; the in situ investigations reveal the following phase
transitions; CuII2(OH)3NO3 → CuIIO → CuI2O → Cu0. Increasing the synthesis temperature causes the pure Cu0 to form
much faster; at 350 °C, it takes 8.7 min to produce phase pure Cu0, while at 450 °C, the formation takes ∼0.7 min. Increasing
the initial concentration of Cu2+ in the precursor causes formation of larger Cu0 crystallites in the final product. Finally, the in
situ observations were used as guidance for making Cu0 using a supercritical flow setup.

■ INTRODUCTION

Nano- and microcrystalline copper have attracted more and
more interest from researchers and engineers, due to the
excellent performances in optics, catalysts, and electrical
conduction and as additives in lubricating oil.1−4 Copper
nanoparticles are especially attractive in application of printed
circuit boards (PCBs) compared with noble metals (silver and
gold), due to high electrical conductivity, low cost, and low
electrochemical migration probability.5 Various methods have
in recent years been applied for synthesis of nano-/micro-
copper crystals, such as thermal decomposition,6,7 microwave
heating,8,9 solvothermal,10 polyol,11,12 sol−gel,13 and super-
critical water.14,15 Among these synthesis methods, super-
critical fluids have become increasingly popular, because of the
potential for large-scale commercial manufacturing and
upholding green chemistry concepts.16,17

Supercritical fluids are a fascinating reaction medium, owing
to their low density, low dielectric constant, low viscosity, and
other unique properties. A huge number of inorganic oxides
have been successfully synthesized in supercritical water; a few
examples are ZnO,18 NiO,19 TiO2,

20 γ-Fe2O3,
21 and CuO.22

Supercritical carbon dioxide was used in the preparation of
elemental Cu and Ni.23 Supercritical methanol (T > 239.5 °C,
P > 8.1 MPa) combines solvothermal synthesis and reduction,
as it acts as both solvent and reduction agent. Different species
of metals have been synthesized from their corresponding salts,

with supercritical methanol acting both as a reaction medium
and a reduction agent, e.g., Ag,24,25 Cu,24,25 Ni,24,25 and Co.26

It is of great interest to understand the reduction from a
divalent metal ion into zerovalent metal, as it can potentially
improve the reaction process. Different researchers have
proposed different reaction pathways, one being that hydroxide
ions (OH−) dissociated from methanol molecules in super-
critical conditions act as reduction agents through electron
transfer from hydroxide ions to dissociated metal ions.24,27

Other experiments have proved that hydrogen (H2), carbon
monoxide (CO), and methane (CH4) are generated as
byproducts of methanol reforming in the supercritical state,
and all these byproducts are all effective reduction agents,28

which are proposed to possibly reduce copper ions in
supercritical methanol.29 In other words, the synthesis of
zerovalent metals in supercritical methanol from higher valent
metal salt are a complicated process.
In situ synchrotron powder X-ray diffraction (PXRD)

experiments have been used to shed light on the formation
of nanocrystallites, e.g., γ-Fe2O3

30,31 and SrFe12O19.
32 Recently,

the robustness of the methods was investigated in a
reproducibility study on γ-Fe2O3.

33 Synchrotrons are great

Received: December 9, 2018
Revised: March 6, 2019
Published: March 8, 2019

Article

pubs.acs.org/crystalCite This: Cryst. Growth Des. 2019, 19, 2219−2227

© 2019 American Chemical Society 2219 DOI: 10.1021/acs.cgd.8b01832
Cryst. Growth Des. 2019, 19, 2219−2227

D
ow

nl
oa

de
d 

by
 A

A
R

H
U

S 
U

N
IV

 a
t 0

3:
53

:3
0:

33
8 

on
 J

un
e 

04
, 2

01
9

fr
om

 h
ttp

s:
//p

ub
s.

ac
s.

or
g/

do
i/1

0.
10

21
/a

cs
.c

gd
.8

b0
18

32
.

pubs.acs.org/crystal
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.cgd.8b01832
http://dx.doi.org/10.1021/acs.cgd.8b01832


tools for these studies as the high flux and large area detectors
give a very high time resolution, albeit access to beamtime can
be a challenge. Here, we demonstrate the use of a newly
developed in situ in-house supercritical synthesis setup.34

In situ PXRD is applied to explore the reduction process of
Cu2+ ions to Cu0 and the crystallization mechanism in
supercritical methanol. The reaction kinetics were analyzed
using the Gualtieri kinetic model, and a reaction mechanism
for the crystallite formation was proposed.35 The information
obtained from the in situ experiment has been exploited in the
design of a supercritical flow synthesis to scale-up the synthesis
of zerovalent copper particles.

■ EXPERIMENTAL SECTION
In Situ Synthesis. All reagents were used without purification;

copper(II) nitrate trihydrate (Cu(NO3)2·3H2O, Sigma-Aldrich,
analytical grade, purity >98%) and methanol (CH3OH, Merck
KGaA Corporation, analysis grade) were used. A precursor solution
with 2 M concentration of Cu(NO3)2 was prepared by dissolving the
appropriate amount of Cu(NO3)2·3H2O in methanol. Lower
concentrations were made by diluting the 2 M Cu2+ solution.
A schematic diagram of the experimental in situ setup is shown in

Figure 1. The capillary reactor (inner and outer diameter are 0.75 mm

and 0.85 mm, respectively) was made of silica and coated with
polyamide. The precursor was injected into the capillary reactor using
a syringe, and the capillary tube was subsequently connected to an
HPLC pump (Prep Pump, LabAlliance) through Swagelok fittings
and stainless steel tubing. The pressure was set to 11.4 MPa. A heat
gun (HiHeater, Miyawaka Corporation, Japan) heated the silica
capillary reactor with a jet of hot air to a preset temperature. The heat
gun allowed for a fast heating, capable of reaching 450 °C within 25 s,
reaching 415 °C inside the capillary within the first 15 s (∼28 K/s)
and stabilizing to 450 °C within the next 10 s.
The actual temperature inside the capillary was slightly lower than

the set temperature on the controller; the time evolution of the
temperature inside the capillary can be found in the Supporting
Information. Five different reaction temperatures in the interval from
250 to 450 °C in steps of 50 °C were investigated regarding the
formation of Cu0 from copper(II) nitrate trihydrate (Cu(NO3)2·
3H2O) in supercritical methanol. The capillary tube with the
precursor material was mounted on a special designed sample holder

inside a Smartlab diffractometer (Rigaku, Japan). The diffractometer
was equipped with a Cu rotating anode and Johnson monochromator
to extract Cu Kα1 radiation. A CBO-E cross beam optics unit
provided a convergent beam used in Debye−Scherrer geometry. The
heat gun was placed under the capillary reactor at a fixed calibrated
distance of about 2 mm. In situ data frames were recorded using a
HyPix-3000 2D detector fixed at a sample/detector distance of 135.5
mm and covering the angular interval 2θ = 29.8−61.9°. A
commercially available 5° Soller slit in the incident beam combined
with a special designed large area 5° Soller slit in front of the detector
allowed use of a 15 mm wide X-ray beam, without significant peak-
broadening. The images were collected with a 10 s exposure time. An
additional 9 s for saving data and opening and closing the shutter gave
a total time resolution of 19 s per frame. For the experiment at 250
°C, a low angle data set was collected to reveal the low angular peaks
for the Cu2(OH)3NO3 phase; this was obtained by placing the
detector at 2θcenter = 24° (corresponding to the 2θ range of 7.8−
39.7°).

Flow Synthesis. On the basis of the in situ experiments, a range of
supercritical flow synthesis experiments were conducted to investigate
the possibility of large-scale synthesis of elemental copper and copper
oxide nanoparticles. Two high pressure pumps were used to supply
the precursor (0.01 M Cu(NO3)2 in methanol, 5 mL/min) and
solvent methanol (10 mL/min) continuously. In order to increase the
heating rate, the methanol was heated by two preheaters to reach the
intended reaction temperatures of 350 and 400 °C, after which the
precursor and solvent were mixed in the flow apparatus. The reaction
pressure was kept at 11 MPa throughout the flow reaction. The two
fluids mixed through a T-piece mixer and caused almost instantaneous
heating of the precursor. The mixture was kept at the reaction
temperatures of 350 and 400 °C for 3.2 and 2.7 s, respectively. Finally,
the product passed through a water cooled jacket and a pressure relief
valve. Detailed information and a schematic diagram of the
continuous flow reactor can be found in the literature.36 The
products were washed several times with deionized water and ethanol
to remove impurities. Powder products were obtained after vacuum
drying at 60 °C for 24 h.

Characterization of Flow Product. Phase characterization and
crystallite size and morphology of the flow reactor products were
performed using powder X-ray diffraction (PXRD) and transmission
electron microscopy (TEM). PXRD data were collected with the
same Smartlab diffractometer as the in situ experiment, however with
a zero background flat silicon single crystal sample holder in Bragg−
Brentano geometry and using a silicon strip detector D/teX Ultra 250.
Samples for electron microscopy were prepared by adding droplets of
ultrasonically dispersed powder in ethanol on a nickel grid. TEM
images were captured using a Philips CM20 microscope.

Rietveld Refinements. The collected 2D images were integrated
using a Python script, converting the data into 2θ positions (deg) and
intensities. Rietveld refinement was performed on the integrated data
using the Fullprof Suite software.37 During refinement, a large amount
of data was analyzed taking advantage of sequential Rietveld
refinement in Fullprof Suite. The refinements included the observable
phases of copper hydroxy nitrate, cupric oxide, cuprous oxide, and
copper with chemical formulas of Cu2(OH)3NO3, CuO, Cu2O, and
Cu using the spacegroups P21, C2/c, Pn3̅m, and Fm3̅m, respectively.
The peak profiles were described via the Thompson−Cox−Hasting
pseudo-Voigt function, and the backgrounds were determined via a
linear interpolation between a series of background points. In the
refinements, the following factors were refined; the scale factor, 2θ
zero point, unit cell parameters, background, and peak shape
parameters. In all cases, the Cu atoms are occupying special positions
without refinable coordinates, and the atomic occupancies were fixed
to be fully occupied, in other words, the atomic positions and atom
occupancies were fixed to literature values.38−41 Thermal vibration
parameters were strongly correlated with the scale factor, due to the
limited number of peaks within the detection range. Debye−Waller
factors were therefore fixed to B values extracted from the literature
corresponding to the temperature of the respective experiment.42−44

Crystallite sizes were calculated based on the full width at half-

Figure 1. Schematic diagram of the in-house in situ setup. The
capillary reactor is heated by a jet of hot air from the heat gun. The
capillary is illuminated by monochromatic X-rays, and an area
detector records the diffracted pattern at set intervals. The obtained
detector images are integrated and plotted as a function of reaction
time (courtesy of Henrik Lyder Andersen).
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maximum intensity (FWHM) obtained from the Rietveld refinements
by using the Scherrer equation:

λ
β θ

=D
K
cos (1)

where D represents crystallite size, K = 0.89 represents the Scherrer
constant, λ represents the wavelength, β is FWHM, and θ is the Bragg
angle. In the refinement, the term β cos(θ) is refined as one angle-
independent parameter for all peaks of a given phase.

The peak broadening observed in the X-ray powder diffraction
pattern is a convolution of the contribution from the sample
microstructure and the instrument resolution. The instrumental peak
broadening was corrected using data from a NIST LaB6 660B
standard sample.45 Peak broadening, which may arise from micro-
strain in the lattice is neglected due to the low reaction temperature.
Strain broadening could be investigated if high angular and q
resolution could be obtained from, e.g., synchrotron powder
diffraction instruments. The normalized scale factors obtained from

Figure 2. (a) 3D in situ diffraction data collected at 350 °C, with color scale demonstrating the intensity and heating started at 0.08 min. (b) 2D
projection of the plot, clearly revealing three phases, first CuO, followed by Cu2O, and finally Cu.

Figure 3. Powder diffraction patterns obtained from linear integration of the 2D image collected by the Hypix-3000. The integrated data (black
open circle) are shown along with the Rietveld model fit (red), the difference curve Iobs−Icalc (blue), and the indexed peak positions (vertical lines).
The data are shown for (a) 250 °C, 0.4 min; (b) 300 °C, 4.8 min; (c) 300 °C, 40.0 min.

Figure 4. Evolution of phase weight fraction with time at different reaction temperatures (a) 250 °C, (b) 300 °C, (c) 350 °C, (d) 400 °C, (e) 450
°C with 11.4 MPa of reaction pressure.
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the refinements were used for reaction kinetics investigations using
the Gualtieri kinetic model.

■ RESULTS AND DISCUSSION
In situ Investigations. Four different crystalline phases

were observed in the in situ investigations depending on
synthesis temperature and time. In order to give an impression
of the time evolution of the different phases, a 3D plot is
shown of the diffraction patterns collected at 350 °C in Figure
2. The three dimensions are time (min), Bragg angle 2θ (deg),
and intensity (arb. units). Figure 2b is the 2D projection of the
3D plot in Figure 2a, where the intensity is given by the color
scale. By comparison with a crystallographic database, it was
possible to determine the obtained crystallographic phases.
The heating was started at time equal to 0 min; no diffraction
peaks are observed until 0.8 min. At 0.8 min, five peaks
belonging to CuO and Cu2O are observed. The CuO peaks
quickly disappear, and after persistent heating for 2.0 min, two
new peaks are observed belonging to Cu.
Three representative diffractograms illustrating all of the

observed phases are shown in Figure 3, where the observed
data and the refined Rietveld models are shown together with
the difference between the observed data and the calculated
models. Figure 3a shows that the Cu2(OH)3NO3 (JCPDS no.
45-0594) phase appears after ∼20 s at a reaction temperature
of 250 °C. The main diffraction peak of Cu2(OH)3NO3 is
observed around 2θ = 15°, which was collected by placing the
detector at 2θcenter = 24°. The low angle diffraction data helped
to confirm the presence of Cu2(OH)3NO3. The corresponding
low angle diffraction data collected at 250 °C and ∼20 s can be
found in the Supporting Information. Figure 3b and c show
diffraction patterns collected at 300 °C after 4.8 and 40 min,
respectively. The peaks obtained after 4.8 min are indexed to
CuO (JCPDS no. 48-1548) and Cu2O (JCPDS no. 05-0667),
while at 40 min the observed peaks are Cu2O and Cu (JCPDS
no. 04-0836). The reliability factors (Rwp, χ

2) for the sequential
Rietveld refinements are shown in the Supporting Information.
The evolution of the different phases and the corresponding

weight fractions are shown in Figure 4. For the reaction at 250
°C, only two phases were observed within the duration of the
experiment, which lasted nearly 1 h, as shown in Figure 4a.
Initially, Cu2(OH)3NO3 is observed as the only phase after
heating for 0.4 min, but it rapidly disappears after 1.4 min. At
0.7 min, the CuO phase starts to emerge and increases fast in
weight fraction. The CuO is the only observable phase after 1.4
min and until the experiment is ended after almost 1 h. The
experiment at 300 °C reveals four different crystalline phases
during the experiment as seen in Figure 4b. Cu2(OH)3NO3
and CuO appear in the first frame after initiating the heating;
however, Cu2(OH)3NO3 is converted completely to oxide
products in the next frame, where Cu2O also starts appearing.
The CuO is converted into Cu2O as time progresses. At 10.9
min, the pure Cu0 starts to appear. The reduction of Cu2O to
Cu0 slowed down after approximately 20 min at 300 °C in
supercritical methanol; even after 52.0 min, a full conversion is
not obtained. For the reaction taking place at 350 °C, the
Cu2(OH)3NO3 is not observed. It is either bypassed or the
time resolution is insufficient to observe the presence of the
phase. In the first frame, diffraction peaks from CuO
crystallites appear, but it is quickly converted into Cu2O,
which again relatively quickly converts into elemental Cu after
less than 2 min. It takes 6.7 min from the emergence of Cu0 to
complete conversion of Cu2O into pure Cu0. For the reaction

temperatures of 400 and 450 °C, the conversion into elemental
Cu0 is very fast and takes 62 and 43 s, respectively, as shown in
Figure 4d and e.
In order to obtain smaller crystallites, precursors with

lowered concentrations were also investigted, and the same
phase evolution trends were observed. For all the reactions at
temperatures of 350 °C and higher, elemental Cu0 was
obtained as the final crystalline phase.

Temperature and Crystallite Size. The crystallite size of
the copper particles calculated from the Scherrer equation is
generally >100 nm; therefore the size cannot be trusted from
the Scherrer equation.46 The size is inversely proportional to
the peak width β, the full width at half-maximum of the peak.
In Figure 5, the time evolution of 1/β is plotted to show the

trend of crystallite size as a function of time for the different
reaction temperatures and precursor concentrations. The Cu0

crystallite size reaches a constant size at a reaction temperature
of 350 °C. When increasing the reaction temperature to 400
and 450 °C, it is observed how prolonged heating time resulted
in an increase of the average crystallite size. Besides crystallite
size, unit cell parameter can also be extracted from refinement;
the evolution of the unit cell with time can be found in the
Supporting Information.

Concentration and Crystallite Size. Decreasing the Cu2+

concentration in the precursor has a significant effect regarding
the size of the formed crystallites. For the powder patterns
collected for 1 M of Cu2+, a slight increase in average crystallite
size is observed as time progresses. When the Cu2+

concentration was decreased to 0.5 M, no significant change
was observed during the 10 min of the experiment. In the case
of the low concentration, crystallites appear to be too far apart
to cause significant Ostwald ripening.

Kinetics. In order to quantify the reaction kinetics of the
phases formed during the supercritical synthesis of Cu particles
in methanol, the Gualtieri model has been fitted to the refined
XRD data. The Gualtieri model35 assumes that the probability
P that N nuclei have formed in the time t can be expressed by a
simple Gaussian distribution:

= − −i
k
jjjjj

y
{
zzzzzP t
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b
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2N

2

2
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Figure 5. Evolution of 1/β with heating time at different temperatures
and different Cu2+ concentrations calculated from the instrument
corrected peak widths.

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.8b01832
Cryst. Growth Des. 2019, 19, 2219−2227

2222

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01832/suppl_file/cg8b01832_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01832/suppl_file/cg8b01832_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01832/suppl_file/cg8b01832_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.8b01832


where a is the position of the maximum of the Gaussian curve
and b is the variance of the distribution, related to the width of
the curve. The total number of nuclei N at time t can then be
expressed as the cumulative distribution function:

=
+ − −

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ( )

N t( )
1

1 exp t a
b (3)

Furthermore, a is related to the rate of nucleation, kn = 1/a.
An expression very similar to the Johnson−Mehl−Avrami−
Kolmogorov (JMAK)47−49 equation is used to describe the
nuclei growth process, and the total expression for the extent of
reaction, α, is then the combination of available nuclei and
their growth:

α = − ·{ − [− − ]}t N t t k t t( ) ( ) 1 exp ( ( ))n
0 g 0 (4)

where kg is the rate of growth and n is growth dimension (n = 1
for rods and needles, n = 2 for plates, and n = 3 for isotropic
particles). Furthermore, the variable t0 has been introduced to
account for the time before the reaction is initiated. In the
analysis presented here, the scale factors obtained from
sequential Rietveld refinement, normalized to the [0,1]
range, are used to describe the extent of reaction α. In the
case where the scale factor decreases over time, the extent of
reaction is simply described by 1 − α. Furthermore, n = 3 is
assumed for all reactions, as TEM images and Rietveld
refinements indicate isotropic particles. The normalized scale
factors along with the Gualtieri fits are shown in Figure 6,
together with the angle-independent integral breadths, β

cos(θ), obtained from Rietveld refinement. The kinetic analysis
has been omitted for the experiments performed at 400 and
450 °C, as the reactions occur faster than the time resolution
allows to follow. A summary of the kinetic analysis is provided
in Table 1.
At 250 °C, the growth rate appears to be the rate-

determining step, as kg < kn. This fits with the “bend” observed
at 10 min; the majority of the CuO nuclei form within the first
10 min, at which point the reaction is limited by the growth of
the existing nuclei. It is noticed that α starts decreasing slightly
after 35 min, which could be explained by sedimentation of the
particle at the bottom of the capillary. If the capillary were not
fully illuminated by the X-ray beam, this would lead to a
decrease in the available volume of scattering particles. The
angle-independent integral breadths, and inversely the particle
size, appear more or less constant for the CuO phase at 250
°C, and fluctuations are deemed insignificant compared to the
data point spread. The reaction kinetics behave quite
differently at 300 °C, where the three phases CuO, Cu2O,
and Cu can be followed. The formation of CuO happens very
fast, and only the decrease in scale factor can be followed,
corresponding to the reduction to Cu2O. The normalized scale
factors of the CuO and Cu2O phases intersect at α = 0.5, which
indicates that the Cu2O phase is formed from the existing
CuO. It is postulated that the CuO particles are redissolved
before being reduced to Cu2O, which fits the observed trend
for the integral breadths in Figure 6 at 300 °C, namely, that the
CuO particles decrease in size while the Cu2O particles appear
to increase in size. At about 12 min, the increase in the Cu2O
scale factor stops, coinciding with the appearance of Cu. The

Figure 6. Normalized scale factor and angle independent integral breadth as a function of time for the 250 °C, 300 °C, and 350 °C reactions. The
fitted Gualtieri models are superimposed on the corresponding scale factors. The coefficients of determination, R2, are summarized in Table 1.
Error bars have been omitted, as they are insignificant compared to the spread of the data points.

Table 1. Summary of the Kinetic Analysis

temperature phase R2 t0 (min) a (min) b (min) kn (1/min) kg (1/min)

250 °C CuO 0.889 0(1) 4(2) 15(2) 0.2(1) 0.15(3)
300 °C CuO 0.994 1.7(2) 5.2(2) 3.5(1) 0.192(9) 0.42(5)

Cu2O 0.986 0.0(8) 5.4(8) 3.2(1) 0.19(3) 0.23(5)
Cu 0.996 7.7(4) 6.8(6) 12.9(5) 0.15(1) 0.084(3)

350 °C Cu2O 0.998 1.7(3) 2.8(3) 0.25(2) 0.36(4) 0.23(1)
Cu 0.985 2.4(2) 0 2.41(8) 0.30(2)
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Cu scale factor increases rapidly from 12 to 25 min, where the
rate stagnates. This is close to the point where CuO is no
longer visible in the XRD pattern. After this point, Cu2O
decreases slowly and Cu increases slowly, but without reaching
full conversion. The following explanation is provided: small
CuO particles form fast, beyond the time resolution, and are
then steadily redissolved and reduced to Cu2O. The
concentration of Cu2O increases, and some of the particles
grow large due to Ostwald ripening. After roughly 10 min, Cu
particles start forming, possibly due to a sufficiently high Cu2O
concentration. At 15 min, a steady state is achieved, where Cu
particles form from small Cu2O particles as fast as CuO is
reduced, which is also confirmed by the kinetic analysis,
showing that kn is significantly larger than kg. At 25 min, new
Cu2O is no longer formed, and readily reducible Cu2O is
depleted, leaving large Ostwald ripened Cu2O particles. This is
supported by TEM and EDX images (Figure 8), where clusters
of Cu2O particles are observed alongside large cubic Cu2O
particles. At 350 °C, very small particles of Cu2O form rapidly
and are quickly reduced to Cu. The scale factor of Cu2O and
Cu intersect at α = 0.5 within a few minutes. From the
decrease in integral breadths, it is suggested that the smallest
Cu2O particles are reduced first, as this would lead to an
increase in the average particle size. From the kinetic analysis,
it can be deduced that a surplus of Cu nucleation sites are
available, meaning that the reaction is only limited by the
particle growth rate. It is difficult to distinguish whether the
reactions are solid state transformation or solution-mediated
nucleation, or perhaps a combination. For a two-phase phase
transformation, one would expect the extent-of-reactions to
cross at exactly α = 0.5, as one is converted to the other in a
1:1 ratio. For a solution-mediated reaction, the extent-of-
reactions would be expected to cross at α < 0.5, as one phase
turns amorphous before recrystallizing as the new phase.
However, a cross at α = 0.5 is not enough to distinguish
between the two mechanisms, as the dissolve−recrystallize
mechanism might be faster than the XRD time-resolution so
that the crossing occurs at α ≲ 0.5.
The performed in situ powder X-ray diffraction experiment

cannot identify the reduction mechanism, responsible for
reducing Cu2+ to Cu0, whether it is hydrogen (H2), carbon
monoxide (CO), methane (CH4), or hydroxide ion (OH−)
dissociated from supercritical methanol. For further under-
standing the reduction mechanism of copper(II) nitrate in
supercritical methanol, in situ powder X-ray diffraction could
be combined with complementary techniques, for instance,
infrared spectroscopy.
Supercritical Flow Synthesis. The in situ crystallization

study of Cu can be regarded as guidance for the up-scaled
synthesis using a supercritical continuous flow apparatus,
which may be used for industrial scale production of copper
nanoparticles. In order to verify the application of the in situ
research, two flow synthesis experiments were carried out at
350 and 400 °C. At 350 °C, the reaction time is expected to be
too short in the flow setup to produce pure elemental Cu,
while at 400 °C, an almost pure Cu0 phase is expected. The
PXRD patterns and the corresponding Rietveld models are
shown in Figure 7. The main crystalline phase produced at 350
°C is Cu2O and a small amount of CuO phase, disclosed by
the peak at 2θ = 38.7°, as seen in Figure 7. Increasing the
reaction temperature to 400 °C results in elemental copper as
the main product, with an apparent size of 29.9(1) nm and a
minute impurity of Cu2O (<0.1 wt %), observed at 2θ = 36.4°.

The peak width of Cu2O suggests very small crystallites, and
they could originate from an incomplete reduction or from
reoxidization of the Cu nanocrystallites. The results of the flow
synthesis generally correspond very well with the expectations
from the in situ experiments. It is worth noting that the flow
reactor and in situ setup deviated at two important points: (1)
heating rate and (2) residence time. The heating rate for the in
situ setup is about 28 K/s, while that of the flow reactor is on
the order of 500 K/s. In the flow synthesis, the residence time
is decided by the flow rate and the reactor volume, but also in
part from the reaction temperature and pressure. The following
equation can be used to calculate the residence time t:

ρ
ρ

= ×t
V
F

r T

298 (5)

where Vr is reactor volume, F is total flow rate inside the
reactor, and ρT and ρ298 are the fluid densities at the reaction
temperature and room temperature at the reactor pressure.
The density of supercritical methanol at 11 MPa is determined
from a linear interpolation based on values from the
literature50 to 0.087 g/cm3 (350 °C) and 0.073 g/cm3 (400
°C). The calculated residence time is underestimated
compared to the real residence time, because the mixed fluid
temperature is gradually changed. Calculated residence time at
350 and 400 °C gives 3.2 and 2.7 s, respectively. By comparing
the calculated residence time of the flow reactor to the reaction
time found from the in situ experiments, it is possible to
understand the observed Cu2O phase formed at 350 °C, and it
could also explain the minute amount of Cu2O in the 400 °C
experiment. According to the in situ experiments, a slightly
longer reaction time or higher temperature would result in
pure elemental Cu. There are several methods to prolong
residence time, e.g., reduce the flow rates from the pumps,
increase the length of the reactor, or use a larger tubing
diameter.

Figure 7. PXRD and Rietveld refinement results of products
synthesized in the continuous flow reactor at different reaction
temperatures and at 11 MPa. The raw data are shown as black open
circles, along with the Rietveld model fit (red) and the difference
curve Iobs−Icalc (blue). In order to show data at 350 °C clearly, it has
been scaled by a factor of 2. The reliability factors at 350 °C are Rwp =
15.3% and χ2 = 1.74 and at 400 °C are Rwp = 16.1% and χ2 = 2.14.
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TEM pictures are presented in Figure 8 showing the
morphology and size distribution of the products synthesized

at 350 and 400 °C. For the product synthesized at 350 °C, a
spherical morphology is observed with “tentacles” surrounding
the core, and at higher magnification the “tentacles” are
revealed to be constituted of a large amount of nano-sized
particles, as seen in Figure 8a. At 400 °C, an interesting
conversion of the morphology occurs, as shown in Figure 8b.
Irregular aggregates form from relatively small nanoparticles, as
shown in Figure 8c. Energy-dispersive X-ray spectroscopy
(EDX) and high angle annular dark field (HAADF) collected
on the sample prepared at 350 °C, see Figure 8d) affirm the
presence and the morphology of the Cu2O. The ratio between
Cu and O is 2.3:1.0, although it is acknowledged that the
accuracy of the EDX elemental analysis is generally low for
light elements. The elemental EDX analysis is summarized in
the Supporting Information. The size distribution of copper
nanoparticles obtained at 400 °C is measured by hand from
128 particles, and the result is plotted in Figure 8e. TEM gives
an average number weighted particle size of 21.4(3) nm,
obtained from a log-normal distribution fit; this value is in
good agreement with volume weighted crystallite sizes
extracted from PXRD (29.9(1) nm).

■ CONCLUSION
Zero-valent copper crystallites were synthesized from copper-
(II) nitrate in supercritical methanol. During the process, three
different intermediate crystallite phases were observed using in
situ in-house X-ray powder diffraction with a 19 s time
resolution, allowing the following evolution of phase trans-
formations: CuII2(OH)3NO3 → CuIIO → CuI2O → Cu0. The
crystallite size increased with increasing reaction temperature
and with increasing Cu2+ concentration in the precursor.
The Gualtieri kinetic model was used to investigate the

reaction kinetics of the reduction process, using the normalized

scale factors obtained from Rietveld refined in situ PXRD data
as the extent-of-reaction. The reaction kinetics and pathway
were found to depend strongly on reaction temperature for the
experiments performed at 250 °C, 300 °C, and 350 °C;
however, at high temperatures (400 and 450 °C), a higher time
resolution is needed to explore their kinetics.
The in situ results were successfully used as guidance for an

up-scaled synthesis using a continuous supercritical flow
reactor. Copper nanoparticles were confirmed by PXRD and
TEM images with a number weighted average size of 21.4(3)
nm.
The work has demonstrated the power of in situ X-ray

diffraction investigations and the ability to perform these
experiments in the home laboratory, without the use of
synchrotron radiation. The simple methods demonstrated here
can be spread more widely and significantly speed up the
discovery and tailoring of advanced functional materials.
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Jakob V. Ahlburg,† Ann-Christin Dippel,§ Emmanuel Canev́et,∥,⊥ and Mogens Christensen*,†

†Center for Materials Crystallography, Department of Chemistry and iNANO, Aarhus University, Langelandsgade 140, 8000 Aarhus,
Denmark
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ABSTRACT: During the past decade, CoFe2O4 (hard)/Co−Fe alloy (soft) magnetic nanocomposites have been routinely
prepared by partial reduction of CoFe2O4 nanoparticles. Monoxide (i.e., FeO or CoO) has often been detected as a byproduct
of the reduction, although it remains unclear whether the formation of this phase occurs during the reduction itself or at a later
stage. Here, a novel reaction cell was designed to monitor the reduction in situ using synchrotron powder X-ray diffraction
(PXRD). Sequential Rietveld refinements of the in situ data yielded time-resolved information on the sample composition and
confirmed that the monoxide is generated as an intermediate phase. The macroscopic magnetic properties of samples at
different reduction stages were measured by means of vibrating sample magnetometry (VSM), revealing a magnetic softening
with increasing soft phase content, which was too pronounced to be exclusively explained by the introduction of soft material in
the system. The elemental compositions of the constituent phases were obtained from joint Rietveld refinements of ex situ high-
resolution PXRD and neutron powder diffraction (NPD) data. It was found that the alloy has a tendency to emerge in a Co-rich
form, inducing a Co deficiency on the remaining spinel phase, which can explain the early softening of the magnetic material.

KEYWORDS: nanocomposite, ferrite, permanent magnet, exchange-coupling, in situ, neutron powder diffraction,
elemental composition, Rietveld refinement

■ INTRODUCTION

Permanentmagnets (PMs) are present in countless applications,
from everyday technology (computers, cell phones, speakers,
microphones, household appliances, etc.) to industrial-scale
energy-conversion and transportation devices (motors, gen-
erators, alternators, transformers, etc.).1 They are also essential
components in state-of-the-art technology dedicated to harvest
renewable energy, e.g., wind, wave, or tidal power, as well as on
electric vehicles.2 Consequently, the optimization of PMs is not
only necessary to keep up with the technological advances of our
times but also a requirement on the road to sustainability, since
the viability in the replacement of fossil fuels by green energy

relies on our ability to fabricate lighter and more energy-efficient
devices.3

The performance of a PM is usually evaluated based on its
maximum energy product, BHmax. The BHmax value depends on
the magnetic field that the magnet is potentially able to produce
(which is limited by the saturation magnetization,Ms) and on its
resistance to demagnetization (i.e., coercivity,Hc). HighMs and
Hc values are desirable for PMs in order tomaximize theirBHmax.
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Unfortunately, these two properties do not usually coexist in
single-phase materials.4 For instance, the Co−Fe alloys are the
materials with the highest potential magnetization known (Ms =
240 A m2/kg).5 However, they have an effectively zero BHmax as
a consequence of the lowHc values arising from their almost zero
magnetocrystalline anisotropy. The combination of magnetic
phases of different nature could potentially help breaking the
natural constraints of single-phase materials.
Kneller and Hawig published the first model of a composite

material combining a hard magnetic phase with large Hc and a
soft phase with a high Ms.

6 Their theoretical calculations pre-
dicted significant BHmax enhancements in the composites with
respect to the separate materials as long as the two magnetic
phases weremagnetically coupled at the atomic level, i.e., exchange-
coupled. In broad strokes, they concluded that the requirements for
improving theBHmax through exchange-coupling are (i) an intimate
contact between the two phases and (ii) a soft phase with crystallite
sizes below a certain limit, usually on the order of a few tens of
nanometers.7,8

The exchange-coupling theory laid the foundation of a
completely new approach for producing high-performance PMs.
Unfortunately, accomplishing an effective exchange-coupling
between phases has proven more challenging in practice than in
the theory. In the pursuit of a better understanding of the exchange-
coupling phenomenon, a great amount of experimental and
theoretical work has been dedicated to the subject during the
past two decades, and it still remains an area of intensive research
nowadays.9−14 In particular, the CoFe2O4 (hard)/Co−Fe alloy
(soft) composite has been assiduously studied over the past few
years.15−24 Besides cobalt−iron alloys having the largest Ms
known at room temperature,5 the system has drawn special
attention because it can be prepared by partial reduction of
CoFe2O4. This chemical route directly leads to coexistence of
the two magnetic phases, and consequently, a greater crystallo-
graphic coherency between them is expected compared with
mixing independently synthesized species to make the composite.
The most extended strategy to prepare magnetic CoFe2O4/

Co−Fe nanocomposites is a thermal treatment of CoFe2O4
nanoparticles in a H2-rich atmosphere.15−19 Other reduction
agents have been used, e.g., activated charcoal20 or CaH2.

21

These composites have also been made in the shape of dense
ceramic materials by means of spark plasma sintering (SPS).23,24

Regardless of the preparation method, monoxides, i.e., FeO or
CoO, have often been detected as impurities in CoFe2O4/Co−
Fe composites prepared through partial reduction.17,19,23,24

In none of the cases presented in the literature was it possible to
determine whether the formation of this phase occurs during
the reduction process (reaction intermediate) or at a later stage
as a reoxidation triggered by the nanocomposites coming into
contact with air. Soares et al. postulated a model to explain the
temperature and field dependence of the nanocomposites and
concluded that the presence of FeO has an influence on the
magnetic properties.25 An in-depth understanding of the pre-
parationmethod is indispensable to gain control over themonoxide
formation and, more importantly, to reach the optimal soft
phase size and hard/soft composition. Here, we have addressed
this matter by monitoring the reduction of CoFe2O4 nano-
particles using synchrotron radiation. In situ powder X-ray
diffraction (PXRD) measurements during the reduction have
yielded real time structural and microstructural information on
the phases appearing and disappearing during the process.
Despite the large interest for the CoFe2O4/Co−Fe system,

we find there is a general lack of quantitative analysis of the

composition and its correlation to the magnetic properties of the
sample. In the present work, quantitative information has been
extracted from Rietveld refinements of neutron powder diffrac-
tion (NPD) and high-resolution PXRD data. Although NPD
measurements are generally less accessible than PXRD, they are
highly advantageous as they provide information on the magnetic
structure of the materials, given that neutrons scatter from the
atomic magnetic moments of the samples. Additionally, the
neutron scattering lengths of Co and Fe are very different (bc =
9.45(2) and 2.49(2) fm, respectively),26 ensuring good contrast
between these two elements, unlike with X-rays. Magnetic hyster-
esis at room temperature has also been measured on the same
samples using a vibrating sample magnetometer (VSM). The
magnetic properties of several CoFe2O4/Co−Fe composites
have been analyzed and discussed in the context of sample com-
position, crystallite size, and elemental composition of the indi-
vidual phases.

■ EXPERIMENTAL SECTION
Synthesis of the Starting CoFe2O4 Material. CoFe2O4 nano-

powders with a volume-weighted average crystallite size of ≈14 nm
were hydrothermally synthesized using the synthesis route described by
Stingaciu et al.27 A stoichiometric mixture of the metallic nitrates in
aqueous solution was precipitated into a gel upon addition of a strongly
alkaline solution (NaOH, 16 M) under constant magnetic stirring.
Further details on the preparation of the precursor gel may be found in
the Supporting Information. The as-prepared precursor was transferred
to a 180mLTeflon-lined stainless-steel autoclave, which was sealed and
placed inside a Carbolite convection furnace preheated to 240 °C. After
2 h, the autoclave was removed from the furnace and left to cool in
ambient conditions. The obtained suspension of nanoparticles was
washed with ≈200 mL of deionized water and centrifuged at 2000 rpm
for 3 min. The supernatant was discarded, and the remaining solid was
washed with deionized water and centrifuged two more times. Finally,
the product was dried in a vacuum oven (70 °C, 4 h), yielding about
9.3 g of nanosized CoFe2O4 (reaction yield ≈96%). Relatively narrow
crystallite size distributions are expected based on previous inves-
tigations by Andersen et al. on the hydrothermal synthesis of CoFe2O4
under similar conditions.28

In Situ PXRD Studies. Reduction of the CoFe2O4 Nanoparticles.
Reduction experiments were carried out using a custom-made reduc-
tion cell optimized for in situ PXRD experiments. Figure 1 shows an

illustration of the in situ reduction setup. A small amount of CoFe2O4
nanopowders (≤ 10 mg) was loaded into a 45−50 mm long fused-silica
capillary with both ends open (i.d. = 0.70 mm, o.d. = 0.85 mm). A piece
of heat-resistant polyamide tubing was introduced through each end
of the fused-silica capillary, applying a gentle pressure to confine the

Figure 1. Illustration of the in situ reduction setup.
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powders in the middle region of the capillary (≈10 mm). The
polyamide tube was mechanically twisted and turned beforehand to
help it act as traps to prevent the powders from escaping the capillary
when flowing gas through the system. The loaded capillary was sealed
using Swagelok fittings, as shown in Figure 1, and a controlled flow (5−
30 mL/min) of a reducing gas mixture 4% H2/Ar was run through the
system. Subsequently, the sample was subjected to elevated temper-
atures (300−500 °C). A hot-air stream (20 L/min) generated by a
commercial heating gun (Hi-Heater 440 W, ϕ = 13 mm, Miyakawa
Corporation) was directed toward the capillary. A 20 mm wide quartz
nozzle was attached at the top end of the blower to ensure a homo-
geneous heating of the entire sample. Very fast heating rates were
achieved by this method, with the set temperatures reached within the
first 15 s of heating in all cases.
In Situ Powder Diffraction Measurements. The aforementioned

reduction cell was mounted at the high-resolution powder diffraction
beamline P02.1 at the PETRA III synchrotron (DESY, Hamburg).29

Reduction experiments were carried out while being monitored using
synchrotron radiation with a wavelength of 0.207 00 Å and a beam size
of 0.5 × 0.5 mm2. PXRD data with a time resolution of 5 s were
measured up to 2θ = 18° (i.e., q = 9.5 Å−1 at the given wavelength) until
the reduction was complete.
The time-resolved diffraction data were recorded using a fast, amor-

phous silicon area-detector PerkinElmer XRD1621 (2048 × 2048 pixels,
pixel size 200 × 200 μm2) located ca. 915 mm behind the sample. The
collected 2D-images were azimuthally integrated to 1D-patterns using
the software Dioptas.30 The sample-to-detector distance, beam-center
position, and detector tilt were extracted using the PXRD data collected
for a standard powder (NIST LaB6 SRM 660b)31 packed in a 0.7 mm
quartz capillary. The data on the standard powder were measured in the
same experimental configuration as the samples. Details about the data
integration and representative examples of the 2D-data collected in situ
may be found in the Supporting Information. For an extended descrip-
tion of the in situ PXRD data treatment procedure employed, the reader
is referred to the article by Andersen et al.32

Reduction at a Larger Scale and ex Situ Characterization.
Preparation of the Nanocomposites: Partial Reduction. About 2 g of
CoFe2O4 nanoparticles were spread on an Al2O3 crucible with approxi-
mate dimensions 6 × 4 cm2, which was placed at the hottest spot of a
tubular furnace (C.H.E.S.A. Ovens). After the furnace was sealed at
both ends, it was purged and evacuated to a pressure of approximately
10−2 mbar using a vacuum pump connected at the furnace outlet. A gas
mixture 10% H2/N2 was regulated to flow through the furnace and

produce a gas pressure of 20 mbar inside the furnace. Once the pressure
was stable, the thermal treatment was initiated. An initial heating ramp
of 100 °C/min was used to drive the temperature up to the set point
(350−450 °C), the temperature at which the systemwasmaintained for
2 h. Afterward, the sample was left to cool inside the furnace, main-
taining the flow of reducing gas. Once the temperature was below 75 °C,
air was let inside the system and the sample was removed from the
furnace.

Ex Situ X-Ray and Neutron Powder Diffraction Measurements.
PXRD data were collected using a Rigaku SmartLab diffractometer in
Bragg−Brentano θ/θ geometry (incident-slit opening = of 1/2°) with a
diffracted beam monochromator (DBM) in front of a D/teX Ultra
detector. For each sample, two independent data sets were measured
using X-rays generated by different anodes, i.e., Cu Κα (λCuΚα1 =
1.540 593 Å, λCuΚα2 = 1.544 427 Å) and Co Κα (λCoΚα1 = 1.789 00 Å,
λCoΚα2 = 1.792 84 Å). Data were collected in the q-range 1.0−6.6 Å−1

at both wavelengths, and the instrument was operated at 40 kV and
180 mA and at 35 kV and 170 mA, respectively.

NPD data were collected for all the samples at the Cold Neutron
Powder Diffractometer, DMC,33 at the Swiss Spallation Neutron
Source, SINQ (Paul Scherrer Institut, PSI, Villigen, Switzerland) using
a wavelength of 2.458 97(11) Å and in the q-range 0.5−3.7 Å−1. NPD
data over a wider q-range (0.3−8.3 Å−1) were additionally collected for
the partially reduced composites, at the High Resolution Powder dif-
fractometer for Thermal neutrons, HRPT,34 at SINQ, using a wave-
length of 1.493 65(7) Å.

Vibrating Sample Magnetometry. A small fraction of each sample
(mass = 10−15 mg) was gently compacted into a cylindrical pellet
(diameter = 3.00 mm, thickness = 0.60−0.70 mm) using a hand-held
press. The pellet mass was determined with a precision of 0.001mg after
being dried in a vacuum furnace (1 h, 60 °C). Field-dependent magne-
tization curves were measured at 300 K as a function of an externally
applied field, Happ, using a vibrating sample magnetometer (VSM
option for the Physical Property Measurement System PPMS, Quantum
Design).Happ was applied along the direction normal to the pellet surface
and in the range ±2 T (≈ ±1590 kA/m).

■ RESULTS AND DISCUSSION

Sequential Rietveld Refinements of in Situ Synchro-
tron PXRD. Seven in situ reduction experiments were carried
out using synchrotron PXRD to evaluate the influence of the gas
flow (5, 10, 20, and 30 mL/min at 400 °C) and the temperature

Figure 2. (a) Contour plot of the time-resolved PXRD data set from the reduction experiment performed at 400 °C and 10 mL/min of 4% H2/Ar.
A constant gas flowwasmaintained during the entire data collection, while heating was started at time = 0. For clarity, only the q-region 1.85−4.5 Å−1 is
shown here, although data were collected up to 9.5 Å−1. (b) Selected q-region of the same data set plotted using a 3D-view. The brown, orange, and
turquoise arrows indicate the spinel, monoxide, and alloy reflections, respectively.
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(300, 350, 400, and 500 °C at 10 mL/min). CoFe2O4 from the
same synthesis batch was used as starting material for all
experiments.
A representative example of the diffraction data collected

during these in situ experiments is shown in Figure 2a. At the
beginning of the experiment, reducing gas is running through
the sample at room temperature. The corresponding diffraction
data (negative times) exhibit the characteristic pattern of a
pure spinel structure, such as CoFe2O4. As soon as heating
starts (time = 0), an abrupt shift of the pattern toward lower
q-values is observed. This shift reflects the unit cell expansion
upon heating. After 30 min of reducing treatment at these
conditions (i.e., 10 mL/min, 400 °C), the initial oxide is fully
reduced into a metallic alloy with a body-centered cubic (bcc)
crystal structure.
The time-resolved diffraction data collected during reduction

reveal that the transformation from the spinel to the alloy does
not take place directly, but through an intermediate phase, which
is indexed as a metal(II) oxide or monoxide. The formation of
monoxide as an intermediate was observed for all the reduction
experiments conducted, albeit at different speeds depending on
the specific conditions of gas flow and temperature. The data
inside the rectangular area in Figure 2a are represented in Figure 2b
using a 3D-perspective, which shows more clearly the gradual
appearance and disappearance of the monoxide phases.
Rietveld analysis of the diffraction data collected in situ was

carried out using the software FullProf,35 assuming a 1:2 Co:Fe
stoichiometry for all phases. Thus, the spinel was modeled as
CoFe2O4 (Fd-3m), themonoxide as Co0.33Fe0.67O (Fm-3m), and
the alloy as Co0.67Fe1.33 (Pm-3m). The site occupancies of the
atoms were not refined given that Co and Fe are practically indis-
tinguishable by X-ray diffraction (see Supporting Information).

Figure 3 shows the Rietveld models refined for four different
frames selected from the diffraction data displayed in Figure 2.
Single-phase spinel is found before the reduction starts (time = 0).
After 7 min of heating, the spinel coexists with a monoxide phase,
while a hint of the alloy is already observable at q≈ 3.1 Å−1. The
three phases are present simultaneously at intermediate times
(15 min). At the end of the experiment (30 min), the two oxides
have practically disappeared (spinel ≤2.0(3) wt %, monox-
ide ≤1.0(3) wt %), while the metallic alloy accounts for the
97.1(5) wt % of the sample.
Rietveld refinements were run sequentially on the time-

resolved diffraction data sets, yielding refined values for the
weight fractions, unit cell parameters, and crystallite sizes of the
different phases as a function of time. Further information on
these refinements is given in the Supporting Information.

Influence of the Reducing Gas Flow. Plotted in Figure 4 are
the refined parameters corresponding to four different reduction
experiments carried out at 400 °C and variable gas flows, i.e., 5,
10, 20, and 30 mL/min. The obtained results show that the
gas flow has a clear influence on the phase composition (see
Figure 4a−c). Thus, the alloy first appeared after about 15 min
using a flow of 5 mL/min, while it took less than 5 min to form
with a flow of 30 mL/min. The time required for full conversion
from spinel to alloy ranged from 10 to 40 min depending on
whether the highest or the lowest flow was used, respectively.
Regardless of the flow, the monoxide formed almost instan-
taneously, although its lifetime varied between 10 and 30 min
from the lowest to the highest flow. In all cases, the monoxide
formed and vanished during the experiment, which confirms its
role as an intermediate in the reduction process. The same
chemical process was observed in all cases, but taking place at a
faster speed for higher gas flow rates. It is therefore concluded

Figure 3. PXRD data collected at (a) time = 0, (b) 7 min, (c) 15 min, and (d) 30 min during the reduction experiment carried out at 400 °C and
10 mL/min, along with the corresponding model for each of the phases present. The open gray circles show the experimental data. The superimposed
lines represent the refined Rietveld models for the spinel (brown), the monoxide (orange), and the alloy (turquoise), modeled as CoFe2O4,
Co0.33Fe0.67O, and Co0.67Fe1.33, respectively. The blue line at the bottom of each graph is the difference between the experimental data and total
Rietveld model.
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that the H2 availability in the system is a limiting factor for the
reduction kinetics at the given temperature.
Figure 4d shows the unit cell parameter of the spinel phase.

The fast unit cell expansion observed initially is followed by a
contraction that gradually continues down to a final value of
≈8.43 nm, regardless of the gas flow. Figure 4e shows the unit
cell of themetallic alloy as a function of time. In all cases, the unit
cell increases with increasing times until it reaches a final value
of ≈2.873 nm for all four experiments. This time-dependent
increase on the alloy cell parameter could simply be an effect of
the phase growth dynamics, but it could also be reflecting
variations over time in the elemental composition of the alloy,
i.e., the Co:Fe atomic ratio. The experiments described in the
succeeding sections shed more light on this observation.
The crystallite sizes of both oxides (not shown) increase

steadily until the phases start to disappear. On the other hand,
the crystallite growth of the alloy shows a pronounced dis-
continuity that seems to coincide in time with the completion of
the reduction (see Figure 4f). The two-step character of the
growth curve suggests different growth-limiting mechanisms in
each of the steps. During the first step, oxide crystallites turn
purely metallic; i.e., the alloy growth must be due to the reduc-
tion process advancing. Only the alloy is present during the
second step, and the alloy growth in this case is attributed to an
Oswald ripening of the crystallites, induced by the elevated
temperature.
Influence of the Temperature. To evaluate the influence of

the temperature on the reduction process, three additional
experiments were carried out at 300, 350, and 500 °C, while
keeping the gas flow fixed at 10mL/min. The refined parameters
for the three corresponding diffraction data sets are plotted in
Figure 5, along with those corresponding to the experiment at
400 °C and 10 mL/min (also represented in Figure 4 in green
color).

The refined weight fractions (see Figure 5a−c) reveal that a
higher temperature causes a faster reduction. The process is
considerably slower at the lowest temperature, 300 °C, which is
plotted in gray and using a 5 times longer time scale (top x-axis).
As observed on the gas flow series of experiments, the monoxide
is found as an intermediate at all studied temperatures. This
monoxide phase is seen to disappear at shorter times than the
spinel. This is especially visible at the lowest temperatures, but
the same seems to occur at 400 and 500 °C. Therefore, it is
possible to obtain CoFe2O4/Co−Fe composites free of monoxide
but only in a limited range of reaction times, this time interval
being shorter the higher the temperature, as the whole process is
speeded up. Thus, in terms of designing an optimized synthesis
route, it should be noted that lower reduction temperatures are
more likely to yield monoxide-free composites.
Figure 5d−f shows the volume-averaged crystallite sizes for

the temperature series. A faster crystallite growth is expected at
elevated temperatures, and this is indeed observed for all three
phases. When monitoring dynamic processes in which different
phases coexist and evolve, a decrease in size is often observed
coinciding with phase extinctions, as the crystallites of the spe-
cific phase are consumed.36 This is especially visible here for the
monoxide (see Figure 5e). The two-step growth of the alloy
crystallites seen in the gas flow study also takes place in the
temperature series.
The refined unit cell parameters are plotted as a function of

time in Figure 5g−i. For the three phases, the trends observed
here are similar to those seen in the gas flow series. However, the
absolute values are temperature-dependent: the higher the
temperature, the larger the unit cell, which is attributed to ther-
mal expansion. The alloy unit cell ceases its expansion as soon as
it becomes the sole phase present in the system. The initial
increase can be explained by changes in the elemental com-
position of the phase. The lattice parameter of bcc-based Co−Fe

Figure 4. Results obtained from sequential Rietveld refinements of the in situ PXRD data collected during the reduction experiments conducted at
400 °C and variable gas flows: 5 mL/min (black), 10 mL/min (green), 20 mL/min (red), and 30mL/min (blue). (a−c)Weight fractions for the three
refined phases. (d) Unit cell parameter for the spinel. (e) Unit cell parameter and (f) volume-averaged crystallite size of the metallic alloy.
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alloys increases with increasing Fe content.37 Therefore, the unit
cell expansions would be explained by an increasing Fe content
as the reduction progresses. Once the sample is fully reduced,
the alloy composition remains stable at the Co:Fe ratio of the
original material (ideally 1:2). Similar compositional changes
would explain the unit cell trends refined for the monoxide.
Although the range of cell parameter values found in the
literature for the FeO and CoO is relatively broad depending on
size and stoichiometry (a(FeO) = 4.280−4.326 Å38−40 and
a(CoO) = 4.240−4.273 Å,41−43 at room temperature), the
values for FeO are always larger than for CoO. Consequently,
the increasing unit cell suggests that a Co-rich monoxide is
obtained initially, followed by increasing Fe incorporation.
The formation of Co-rich reduced phases (i.e., monoxide and

alloy) necessarily implies a Co deficiency on the remaining
unreduced spinel. In other words, the starting cobalt spinel,
CoFe2O4, is partially turned into an iron spinel oxide, e.g.,
γ-Fe2O3 (maghemite) or Fe3O4 (magnetite). After the initial
heating-motivated cell expansion, a moderate decrease in cell
parameter is registered for the spinel. This would in principle tip
the scales in favor of γ-Fe2O3, considering that a(γ-Fe2O3) =
8.34 Å < a(CoFe2O4) = 8.39 Å < a(Fe3O4) = 8.40 Å (values for
bulk phases at room temperature).5 However, the differences are
too small to draw any conclusions based on the cell parameter
alone, as the cell dimensions in nanoparticles may change due to
finite size and strain effects. As may be seen from Figure 5h,i, the
cell parameters of the reduced phases spread over a wider range

the higher the temperature is. This suggests that at low tem-
peratures the reduced phases arise closer to stoichiometry, and
the Co deficiency on the spinel is presumably less pronounced.
Hence, the stoichiometry of the constituent phases can be

controlled by tuning the experimental parameters. Based on our
in situ investigations, a specific composition is achieved faster by
increasing the temperature. However, the higher the temper-
ature, the more the stoichiometry of the reduced phases will
deviate from that of the starting material. That particular com-
position can also be obtained at lower temperatures, at the cost
of increasing the treatment duration, and in this case the change
in stoichiometry is minimized.

Joint Rietveld Refinements of ex Situ PXRD and NPD.
Three nanocomposites, of different compositions and crystallite
sizes, were prepared by partial reduction of CoFe2O4 nano-
particles in three independent reduction treatments at 350, 400,
and 450 °C, respectively. PXRD and NPD data were collected
on these composites and on the starting CoFe2O4material, and a
Rietveldmodel was built for each sample. Themodel was refined
simultaneously against all the independent powder diffraction
patterns collected for each sample, i.e., four patterns in the case
of the composites and three for the starting material.
Figure 6 shows NPD patterns collected using two different

instruments for the nanocomposite prepared at 350 °C, along
with the corresponding Rietveld models. The total model is
represented in black, while the red line corresponds to themagnetic
contribution alone. In order to build robust and physically plausible

Figure 5.Data plotted in color (in situ): (a−c)Weight fractions, (d−f) volume-averaged crystallite sizes, and (g−i) unit cell parameters obtained from
sequential Rietveld refinements of the in situ PXRD data collected during reduction using a gas flow of 10 mL/min and variable temperatures: 300 °C
(gray), 350 °C (orange), 400 °C (green), and 500 °C (pink). The 300 °C experiment is plotted on a 5 times longer time scale (top x-axis). The 400 °C
experiment (green) is the same as the one shown in the same color in Figure 4. Black open triangles (ex situ): (a−c) Weight fractions and (d−f)
crystallite sizes corresponding to nanocomposites prepared ex situ at 350, 400, and 450 °C (plotted at time = 31.5, 14, and 6 min, respectively).
Uncertainties smaller than symbol size. The missing values are outside of the range plotted in the graph. The reader is referred to the next section for
further details on the ex situ experiments.
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Rietveld models for the samples, a number of constraints were
introduced in the joint refinements of the models. A detailed
description of the Rietveld analysis of these data may be found in
the Supporting Information. Table 1 summarizes the parameters
of interest obtained from the joint Rietveld refinements.
Sample Composition: Weight Fractions. The starting

material used to prepare the nanocomposites was phase-pure
spinel. The produced nanocomposites had different reduction
degreesthe reduction degree being defined as the fraction of
metallic alloy present in the sample (i.e., alloy wt %). The alloy
only represented 12.39(4) wt % and 14.80(3) wt % in the
nanocomposites prepared at 350 and 400 °C, respectively, while
the reduction treatment at 450 °C led to a much higher reduc-
tion degree (alloy wt % = 40.03(9)). Considering that these
ex situ treatments had a duration of 2 h, the achieved reduction
degrees were significantly lower than expected based on the
shorter in situ experiments.
The sample obtained from the ex situ treatment at 350 °C had

a comparable composition to the in situ sample reacted at the
same temperature after only ≈31.5 min of experiment. This
timestamp was graphically estimated by plotting the weight
fractions refined for the ex situ sample on top of the values
refined for the in situ experiment at the same temperature (see
the open triangles tagged as “350 °C” in Figure 5a−c). With
respect to the 400 °C ex situ sample, a comparable reduction
degree was obtained in situ at this temperature after only
≈14 min. Although there is no equivalent in situ experiment to
the ex situ one performed at 450 °C, the corresponding data were
plotted at time = 6 min. The timestamps estimated to plot the
ex situ results together with the in situ parameters are only meant

for qualitative comparison of the two experimental setups. The
offset in time between ex situ and in situ experiments comes from
the differences between the experimental setups. (i) The avail-
ability of reducing gas might be a limiting factor ex situ, given
that the amount of starting material is approximately 200 times
larger. (ii) The likelihood of the reducing gas reaching the
powders is substantially higher in situ, since the gas flows directly
through the capillary. (iii) The heating of the sample in the
furnace (ex situ) is significantly slower than the direct heating
provided by the heat gun (in situ). (iv) Additionally, there might
be a temperature offset derived from the way the temperature is
measured in each case: directly on the capillary (in situ) and on
the outer surface of the quartz tube from the furnace (ex situ).
As shown in the in situ experiments, low gas availability and low
temperatures cause a slowdown of the reduction process. There-
fore, due to the aforementioned differences between the two
setups, a substantial decrease in reduction speed is expected
ex situ compared to in situ experiments.
Previous studies have shown that it is possible to avoid the

presence of monoxide in the final product.19 In the cited study,
monoxide-free composites were obtained using the same furnace,
after only 30 min at 400 °C and the same gas pressure used here
(20 mbar), but using 10 times less sample (0.2 g). However, for
the 2 g of sample prepared here (required to perform NPD
measurements), 2 h at 450 °C was still not enough to avoid the
presence of the monoxide.

Crystallite Size of the Constituent Phases. The refined
volume-weighted average crystallite size obtained for the starting
material was 13.34(3) nm. The crystallite sizes refined for each
of the three nanocomposites differ substantially depending on

Figure 6. NPD data collected at (a) DMC and (b) HRPT for the nanocomposite prepared at 350 °C in the tubular furnace along with the
corresponding Rietveld models. The open gray circles show the experimental data, the black line represents the total model, and the red line
corresponds to themagnetic contribution alone. The Bragg positions of the different phases present are represented by the vertical ticks underneath the
patterns, in brown color for the spinel, orange for the monoxide, and turquoise for the alloy.

Table 1. Results from the Joint Rietveld Refinements of the ex Situ and Neutron Powder Diffraction Data

spinel monoxide alloy

sample
weight

fraction (%)
crystallite
size (nm)

refined elemental
composition

weight
fraction
(%)

crystallite
size (nm)

refined elemental
composition

weight
fraction
(%)

crystallite
size (nm)

refined elemental
composition

starting
material

100.0(1) 13.34(3) Co0.90(2)Fe2.10(2)O4

350 °C 65.3(2) 25.3(1) Co0.56(3)Fe2.44(3)O4 22.36(7) 13.1(1) Co0.53(1)Fe0.47(1)O 12.39(4) 46.1(5) Co0.88(2)Fe1.12(2)
400 °C 60.0(1) 40.6(2) Co0.44(3)Fe2.56(3)O4 25.23(5) 20.3(2) Co0.49(1)Fe0.51(1)O 14.80(3) 70.9(8) Co1.04(2)Fe0.96(2)
450 °C 50.5(1) 81.4(1) Co0.23(7)Fe2.77(7)O4 9.50(3) 14.7(4) Co0.12(3)Fe0.88(3)O 40.03(9) 50.0(4) Co1.10(2)Fe0.90(2)
aThe uncertainties shown in parentheses in the table are calculated based on the propagation of the uncertainties of the refined parameters, and
they represent the minimum uncertainty the calculated values may have.

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.8b00808
ACS Appl. Nano Mater. 2018, 1, 3693−3704

3699

http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b00808/suppl_file/an8b00808_si_001.pdf
http://dx.doi.org/10.1021/acsanm.8b00808


the preparation temperature. The refined values are plotted in
Figure 5g−i using the same timestamps derived from the weight
fractions in Figure 5a−c. For all temperatures and phases, the
sizes refined for the ex situ samples are considerably larger than
the corresponding in situ ones as a consequence of the prolonged
heating times required when using the ex situ setup.
The spinel phase grows in crystallite size as the preparation

temperature increases. The same would be expected for the
alloy, but the sample prepared at the highest temperature falls
outside of this trend. However, the smaller size refined for 450 °C
could be an artifact originating from the description of the phase
in the Rietveld model. Previous studies on this system have
shown that the alloy tends to segregate in two or more distinct
phases, this effect becomingmore pronounced at higher temper-
atures.17,19 The different alloy phases have the same parent struc-
tures but slightly different unit cell dimensions, which produces
diffraction patterns with severe peak overlap. Despite the pre-
viously mentioned observations, the alloy was described as a
single phase here. This approximation holds well for the low
temperatures, but it leads to a deficient description of the peaks
width for the 450 °C sample. For the latter, the model tends
toward artificially broadened profiles aiming to describe the
overlapping peaks in the data. Although approximating the alloy
to a single phase causes an underestimation of the size for the
highest temperature composite, it is a necessary compromise for
a meaningful Rietveld analysis of these data.
Elemental Composition of the Constituent Phases. The

results from joint Rietveld analysis unambiguously show that the
elemental composition of the different phases changes as a
function of the reduction degree. The distribution of themetallic
cations/atoms among the different phases is represented in
Figure 7 for all samples. The elemental composition of the starting
material, i.e., Co0.90(2)Fe2.10(2)O4, differed slightly from the Co:Fe
ratio of 1:2 expected from a stoichiometric Co spinel. Conse-
quently, the refined atomic fraction of Co with respect to the
total metal content in the starting material was 30.1(8) at. %
instead of the expected 33.3 at. %. The Co content of the spinel
phase in the three nanocomposites (350 °C, 400 °C, and 450 °C)
is smaller than that of the starting material, and it is further
diminished as the reduction advances (i.e., with increasing
temperature). It is therefore concluded that the Co is prefer-
entially removed from the spinel structure during the reduction,
leading to reduced species rich in Co. This result is in agreement
with the in situ observations.
For the nanocomposite prepared at 350 °C, the monoxide

shows a Co surplus with respect to the stoichiometry of the
starting material. This indicates that Co is more prone to form
the monoxide than Fe. For the alloy, the Co content is very
similar to that in themonoxide (approximately 50%). Therefore,
from observation of this sample alone, it is not clear whether
there is any preference between the two elements when it comes
to the alloy formation. For the 400 °C sample, the distribution of
the metallic species among the phases is very similar to 350 °C.
However, a significant difference is observed after treatment at
450 °C: the monoxide becomes Co-deficient compared to the
initial stoichiometry, while the alloy remains significantly Co-rich
(see horizontal white line in Figure 7). This suggests that Co2+ is
more easily reduced than Fe2+, which is congruent with the reduc-
tion potentials tabulated for these cations (E°(Co2+) =−0.28 eV >
E°(Fe2+) = −0.447 eV)44although these are only meant for
reference, as they are exclusively valid for the cations in solution.
The propensity of the monoxide to be rich in Co is also

reasonable from the electrochemical point of view, as the Co2+ in

the spinel does not need to change oxidation state to form CoO,
while the Fe3+ needs to be reduced to Fe2+ first. In the case of the
spinel, two options are contemplated. If CoFe2O4 turns into
γ-Fe2O3, two-thirds of the Co

2+ would be replaced by Fe3+, while
the remaining one-third would stay vacant to preserve charge
neutrality.45 Therefore, this transformation would not involve
reduction of any species (see eq 1). On the other hand, for
CoFe2O4 to become Fe3O4, some of the Fe3+ has to be reduced
to Fe2+ for replacing Co2+ in the structure (see eq 2). The super-
scripted roman numbers in eqs 1 and 2 indicate the oxidation
states of the metallic atoms in the different compounds.

γ→Δ + ‐Co Fe O Co O Fe OII
2
III

4
II

2
III

3 (1)

+ →Δ + +Co Fe O
1
3

H
2
3

Fe Fe O Co O
1
3

H OII
2
III

4 2
II

2
III

4
II

2

(2)

Unfortunately, none of the experiments performed in this work
have been able to verify whether the formation of Fe3O4 during
reduction is more likely than γ-Fe2O3 or vice versa. A thermal
treatment of the same starting material in a nonreducing atmo-
sphere (2 h, 350 °C, pure N2) did not produce any monoxide;
i.e., the process predicted by eq 1 did not take place sponta-
neously. However, this does not disprove the formation of
γ-Fe2O3 in reducing conditions.

Magnetic Properties at Room Temperature. The
magnetic hysteresis was measured for the starting material and

Figure 7. Distribution of the Co (pink) and Fe (dark blue) cations/
atoms among the crystallographic sites available for metallic elements in
the (a) spinel, (b) monoxide, and (c) alloy structures. The horizontal
white line indicates the random distribution of Co and Fe for the
stoichiometry refined for the starting material, i.e., 0.90(2):2.10(2).
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for the three nanocomposites prepared ex situ. The measured
data were corrected for self-demagnetization. The corresponding
demagnetizing factors along the axial direction of the cylindrical
pellets were calculated using the formula derived by Chen et al.
(eq 13 in ref 46), and the corrected curves are plotted in Figure 8a.

The magnetic properties obtained from the hysteresis loops are
displayed in Table 2 and represented in Figure 8b−d as a func-
tion of the alloy wt % and the Co content of the spinel.
The saturation magnetization,Ms, values were calculated using

the law of approach to saturation.47 Ms increases with reduction
degree following a relatively linear fashion, from 73.5(2) to
132.5(2) A m2/kg, for the starting material and the more reduced
nanocomposite, respectively. This trend can be explained in
terms of sample composition, as the increase in Ms is directly
proportional to the amount of soft phase, i.e., metallic alloy (see
Figure 8b). The magnetization values extracted from Rietveld
analysis of the NPD data, MNPD, are also plotted in Figure 8b.
These values were calculated as the weighted average of the
atomic moments refined for the magnetic phases (spinel and
alloy). See the Supporting Information for a detailed description
of these calculations. The calculatedMNPD are appreciably close
in number to the measured Ms values.
The remanence,Mr, was obtained from a linear fit of the curve

near H = 0. According to Kronmüller et al. and based on the
Brown−Aharoni model,48−50 a decrease inMr is expected upon
introduction of a soft material in the system, unless the soft phase
is effectively exchange-coupled to the hard phase. Figure 8b reveals

moderate enhancement of Mr for all the nanocomposites with
respect to the starting material, which indicates that the two
magnetic phases must be at least partially coupled. However, an
increase in Mr on isotropic powders can also respond to other
effects, e.g., magnetic alignment, which are not evaluated in this
work. TheMr of these samples are within the range expected for the
Ms values, according to previous studies on this system.

16,20,22,51,52

In nanocomposites with random grain orientations, a Mr/Ms
above 0.5 is usually considered indicative of an effective
exchange-coupling.6 All the Mr/Ms values displayed in Table 2
are below 0.5. This deviation from the theory is not entirely
unexpected, as the samples prepared in this work are well apart
from the ideal case (our particles are not single-domain; they
present cubic anisotropy and they interact with each other).
However, increased Mr/Ms values are observed for the low-
temperature nanocomposites with respect to the starting powders,
suggesting some degree of exchange-coupling in those two
samples.
The coercivity, Hc, was obtained from a linear fit of the curve

nearM = 0. Hydrothermally synthesized CoFe2O4 nanoparticles
with sizes >8 nm are expected to present blocking temperatures,
TB, above room temperature.27 Therefore, in the following
discussion, the influence of TB on Hc is neglected. In Figure 8c,
Hc is plotted as a function of the alloy wt %. AHc of 100(2) kA/m
is observed for the nanocomposite with the lowest reduction
degree (i.e., 350 °C), which implies a significant increase with
respect to the starting material. The elevated temperature
induces a moderate increase in crystallite size, and most likely an
improvement of the crystallinity (not measured here), which
boosts the Hc. Moreover, the monoxide (paramagnetic at room
temperature, i.e., nonmagnetic) has previously been suggested
to play a role in the Hc of CoFe2O4/Co−Fe composites, acting
as pinning sites for the domain wall.19 TheHc decreases down to
75(2) kA/m for the composite that follows in alloy wt % (i.e.,
400 °C). This value is still above that of the nonreduced
material, but the loss of 25 kA/m in Hc seems excessive for the
very small difference in alloy wt % between these two composites
(alloy = 12.39(4) wt% for 350 °C and 14.80(3) wt% for 400 °C).
Although the Hc drop could be due, to some extent, to the
crystallite size of the soft phase becoming too large to fulfill the
rigid exchange-coupling condition,53 a very clear correlation is
observed between the Hc and the Co content in the spinel.

Figure 8. (a) Room temperature magnetic hysteresis loops measured for the starting material (black) and nanocomposites prepared ex situ at 350 °C
(red), 400 °C (green), and 450 °C (blue). (b) Saturation magnetization, Ms (black circles), remanent magnetization, Mr (black squares), and
calculated magnetization, MNPD (red bars), as a function of the reduction degree. (c) Measured coercivity, Hc (black triangles), as a function of the
reduction degree and (d) as a function of the amount of Co in the spinel phase in atoms per formula unit (f.u.).

Table 2. Calculated Magnetization Value Based on the
Results of Rietveld Analysis, MNPD, Saturation
Magnetization, Ms, Remanent Magnetization, Mr,
Remanence-to-Saturation Ratio, Mr/Ms, and Coercivity, Hc,
Extracted from the Measured Hysteresis

sample
MNPD

(A m2/kg)
Ms

(A m2/kg)
Mr

(A m2/kg) Mr/Ms

Hc
(kA/m)

starting
material

85(4) 73.5(2) 29.1(2) 0.40 63.7(4)

350 °C 79(4) 77.9(2) 37.0(2) 0.48 100(2)
400 °C 81(4) 82.5(2) 36.5(2) 0.44 75.1(7)
450 °C 121(8) 132.5(2) 35.9(6) 0.27 19.6(4)
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As shown in Figure 8d, Hc decreases linearly as the spinel Co
content decreases. The Hc values reported for CoFe2O4 nano-
particles are always larger than those for γ-Fe2O3 or Fe3O4
nanoparticles of comparable size and morphology.12,54 Con-
sequently, the loss of Co in the spinel structure inevitably causes
a softening of this phase and, in turn, of the magnetic composite
as a whole. Thus, the Hc is dramatically diminished for the
450 °C composite as a result of the high amount of soft phase
(alloy = 40.03(9) wt %) and the pronounced Co deficiency in
the hard phase, Co0.23(7)Fe2.77(7)O4. In fact, the Hc measured for
this sample (19.6(4) kA/m) is in the order of what is reported
for pure Fe3O4 nanoparticles.

54 Comparing the Hc of the com-
posites discussed here with previous literature is not straight-
forward. The range of values for composites with a comparable
Ms is rather wide, since the effect of size and elemental com-
position on Hc is pronounced, yet poorly analyzed in the
literature.

■ CONCLUSIONS
CoFe2O4 (hard)/Co−Fe alloy (soft) magnetic nanocomposites
were prepared via thermal treatment of CoFe2O4 nanoparticles
in the presence of H2. The reduction from single-phase spinel to
pure metallic alloy was followed in situ with a time resolution of
5 s using synchrotron PXRD. The in situ data revealed the
appearance of a monoxide (CoxFe1−xO) as an intermediate
phase during the reduction.
High-resolution PXRD and NPD patterns and joint Rietveld

analysis of the diffraction data yielded quantitative structural and
microstructural information, e.g., sample composition, crystal-
lite size, and elemental composition of the individual phases.
It was found that the reduced phases (i.e., monoxide and alloy)
are rich in Co when they first emerge, at the expense of leaving a
Co-deficient spinel behind. As the reduction progresses, Fe is
gradually incorporated in the Co-rich phases, and toward the
end of the reduction, the elemental composition of the alloy
approaches the stoichiometry of the starting spinel material.
The interpretation of the refined elemental compositions in

terms of the measured magnetic properties show that the Co
deficiency in the spinel structure softens the magnetic material.
However, our in situ investigations show that this magnetic
softening may be avoided at the preparation step: lower temper-
aturesminimize the Co deficiency in the spinel, thus diminishing
the magnetic softening of the hard magnetic phase. This study
provides fundamental knowledge on the reduction mechanism
in CoFe2O4 systems, and helps to map parameters space, in
order for tailored design of CoFe2O4/Co−Fe nanocomposite
formation. The findings derived from the exhaustive character-
ization conducted here are also of great help in better under-
standing some of the observations previously reported on the
topic.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsanm.8b00808.

Preparation of the precursor gel for hydrothermal
synthesis of CoFe2O4 nanoparticles; details on Rietveld
analysis of in situ and ex situ powder diffraction data;
atomic scattering factors and dispersion corrections;
demagnetization correction and calculation of the total
sample magnetization from the refined atomic moments
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: mch@chem.au.dk (M.C.).
ORCID
Cecilia Granados-Miralles: 0000-0002-3679-387X
Mogens Christensen: 0000-0001-6805-1232
Present Address
C.G.M.: Electroceramic Department, Instituto de Ceraḿica
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(25) Soares, J. M.; Conceica̧õ, O. L. A.; Machado, F. L. A.; Prakash, A.;
Radha, S.; Nigam, A. K. Magnetic Couplings in CoFe2O4/FeCo−FeO
Core−Shell Nanoparticles. J. Magn. Magn. Mater. 2015, 374, 192.
(26) Sears, V. F. Scattering Lengths for Neutrons. In International
Tables for Crystallography Vol C: Mathematical, Physical and Chemical
Tables; Prince, E., Ed.; Kluwer Academic Publishers: Dordrecht, The
Netherlands, 2004; pp 444−454.
(27) Stingaciu, M.; Andersen, H. L.; Granados-Miralles, C.;
Mamakhel, A.; Christensen, M. Magnetism in CoFe2O4 Nanoparticles
Produced at Sub- and near-Supercritical Conditions of Water.
CrystEngComm 2017, 19, 3986−3996.
(28) Andersen, H. L.; Christensen, M. In Situ Powder X-Ray
Diffraction Study of Magnetic CoFe2O4 Nanocrystallite Synthesis.
Nanoscale 2015, 7, 3481−3490.
(29) Dippel, A. C.; Liermann, H. P.; Delitz, J. T.; Walter, P.; Schulte-
Schrepping, H.; Seeck, O. H.; Franz, H. Beamline P02.1 at PETRA III
for High-Resolution and High-Energy Powder Diffraction. J.
Synchrotron Radiat. 2015, 22, 675−687.
(30) Prescher, C.; Prakapenka, V. B. DIOPTAS : A Program for
Reduction of Two-Dimensional X-Ray Diffraction Data and Data
Exploration. High Pressure Res. 2015, 35, 223.

(31)NIST. Standard ReferenceMaterial 660b: Line Position and Line
Shape Standard for Powder Diffraction; https://www-s.nist.gov/
(accessed Feb 6, 2017).
(32) Andersen, H. L.; Bøjesen, E. D.; Birgisson, S.; Christensen, M.;
Iversen, B. B. Pitfalls and Reproducibility of in Situ Synchrotron Powder
X-Ray Diffraction Studies of Solvothermal Nanoparticle Formation. J.
Appl. Crystallogr. 2018, 51, 526−540.
(33) Schefer, J.; Fischer, P.; Heer, H.; Isacson, A.; Koch, M.; Thut, R.
A Versatile Double-AxisMulticounter Neutron Powder Diffractometer.
Nucl. Instrum. Methods Phys. Res., Sect. A 1990, 288, 477−485.
(34) Fischer, P.; Frey, G.; Koch, M.; Könnecke, M.; Pomjakushin, V.;
Schefer, J.; Thut, R.; Schlumpf, N.; Bürge, R.; Greuter, U.; Bondt, S.;
Berruyer, E. High-Resolution Powder Diffractometer HRPT for
Thermal Neutrons at SINQ. Phys. B 2000, 276−278, 146−147.
(35) Rodríguez-Carvajal, J. Recent Advances in Magnetic Structure
Determination by Neutron Powder Diffraction. Phys. B 1993, 192, 55−
69.
(36) Granados-Miralles, C.; Saura-Muźquiz, M.; Bøjesen, E. D.;
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1. Preparation of the precursor gel for hydrothermal synthesis of CoFe2O4 nanoparticles 

Initially, the aqueous solutions displayed in Table S 1 were prepared by dissolving the indicated mass of reagent in 
deionized water and toping up the solutions until reaching the corresponding volumes. All used chemicals were rea-
gent grade from Sigma Aldrich® (purity ≥ 98%). 

Table S 1. Initial solutions used to prepare the precursor gel. 

Reagent Mass / g Volume / mL Concentration / M 

Co(NO3)2∙6H2O 21.8273 25 3 

Fe(NO3)3∙9H2O 50.4990 50 2.5 

NaOH 31.9976 50 16 

 

Stoichiometric amounts of the nitrate solutions were mixed, i.e., Co:Fe ratio = 1:2. More specifically, 33 mL of the 
2.5 M Fe(NO3)3∙9H2O solution were mixed with 13.75 mL of the 3 M Co(NO3)2∙6H2O solution, leading to a total con-
centration of metallic cations of 2.65 M. Then, strong base was added in slight excess to the nitrates mixture in order 
to precipitate the metallic cations. A slight excess was used in order to ensure the total precipitation of the metallic 
species. In particular, 27.5 mL of 16 M NaOH were added to the nitrates mixture, matching a NO3

–:OH– molar ratio 
of 1:1.33. The final metal concentration of the precursor gel after the addition of the base was 1.67 M. 
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2. In situ powder X-ray diffraction data 

Raw data 

Representative examples of the 2D-data collected in situ at different stages of a reduction experiment are presented 
in Figure S 1. Initially (a), only pure spinel is found. The diffraction rings at 2θ = 5.6° and 8.0° (i.e., q = 3.0 and 4.2 Å-1) 
are highlighted in brown. On the diffraction data collected after 7 min of heating (b), new diffraction rings are visible. 
These rings are highlighted in orange and they correspond to the monoxide phase. It is not straightforward distin-
guishing these new rings, as they come are very close to the preexisting rings. However, it is obvious when the data 
are integrated into 1D-scans. After 15 min (c), the bcc Co-Fe metallic alloy has started forming, and it is highlighted 
in turquoise in the figure. At this stage of the process, the alloy coexists with the two oxide phases, while at the end 
of the experiment (d), the metallic phase is the only one present. 

 

Figure S 1. PXRD 2D-images collected in situ at (a) time = 0 min, (b) 7 min, (c) 15 min, and (d) 30 min during the reduction 
experiment carried out at 400 °C and 10 mL/min. For clarity, only the 2θ-region 0–8.5° is shown (i.e. q = 0–4.5 Å-1). Selected 
diffraction rings are highlighted with colored arcs in the 2θ-regions 5.6–5.8° and 7.8–8.3° following the color code: brown for the 
spinel, orange for the monoxide, and turquoise for the metallic alloy. 

Data integration 

Figure S 2(a) shows a raw image collected in situ during a reduction experiment. Prior to azimuthal integration, 
defective regions of the 2D-data were masked. As shown in Figure S 2(b), the shadow from the beamstop, the outer 
edge of the detector, and a vertical line of dead pixels on the detector were covered, among others. The exact same 
mask was used to integrate the complete dataset collected for each time-resolved reduction experiment. Finally, the 
masked 2D-image was integrated using the same integration parameters previously calculated for the LaB6 standard, 
i.e., detector distance, tilt, and beam center. Figure S 2(c) shows the integrated pattern excluding the masked regions. 

 

Figure S 2. (a) Raw data for the starting material before the reduction experiment started, i.e., time = 0 min. (b) Selected areas of 
the 2D-data were masked (red) and excluded from the integration. (c) Corresponding integrated 1D-pattern. 
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Sequential Rietveld refinements 

Description of the phases 

As stated in the article, all phases were assumed to have a 1:2 Co:Fe stoichiometry for the Rietveld models of the in 
situ diffraction data. Therefore, the Co represented a 33.3% of the metal content on each phase, while the remaining 
66.7% corresponded to Fe. Table S 2, Table S 3, and Table S 4 display the phase description of the spinel, the monox-
ide, and the alloy, respectively. The oxygen atom occupies a general position (refinable) in the spinel structure, which 
in this case was fixed at (0.246, 0.246, 0.246). The rest of the atoms occupied special (non-refinable) positions. The 
overall B-factor was fixed at 1.0 for all phases. 

Table S 2. Description of the spinel phase. Space group: Fd-3m (227), total multiplicity: 192. 

Atom 
Wyckoff 
position 

Atomic position 
Site Occupancy 
in percentage 

Calculated 
Site Occupancy 

x y z 

O2- 32e 0.246 0.246 0.246 100% 0.16667 

Co2+ 
(Td) 

8b 3
8⁄  3

8⁄  3
8⁄  33.3% 0.01389 

Fe3+ 
(Td) 

8b 3
8⁄  3

8⁄  3
8⁄  66.7% 0.02778 

Co2+ 
(Oh) 

16c 0 0 0 33.3% 0.02778 

Fe3+ 
(Oh) 

16c 0 0 0 66.7% 0.05556 

 

Table S 3. Description of the monoxide phase. Space group: Fm-3m (225), total multiplicity: 192. 

Atom 
Wyckoff 
position 

Atomic position 
Site Occupancy 
in percentage 

Calculated 
Site Occupancy 

x y z 

O2- 4b 1
2⁄  1

2⁄  1
2⁄  100% 0.02083 

Co2+ 4a 0 0 0 33.3% 0.00694 

Fe2+ 4a 0 0 0 66.7% 0.01389 

 

Table S 4. Description of the alloy phase. Space group: Pm-3m (221), total multiplicity: 48. 

Atom 
Wyckoff 
position 

Atomic position 
Site Occupancy 
in percentage 

Calculated 
Site Occupancy 

x y z 

Fe0 (site 1) 1a 0 0 0 100% 0.02083 

Co0 (site2) 1b 1
2⁄  1

2⁄  1
2⁄  66.7% 0.01389 

Fe0 (site 2) 1b 1
2⁄  1

2⁄  1
2⁄  33.3% 0.00694 
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Refined parameters and agreement factors 

A pattern where all three phases are present and well visible was chosen to build an initial model. In that first model, 
the scale factor, the unit cell parameter, a, and the Lorentzian isotropic size, Y, were refined for each phase. Then, 
the model was sequentially run towards longer reduction times until the amount of CoFe2O4 and Co0.33Fe0.67O had 
decreased so much that the corresponding diffraction peaks were hardly visible. From this point, the position and 
broadening of those peaks were not refined any longer (i.e., a and Y were fixed) while the scale factor for both oxides 
was still allowed to change, in order to describe the complete disappearance of these two phases from the system. 

The initial 3-phases model was likewise run towards shorter times, fixing the pertinent parameters for Co0.33Fe0.67O 
and Co0.67Fe1.33 when they were still present but close to disappearance. The background was described using a Che-
byshev polynomial of 6 refinable coefficients. Agreement factors obtained for the four PXRD patterns shown in Figure 
3 in the article are displayed in Table S 5. The R-factors in grey color are not meaningful, because the phases they 
refer to are absent or hardly visible in the corresponding diffraction pattern (see Figure 3 in the article). 

Table S 5. Agreement factors for the Rietveld refinements of selected frames of the in situ experiment carried out at 400 °C and 
10 mL/min. These frames coincide with those plotted in Figure 3 in the article. 

frame # time / min 
Spinel Monoxide Alloy 

RBragg (%) RF (%) RBragg (%) RF (%) RBragg (%) RF (%) 

23 0 3.58 4.74 2.98 13.40 0.02 66.01 

107 7 3.54 2.63 1.54 1.53 6.54 6.28 

203 15 3.72 2.74 1.89 1.66 2.25 1.47 

383 30 40.51 39.10 34.78 32.97 1.37 2.86 
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3. Joint Rietveld refinements of the ex situ X-ray and neutron powder diffraction data 

A joint Rietveld model was built based on all the powder patterns available for each sample, giving equal weight to 
all patterns, and with the constraints and considerations described below. 

Starting CoFe2O4 material 

Table S 6 compiles the different diffraction patterns measured for this sample while  

Table S 7 summarizes all the contributions included in the corresponding joint Rietveld model. 

Table S 6. Powder diffraction patterns measured for the starting CoFe2O4 material. 

 Instrument Wavelength / Å q-range / Å-1 Measured on 

X-rays Rigaku Cu Κα 1.1 – 6.6 October 2015 

X-rays Rigaku Co Κα 1.0 – 6.6 December 2015 

Neutrons DMC, SINQ 2.45897(11) 0.5 – 3.7 November 2015 

 

Table S 7. Contributions included in the joint Rietveld model built for the starting CoFe2O4 material. 

Phase Formula Contribution 

Spinel CoaFe2-aO4 Nuclear 

Spinel CoaFe2-aO4 Magnetic 

 

Only one phase was present in the starting material, i.e., pure magnetic spinel. Both the nuclear and the magnetic 
contribution from this phase to the diffraction signal were included in the model. Figure S 3 shows the PXRD and 
NPD diffraction data collected for this sample, along with the corresponding Rietveld models. The magnetic contri-
bution is only present for the NPD data, while the nuclear part contributes to both patterns. 

 

Figure S 3. (a) PXRD data collected using Co Κα radiation and (b) NPD data collected at DMC for the starting material, along with 
the corresponding Rietveld models. The open grey circles show the experimental data, the black line represents the total model, 
while the red line corresponds to the magnetic contribution alone. 
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The spinel structure has three available crystallographic sites, one occupied by oxygen anions and two other occupied 
by metallic cations (i.e., Co2+ and Fe3+). Depending on the site they occupy, the metallic cations are either tetrahedrally 
(Td) or octahedrally (Oh) coordinated to four or six oxygen atoms, respectively.1 All the crystallographic sites were 
always considered fully occupied in the model, but the distribution of the metallic cations among the available me-
tallic sites was refined. This led to refined Co:Fe ratios different from the 1:2 value expected for an ideal Co-spinel. 

The atomic coordinates of the cations remained fixed, as they occupy symmetry-restricted special positions, while 
the position of the oxygen atom was refined. An overall B-factor was refined for the spinel phase. 

The magnetic spins of the atoms have opposite directions depending on whether they occupy one or the other crys-
tallographic site.2 The average atomic moment on each site is highly correlated to the elemental occupation of the 
specific site. As this work is more focused on the chemical details of the transformation during reduction than on the 
effect on the magnetic properties, the atomic moment at the Td- and Oh-sites were considered equal in magnitude 
in the Rietveld model. Thus, the refined magnetic moments for the two sites had opposite sign but the same absolute 
value. 

Unit cell parameter, crystallite size, site occupancies, atomic positions, and overall B-factor were constrained to have 
the same value for the spinel phase, regardless of the contribution or the pattern. However, a different background 
and zero-point correction were refined for each pattern. The wavelength of the neutrons beam was also refined. 

Nanocomposites 

Table S 8 reviews the diffraction patterns measured for each one of the three partially-reduced samples. Table S 9 
summarizes the contributions included in the joint Rietveld models built for the nanocomposites. 

Table S 8. Powder diffraction patterns measured for the partially-reduced samples. 

 Instrument Wavelength / Å q-range / Å-1 Measured on 

X-rays Rigaku Cu Κα 1.1 – 6.6 October 2015 

X-rays Rigaku Co Κα 1.0 – 6.6 December 2015 

Neutrons DMC, SINQ 2.45897(11) 0.5 – 3.7 November 2015 

Neutrons HRPT, SINQ 1.49365(7) 0.3 – 8.3 November 2015 

 

Table S 9. Contributions included in the joint Rietveld model built for the partially-reduced samples. 

Phase Formula Contribution 

Spinel CoaFe2-aO4 Nuclear 

Spinel CoaFe2-aO4 Magnetic 

Monoxide CoyFe1-yO Nuclear 

Alloy CoxFe2-x Nuclear 

Alloy CoxFe2-x Magnetic 
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Three different phases were found in all three partially-reduced samples, i.e., the spinel, the monoxide, and the bcc 
alloy. Besides nuclear contributions from all three samples, magnetic contributions from both the spinel and the alloy 
were included in the model. The magnetic contribution of the monoxide was not considered because the data were 
measured at room temperature, i.e., above the ordering temperature of this phase (TNéel (FeO) = 198 K, 
TNéel (CoO) = 291 K).3 

The composition of each sample was constrained to be the same regardless of the pattern. Additionally, the site 
occupancies of the different phases were constrained so that the total Co:Fe ratio of the whole sample was equal to 
the Co:Fe ratio refined for the starting CoFe2O4 material, i.e., Co:Fe = 0.90(2):2.10(2). 

Unit cell parameters, crystallite sizes, site occupancies, and atomic positions were constrained to have the same value 
for each particular phase, regardless of contribution or pattern, while a different background and zero-point correc-
tion were refined for each pattern. The wavelengths of the neutrons beams were also refined. 

The B-factors were also constrained to have the same value for each particular phase, regardless of contribution or 
pattern. However, the value was only refined for the spinel phase, and fixed to 1.0 for the other two phases. Figure S 
4 shows PXRD and NPD data collected for the 350 °C sample. The contribution from the monoxide phase to the each 
of the patterns is represented in orange. The monoxide peaks are relatively broader than others are, and all of them 
are overlapping with other peaks. Consequently, the data does not allow a reliable refinement of a B-factor for the 
monoxide. 

The attenuation of the structure factor due to atomic displacements (Debye-Waller factor) increases with scattering 
angle.4 This attenuation is not easily discriminated from the decay with scattering of the gyromagnetic factor (i.e., 
the atomic magnetic form-factor). Furthermore, the magnetic contribution from the alloy has a rather low intensity 
(see pink line in Figure S 4(b)). Therefore, the B-factor was not refined for this phase either. 

 

Figure S 4. (a) PXRD data collected using Co Κα radiation and (b) NPD data collected at HRPT for the nanocomposite prepared at 
350 °C in the tubular furnace, along with the corresponding Rietveld models. The open grey circles show the experimental data, 
the black line represents the total model, the orange line corresponds to the Rietveld model refined for the monoxide phase, and 
the pink line represents the magnetic contribution from the alloy to the calculated pattern. 
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4. Atomic scattering factors and dispersion corrections 

When the wavelength (energy) of the incident radiation is close to an absorption edge of any of the atoms in the 
crystal lattice, both absorption and scattering may occur simultaneously. When that is the case, the scattering power 
of an electron is extended to the complex form:4,5 

 𝑓(𝜃, 𝜆) = 𝑓0(𝜃) + Δ𝑓′(𝜆) + 𝑖Δ𝑓′′(𝜆) (S 1) 

where 𝑓0 is the atomic scattering factor remote from resonant energy levels, and Δ𝑓′ and Δ𝑓′′ are, respectively, the 
real and the imaginary corrections for resonant scattering, also known as the X-ray dispersion corrections.5 

Δ𝑓′ and Δ𝑓′′ can be calculated using the relativistic dipole approach by Cromer and Liberman.6 The calculated values 
for 26Fe and 27Co are represented in Figure S 5 as a function of the wavelength. The characteristic Κα1 lines for Cu and 
Co are also indicated in the figure. 

 

Figure S 5. (a) Real Δ𝑓′ and (b) imaginary Δ𝑓′′ dispersion corrections for 26Fe and 27Co calculated using the Cromer and Liberman 

approximation6 (data retrieved from reference 7). Dashed lines are situated at: 𝜆(Cu 𝐾𝛼1) = 1.54059290(50) Å and 𝜆(Co 𝐾𝛼1) =

1.7889960(10) Å (data from reference 8). 
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The tabulated Δ𝑓′ and Δ𝑓′′ values for 26Fe and 27Co at the characteristic Cu 𝐾𝛼1 and Co 𝐾𝛼1 wavelengths are summa-
rized in Table S 10. While Δ𝑓′′ is almost identical for both elements and at both wavelengths, significant differences 
are observed for Δ𝑓′. For comparison, 𝑓 is calculated below for both elements in the case of forward scattering (𝜃 = 0), 
using the Δ𝑓′ and Δ𝑓′′ values from Table S 10, and knowing that 𝑓0(𝜃 = 0) = 𝑍, Z being the atomic number of the 
element. The atomic scattering factors at the Cu 𝐾𝛼1 wavelength for 26Fe and 27Co are given below with three signifi-
cant digits: 

 { 𝑓Fe(Cu 𝐾𝛼1) }𝜃=0 = 24.9 + 3.20 𝑖 (S 2) 

 { 𝑓Co(Cu 𝐾𝛼1) }𝜃=0 = 24.6 + 3.61 𝑖 (S 3) 

while at Co 𝐾𝛼1 wavelength they are: 

 { 𝑓Fe(Co 𝐾𝛼1) }𝜃=0 = 22.7 + 0.49 𝑖 (S 4) 

 { 𝑓Co(Co 𝐾𝛼1) }𝜃=0 = 25.0 + 0.57 𝑖 (S 5) 

In the case of Cu 𝐾𝛼1 radiation both atoms have very similar scattering power, which makes them undistinguishable 
at this wavelength. However, there is a greater contrast when using Co 𝐾𝛼1, which could potentially be enough to tell 
both atoms apart, as long as the quality of the diffraction data is sufficient and the pertinent constrains are made. 

Table S 10. Real Δ𝑓′ and imaginary Δ𝑓′′ dispersion corrections for 26Fe and 27Co at 𝜆(Cu 𝐾𝛼1) = 1.540593 Å and 𝜆(Co 𝐾𝛼1) =

1.78900 Å.8 Data retrieved from Table 4.2.6.8 in reference 5. 

Element 
Δ𝑓′ (e−/atom) Δ𝑓′′ (e−/atom) 

Cu Kα1 Co Kα1 Cu Kα1 Co Kα1 

26Fe -1.1336 -3.3307 3.1974 0.4901 

27Co -2.3653 -2.0230 3.6143 0.5731 
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5. Calculation of magnetic parameters 

Sample demagnetization correction 

There is a self-demagnetizing effect inherent to any magnetized body. The effective field acting on the sample is 
calculated as:9 

 𝐻eff = 𝐻app + 𝐻d (S 6) 

where Happ is the magnetic field applied externally, and Hd is the demagnetizing field. The demagnetizing field is 
proportional in magnitude to the magnetization of the sample, M, although they point in opposite directions. It is 
calculated as:10 

 𝐻d = −𝑁d ∙ 𝑀 (S 7) 

where Nd is the demagnetizing factor along the direction of 𝑀. 

The demagnetizing factor changes with the degree of orientation of the particles, the sample geometry and the di-
rection of the applied field during the measurement. An effective demagnetizing field, Neff, can be easily calculated 
for some very specific cases (i.e., single-crystals or fully-dense powder samples of simple shapes).3 

A Neff = 1/3 is calculated for a system of non-interacting, randomly oriented spherical particles,11 which is often con-
sidered a good approximation of samples such as the studied here. However, a highly over-skewed hysteresis is ob-
tained for the 450 °C sample if Neff = 1/3 is used, while the curves appear under-corrected for the rest of the samples 
(see Figure S 6(b)). On the other hand, neglecting the demagnetizing effect (Neff = 0) gave rise to unphysically low 
Mr/Ms values (see Table S 11). 

Consequently, a different approach was required here. The demagnetizing factors, Nm, used to correct the curves 
presented in the article (Figure 8(a)) were calculated using the formula derived by Chen et al. for cylindrical samples,12 
which only considers the effect of the sample shape. The volume magnetization, required to calculate the Hd, was 
calculated using the measured density (see Table S 12), rather than the theoretical density, as it is done when calcu-
lating an effective demagnetizing factor, Neff. 

 

Figure S 6. Room temperature magnetic hysteresis measured for the starting material (black) and nanocomposites prepared ex 
situ at 350 °C (red), 400 °C (green), and 450 °C (blue). (a) Raw data. (b) Data corrected for sample self-demagnetization using 
Neff = 0.33. In both figures, the bottom-right inset shows a magnification of the second quadrant. 
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Table S 11. Remanent magnetization, Mr, and remanence to saturation ratio, Mr/Ms, extracted from the measured magnetic 
hysteresis when the curve is not corrected (Neff = 0), when it is corrected either using Neff = 1/3, and when it is corrected for shape 
demagnetization.12 Saturation magnetization, Ms, and coercivity, Hc, are unaffected by this correction. 

Sample 

Neff = 0 Neff = 1/3 
Shape demagnetiza-
tion 

Mr 
𝑴𝐫

𝑴𝐬
⁄  

Mr 
𝑴𝐫

𝑴𝐬
⁄  

Mr 
𝑴𝐫

𝑴𝐬
⁄  

(Am2/kg) (Am2/kg) (Am2/kg) 

Starting 
material 

18.1 0.25 30.0 0.42 29.1 0.40 

350 °C 27.5 0.37 40.5 0.54 37.0 0.48 

400 °C 21.6 0.27 37.4 0.47 36.5 0.44 

450 °C 13.0 0.10 72.1 0.55 30.8 0.23 

 

Table S 12. Mass and dimensions of the pellets on which magnetic hysteresis loops were measured. Volume and density calculated 
using the mass and dimensions. Demagnetizing factor, Nm, calculated using the formula derived by Chen et al. for cylindrical 
samples.12 

Sample 
Sample mass 

Sample 
thickness 

Sample di-
ameter 

Sample vol-
ume 

Sample den-
sity Demagnetizing 

factor, Nm 
(mg) (mm) (mm) (mm3) (g/cm3) 

Starting 
material 

9.172 0.54 3 3.817 2.403 0.699 

350 °C 9.570 0.63 3 4.453 2.149 0.670 

400 °C 10.822 0.56 3 3.958 2.734 0.692 

450 °C 14.812 1* 3 7.069 2.095 0.570 

*The 450 °C pellet broke while measuring the thickness, affecting the accuracy of the measurement. 
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Calculation of the total sample magnetization  

The magnetic moment per formula unit (f.u.), 𝜇, is calculated from the atomic magnetic moments refined for the 
individual sites in the Rietveld model. 

In the spinel, the spins on the Td- and Oh-sites point in opposite directions, and the number of Oh-sites doubles the 
number of Td-sites. Therefore, the magnetic moment per spinel unit, 𝜇spinel, is calculated as: 

 
𝜇spinel = 𝜇Td + 2𝜇Oh 

 
(S 8) 

All spins point in the same direction in the alloy structure. Therefore, the magnetic moment per alloy unit, 𝜇alloy, is 

simply the sum of the individual atomic magnetic moments: 

 𝜇alloy = 𝜇site1 + 𝜇site2 (S 9) 

In the joint Rietveld models carried out in this work, the hypothesis 𝜇site1 = 𝜇site2 was assumed for the alloy. This is 
only a simplification, as each of the sites are differently occupied by Co0 and Fe0, which certainly has an influence on 
the atomic magnetic moment of the individual sites. However, this approximation was a requirement to avoid high 
correlations between the refined atomic magnetic moments and the refined site occupancies. The refined atomic 
magnetic moments and the calculated magnetic moments per f.u. for both phases and all may be found in Table S 13. 

Table S 13. Refined atomic magnetic moments (𝜇Td, 𝜇Oh) and calculated magnetic moment per f.u. for the spinel structure (𝜇spinel). 

Idem for the alloy (𝜇site1 = 𝜇site2, 𝜇alloy). 

Sample 
µTd µOh µspinel µsite1 = µsite2 µalloy 

(MB/f.u.) (MB/f.u.) (MB/f.u.) (MB/f.u.) (MB/f.u.) 

Starting 
material 

-3.46(5) 3.51(5) 3.6(2) – – 

350 °C -3.73(5) 3.55(6) 3.4(2) 2.18(10) 4.4(2) 

400 °C -3.71(6) 3.50(6) 3.3(2) 2.38(8) 4.8(2) 

450 °C -3.62(12) 3.41(11) 3.2(3) 2.11(9) 4.2(2) 

 

Subsequently, the total magnetic moment of the sample, 𝜇total, is calculated as the sum of the moments per f.u. 
calculated for the spinel and the alloy, weighted with the corresponding refined weight fractions: 𝑤spinel, and 𝑤alloy, 

respectively. 

 
𝜇total  = 𝜇spinel ∙ 𝑤spinel + 𝜇alloy ∙ 𝑤alloy 

 
(S 10) 
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The units of the refined magnetic moments are Bohr magnetons per formula unit, i.e., MB
f. u.⁄ . In order to compare 

these to the measured values (VSM), they were converted to SI units: 

 
𝜇 (

emu

f. u.
) = 𝜇 (

MB

f. u.
) ∙

9.274 ∙ 10−21 emu

1 𝜇B

 

 

(S 11) 

 
𝑀 (

emu

g
) = 𝜇 (

emu

f. u.
) ∙

6.022 ∙ 1023 f. u.

1 mol
∙

1 mol

𝑀w g
 

 

(S 12) 

 
𝑀 (

Am2

kg
) = 𝑀 (

emu

g
) 

 

(S 13) 

given that: (i) 1 𝜇B = 9.274 ∙ 10−21 emu, (ii) 1 mole of any compound contains a number of f.u. equal to Avogadro’s 

number, 𝑁A = 6.002 ∙ 1023, (iii) the mass of 1 mole of any compound is equal to its molecular weight, 𝑀w(
g

mol⁄ ), 

and (iv) the magnetization, 𝑀, has the same numerical value in 
Am2

kg
 and 

emu

g
. 
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W-type hexaferrites (WHFs) (SrMe2Fe16O27, Me = Mg, Co, Ni and Zn) are hard

magnetic materials with high potential for permanent magnet applications

owing to their large crystalline anisotropy and high cation tunability. However,

little is known with regards to their complex structural and magnetic

characteristics. Here, the substitution of metals (Me = Mg, Co, Ni and Zn) in

WHFs is described and their crystal and magnetic structures investigated. From

joined refinements of X-ray and neutron powder diffraction data, the atomic

positions of the Me atoms were extracted along with the magnetic dipolar

moment of the individual sites. The four types of WHFs exhibit ferrimagnetic

ordering. For Mg, Ni and Zn the magnetic moments are found to be ordered

colinearly and with the magnetic easy axis along the crystallographic c axis. In

SrCo2Fe16O27, however, the spontaneous magnetization changes from uniaxial

to planar, with the moments aligning in the crystallographic ab plane.

Macromagnetic properties were measured using a vibration sample magnet-

ometer. The measured saturation magnetization (Ms) between the different

samples follows the same trend as the calculated Ms extracted from the refined

magnetic moments of the neutron powder diffraction data. Given the

correlation between the calculated Ms and the refined substitution degree of

the different Me in specific crystallographic sites, the agreement between the

measured and calculated Ms values consolidates the robustness of the structural

and magnetic Rietveld model.

1. Introduction

Permanent magnetic materials are a keystone in society today

(Jacobs, 1969). Magnets have enabled the information age by

providing data storage (Coey, 2001) and allowed generation of

electricity through induction (Lewis & Jiménez-Villacorta,

2013). Given their importance in the modern world, there is a

big incentive to improve magnets and the most common figure

of merit for magnetic materials is the energy product (BHmax)

(McCallum et al., 2014), i.e. the largest rectangle in the second

quadrant under the BH curve in the hysteresis loop

(O’Handley, 2000). Nd2Fe14B magnets have been the best

performing magnets since they were discovered in 1982 and

have continuously improved through laborious developments

(Brown et al., 2002). Tightened export quotas of rare-earth

elements (REE) in late 2009 (Bomgardner, 2015; Wübbeke,

2013), along with health concerns working with REE ores

(International Atomic Energy Agency, 2011; Pagano et al.

2015) have prompted research of REE-free magnets. A

widespread REE-free permanent magnet is the M-type

hexaferrite (MHF), e.g. BaFe12O19 or SrFe12O19 (Pullar, 2012).

Although not as powerful as Nd2Fe14B magnets, ferrites are

the most abundantly used permanent magnetic material

throughout the world as a result of their low cost, high stability

and adequate performance in many applications (Pullar, 2012;

http://crossmark.crossref.org/dialog/?doi=10.1107/S2052252519003130&domain=pdf&date_stamp=2019-04-30


Lewis & Jiménez-Villacorta, 2013). Recent work has focused

on optimizing the performance of MHFs through bottom-up

nanostructuring and morphology control (Eikeland et al.,

2018, 2017; Saura-Muzquiz et al., 2016, 2018). However, there

is still a huge gap in performance between REE magnets and

REE-free magnets (Coey, 2012), encouraging further research

into REE-free magnets. Although the MHF is the best known

and widely commercially used ferrite, several other hexa-

ferrite structures exist of which an overview can be found in

the review by Pullar (2012). One of the promising candidates

is the W-Type hexaferrite (WHF): A2+Me2+Fe16
3+O27, (A =

alkaline earth metal, e.g. Sr or Ba, Me = Mg, Mn, Fe, Co, Ni,

Cu, Zn). These hexaferrites hold great potential as future

permanent magnetic materials owing to the wide tuneability of

their magnetic properties.

In the common descriptions of hexagonal ferrites (Pullar,

2012; Smit & Wijn, 1959), R denotes a layer including an A

ion, whereas S describes a layer with a spinel-like structure,

and an asterisk (*) next to R or S denotes layers that are

rotated 180� around the crystallographic c axis. According to

this notation, the MHF can be described as RSR*S*, whereas

WHFs can be described by introducing an additional S layer

into the MHF structure, resulting in the structure RSSR*S*S*.

Fig. 1 shows the WHF structure along with the obtained

magnetic structures from neutron powder diffraction investi-

gations obtained in this work. The introduction of the addi-

tional spinel layer in the WHF structure gives rise to a 6goct

site which lies on the SS boundary. In the most conventional

spin-arrangement (Gorter, 1957), the ratio of sites with

parallel/antiparallel spin alignment per unit cell is maintained.

WHF (12"/6#) compared with MHF (8"/4#) has a 50% net

increase in parallel magnetic sites whereas the unit cell volume

only increases by roughly 42–44% depending on Me substi-

tution. Introduction of the additional S layer necessitates two

Me2+ ions in the structure, as in spinel-ferrites, which enable

the direct substitution of magnetic or nonmagnetic Me2+ ions

without the need for additional substitutions to maintain the

charge balance (Tokunaga et al., 2010; Wang et al., 2012). This

enhances the tuneability of WHF in comparison with MHF

(Gorter, 1950; Andersen et al., 2018). By partially substituting

nonmagnetic species into specific sites, which align opposite to

the net magnetization of the unit cell, i.e. the tetrahedrally

coordinated 4e and 4f sites in the S layer and the octahedral 4f

site in the R layer, the magnetization of the compound can be

potentially increased with minimal reduction of the super-

exchange coupling in and between the layers (Lilot et al., 1982;

Ram & Joubert, 1991b).

Ease of synthesis has caused research to primarily focus on

Ba-containing WHFs (Collomb et al., 1986a,c, 1988; Lotgering

et al., 1980b; Ahmed et al., 2009; Cao et al., 2018), but

considering Ba health concerns (Choudhury & Cary, 2001),

further research towards Sr-containing WHFs is highly inter-

esting as they are nontoxic (Kirrane et al., 2006). Some efforts

have already gone into Sr-containing WHFs: Ram & Joubert

(1991a) reached a saturation magnetization (Ms) of

91 A m2 kg�1 at room temperature by Li/Zn substitution

(SrZnLi0.5Fe16.5O27). This value is about 25% larger than

achieved for MHFs. Toyota (1997) also reported a BHmax of

42 kJ m�3 for SrFe18O27, which is significantly higher than for

pure SrFe12O19, normally limited to about 30 kJ m�3 (Eclipse

Magnetics Ltd, 2019; Eikeland et al., 2017). Furthermore,

WHFs have also revealed themselves as promising materials

for other applications, e.g. multiferroics (Song et al., 2014;

Kimura, 2012) or microwave absorbance (Ahmad et al., 2012).

As Sr-containing hexaferrites in general do not always display

the same cation distribution as Ba-containing hexaferrites

(Albanese et al., 1973; Sizov, 1968), it is highly relevant and

interesting to investigate both the cation distribution and

subsequent magnetic ordering of the Sr-containing hexa-

ferrites. Aside from the cation distribution, the crystallite size

also has a huge impact on the macroscopic magnetic proper-

ties of hexaferrites (Gjørup et al., 2018) and is an important

part of optimizing their performances.

This work involved rigorous investigation of

SrMe2+Fe16
3+O27 (where Me = Mg, Co, Ni and Zn) synthesized

by high-temperature sol-gel synthesis. Neutron powder

diffraction (NPD) data along with X-ray powder diffraction

(PXRD) data extracted using both synchrotron and labora-

tory sources were analyzed with combined Rietveld refine-

ments. The data obtained were used to determine the

magnetic structure and the occupation of transition metal

atoms in the hexaferrite structures. The crystallographic

structural and magnetic data is compared with macroscopic

magnetic measurements.

2. Experimental

2.1. Synthesis

SrMe2Fe16O27 particles were synthesized utilizing a sol-gel

autocombustion method due to the high chemical homo-

geneity achieved in these syntheses (Hench & West, 1990).
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Figure 1
(a) Unit cell and seven distinct Me sites for SrMe2Fe16O27 (Me = Mg, Co,
Ni, Zn), the green spheres are Sr and the colored polyhedra show the Me
sites and their relative coordination. Oxygen atoms at the corners of
polyhedra are not shown. (b) Uniaxial magnetic ordering of
SrMg2Fe16O27, SrNi2Fe16O27 and SrZn2Fe16O27. (c) Planar magnetic
ordering of SrCo2Fe16O27. The brackets in the right part of the figure
indicates the common hexaferrite layers. Figure prepared using VESTA
(Momma & Izumi, 2011).



The method contains three steps: first Sr(NO3)2,

Me(NO3)2�6H2O and Fe(NO3)3�9H2O (all Sigma-Aldrich

technical grade with purity >98%) were dissolved in demi-

neralized water in stoichiometric molar ratios

[Sr2+]:[Me2+]:[Fe3+] = 1:2:16. Citric Acid was dissolved and

added in equal ratio to the nitrates, [C8H8O7] = 2[Sr2+] +

4[Me2+] + 48[Fe3+], under constant stirring. The solution was

neutralized with NH4OH and dried overnight in a convection

oven at 100�C until a gel was formed. In the second step, the

gel was fired in a preheated furnace at 350�C for 30 min until

the autocombustion had finished and subsequently cooled to

room temperature in air. Finally, the resulting powder was

crushed and fired in a furnace at 1200�C (SrMg2Fe16O27 and

SrZn2Fe16O27) or 1300�C (SrNi2Fe16O27 and SrCo2Fe16O27)

according to the following heating scheme:

RT !
600oC h�1

1000oC !
100oC h�1

1200=1300oC;

with a holding time of 2 h before cooling to room temperature.

2.2. Powder diffraction

Four diffraction data sets were measured for all of the

prepared WHF samples and were collected using the following

instruments.

X-rays: (i) Synchrotron radiation at the MS beamline at

SLS, PSI, Switzerland (Willmott et al., 2013) with a chosen

wavelength of � = 0.778 Å. The samples were packed in

0.3 mm capillaries and the data were collected using Debye–

Scherrer geometry and a Mythen-II detector in the angular

range 2� = 2–121�. (ii) An in-house Rigaku SmartLab

diffractometer equipped with a Co K� source (K�1 = 1.789

and K�2 = 1.793 Å). Data were collected in parallel-beam

geometry in reflection mode in the angular range 2� = 18–90�

using a D/teX Ultra detector. The powder samples were

packed on zero-background single-crystal silicon sample

holders.

Neutrons: HRPT at SINQ, PSI, Switzerland (Fischer et al.,

2000) with chosen wavelengths (iii) � = 1.89 Å and (iv) � =

2.45 Å. The powders were packed in vanadium cans (ø =

6 mm) and data were collected in Debye–Scherrer geometry

with a large position-sensitive 3He detector having an angular

range of 2� = 5–165�. During the measurement, the detector

was shifted by 0.05� to enhance the number of data points

across the diffraction peaks.

The four diffraction patterns were collected on the basis of

their individual strengths, which improve the robustness of the

analysis. The individual strengths attributed to each method

are as follows. X-rays: (i) MS-SLS: high peak resolution and

large coverage of Q-Space; (ii) Rigaku SmartLab: precise

wavelengths (K�1 and K�2) for accurate d spacings and readily

available for purity control, slight contrast effect due to Fe

resonance f 0Fe(�). Neutrons: (iii) HRPT (1.89 Å): largest Q-

space coverage of neutrons; (iv) HRPT (2.45 Å): highest

resolution at low Q of neutron powder diffraction data. All

Rietveld refinements were carried out using the FullProf Suite

software package (Rodrı́guez-Carvajal, 1993), where four

combined refinements of four sets of diffraction patterns were

performed. Fig. 2 shows the four different patterns with

accompanying Rietveld refinements and difference plots for

SrCo2Fe16O27. The refinements of the other WHFs are shown

in Figs. S1–S3 of the supporting information.

2.2.1. Technical refinement details. All four samples

belong to the space group P63/mmc, unit-cell parameters and

isotropic thermal parameters are given in Table S4 of the

supporting information. The peak profile was described with

the Thomson–Cox–Hastings pseudo-Voigt profile with axial

divergence asymmetry (Thompson et al., 1987), where Y and X

are the only profile parameters refined relating to size and

strain, respectively. Instrumental broadening effects were

described by refinement of standards at the MS beamline [Si

NIST 640D) with a Rigaku SmartLab diffractometer (LaB6

NIST 660B)] and at HRPT (Na2Al12Ca3F14); all standards

were measured under the same conditions as the samples. Figs.

S10 and S11 show the pseudo-Voigt FWHM of the different

instruments as a function of Q and 2�. Peak-broadening

resulting from the samples was constrained to be equal

between the different patterns with Y constrained with respect

to the difference in wavelength (X has no wavelength

dependency). For all patterns of a specific sample, the unit-cell

parameters and atomic positions within the unit cells were

constrained to be identical, as they should not vary across the

different measurements carried out under equal conditions. A

total of three isotropic thermal vibration parameters were

used, describing Sr, Fe/Me and O. Fourier cosine series were

used to model the neutron background in HRPT patterns,

whereas Chebychev polynomials were used for the X-ray

patterns. The refined magnetic moments between Fe3+, Co2+

and Ni2+ were constrained to maintain the ratio between the

number of unpaired 3d electrons of the individual elements,

assuming the orbit moment to be quenched, e.g.

�B(Fe3+):�B(Co2+) = 5:3. The difference in neutron scattering

length of Fe (9.45 fm) compared with Co (2.49 fm), Ni

(10.6 fm) and Zn (5.68 fm) made it possible to determine the

site occupancies of the neighboring Me elements in the

refinements. The initial predictions for the Me occupancies

were found by refining the structures with only Fe and looking

at their individual thermal parameters. The occupancies were

subsequently refined by introducing Me atoms into the sites
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Figure 2
Four diffraction patterns and corresponding Rietveld refinements and
difference spectra for SrCo2Fe16O27. Inset is data from SLS-MS at PSI for
Q = 6.6–14 Å�1.



where thermal parameters mostly

deviated from the only Fe refinement,

while constraining thermal parameters

to be equal between all metal sites. The

total site occupation is fixed to have all

sites fully occupied.

2.3. Magnetic measurements

The magnetic hysteresis loops were

measured using a physical properties

measuring system (PPMS) from

Quantum Design equipped with a

vibrating sample magnetometer

(VSM). Powder samples of 20–45 mg masses were packed in

cylindrical powder capsules (height 2.7–3.0 mm, diameter

3.5 mm), and measurements were performed at 300 K with an

applied field of �3 T. The graphical (near) infinite slope

method was used to correct the data for demagnetization,

whereas the approach to saturation was used to extract Ms

(O’Handley, 2000). Fig. 7 shows hysteresis loops for all four

WHFs.

Curie temperatures (TC) were measured with thermo-

gravimetry using an STA 449 F3 Jupiter from Netzsch. Pellets

of 60–120 mg were measured with attached external magnets

by ramping the temperature at a rate of 10 �C min�1 in an Ar

flow of 50 ml min�1. The weight in % of the original mass is

plotted against temperature in Fig. S4 and the extracted Curie

temperatures are given in Fig. 4.

3. Results and discussion

3.1. Structural model

The results of the combined refinement of all diffraction

patterns are shown for SrCo2Fe16O27 in Fig. 2, while the

refined model and patterns for SrMe2Fe16O27 (Me = Mg, Ni

and Zn) are given in Figs. S1–S3.

3.2. Purity and occupation

Refinements showed almost phase-pure samples, with

small impurities of CoFe2O4 [5.27 (5) wt%], MgFe2O4

[8.24 (5) wt%], NiFe2O4 [7.08 (6) wt%] and ZnFe2O4

[5.28 (4) wt%] which were quantifiable by the high-quality

data from SLS-MS. The SrMg2Fe16O27 sample additionally

contained a small impurity of X-type hexaferrite

Sr2Mg2Fe28O46 [8.77 (5) wt%]. A few undescribed peaks in

this dataset stem from a small impurity that remains to be

determined but is assumed to be very small based on the peak

intensities. A selection of the impurity peaks are highlighted in

Figs. S12–S16. The resulting structure of the WHF, with seven

distinct Me–O polyhedra that make up the structure, is shown

in Fig. 1(a)

The refined occupation fractions (%) of the full site occu-

pancies are given in Fig. 3. The sites occupied by Mes are as

follows: in all samples the bipyramidal 2d site is displaced from

the center and described by a half-occupied 4f site in the R-

layer [4f1
2bi(R)], this is exclusively occupied by Fe. Mg predo-

minantly occupies octahedral S sites [4foct(S) and 6goct(S-S)] and,

to a minor degree, tetrahedral S sites [4etet(S) and 4ftet(S)]. Zn

predominantly occupies 4etet(S) and 4ftet(S) with a minor

occupation of 4foct(S) and 12koct(R-S). Co and Ni are spread

across all sites, but the predominantly occupied site for both is

6goct(S-S). For SrNi2Fe16O27, the data does not support unam-

biguous determination of Me occupation, given the poor

scattering length contrast between Ni and Fe for both

neutrons and X-rays. Comparisons between the occupancies

obtained in this work and in previously reported studies

(Collomb et al., 1986c,a; Graetsch et al., 1986) of (Ba/

Sr)Me2Fe16O27 (Me = Mg, Zn and Co) are given in Tables S1–

S3.

3.3. Magnetic structure

From the NPD data, it is also possible to determine the

magnetic structure as the spin of the neutrons interacts with

the atomic magnetic dipole moment. Gorter (1957) proposed

ferrimagnetic ordering in WHFs with the 4etet(S), 4ftet(S) and

4foct(R) sites ordering antiparallel to the remaining sites and

this has been demonstrated for BaCo2Fe16O27 using neutron

scattering (Collomb et al., 1986b). The magnetic and crystal-

lographic unit cells are coinciding and three possibilities for

the orientation of the magnetic moments have been consid-

ered for the obtained data: (i) uniaxial ordering where the

magnetic moments are ordered along the crystallographic c

axis, (ii) planar ordering where the magnetic ordering is in the

ab plane and (iii) conical ordering where the moments have an

angle with respect to the c axis.

The propagation vector is zero (k = 0) as no additional

magnetic peaks can be seen aside from those coinciding with

the crystallographic Bragg peaks. Consequently, a collinear

magnetic model is imposed with the same unit cell size as the

crystallographic unit cell. For Mg, Ni and Zn there is no

magnetic contribution to the (00l) reflections, indicating that

the magnetic moment is aligned along the c axis. As the

magnetic scattering is given by q̂q� ðsj � q̂qÞ � sj;? (Lefmann,

2017; Marshall & Lovesey, 1971), showing that the spin

component on site j (sj) is only visible if it is perpendicular to

the scattering vector q̂q. Refinement of the neutron diffraction

data confirms that SrMe2Fe16O27 (Me = Mg, Ni and Zn) can be

satisfactorily described by a ferrimagnetic model, having the

magnetic moments aligned along the c axis. The parallel and
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Figure 3
Overview of the occupation of Mes given as a percentage of the full site occupancies and the total
amount of Me for one formula unit SrMe2Fe16O27.



antiparallel alignment of magnetic moments on the different

sites follows what is described by Gorter (1957) and as a result

the magnetic structure belongs to the magnetic space group

(Shubnikov group) P63/mm0c0. The magnetic contribution to

the diffraction signal is highlighted by a red line for

SrZn2Fe16O27 and shown in Fig. 5, where the inset highlights

the different magnetic signals for the respective WHFs. The

refined magnetic moments from NPD were summed over all

sites in the unit cell and divided by the mass of the unit cells as

an estimation of Ms. Fig. 4 shows the refined moments for each

crystallographic site and the Ms calculated from Ms,NPD, as well

as the Ms extracted from the macroscopic magnetic

measurement (Ms,VSM) for comparison. In Figs. S5–S7, the

refined magnetic contribution for all WHFs is shown in greater

detail. A table of the refined positions of all seven Me sites

along with the seven O sites is given in Table S5.

While the PXRD is similar for the four different structures,

there is a clear difference in the NPD in Fig. 5, the reason

being that the magnetic structure of SrCo2Fe16O27 differs from

the other WHFs. The strong peak at 1.15 Å�1 is the (006)

peak. This peak dictates a component of the magnetic moment

in the crystallographic ab plane, as magnetic scattering is

perpendicular to the direction of the magnetic moment.

Previous studies (Samaras et al., 1989; Collomb et al., 1986c;

Graetsch et al., 1984; Lotgering et al., 1961; Paoluzi et al., 1988;

Asti et al., 1978) of BaCo2Fe16O27 have reported either a

conical magnetic structure with an angle to the c axis of 69–

71�, or planar magnetic ordering. To the best of our knowl-

edge, the most accepted magnetic structure is the conical

ordering reported by Samaras et al. (1989); however, the

structure is known to be complex and

changes as a function of both tempera-

ture and exact Co substitution, as

described by Yamzin et al. (1966). To

investigate the direction of the magnetic

moment in SrCo2Fe16O27, the refine-

ments were carried out with the orien-

tation of the atomic magnetic dipolar

moment varying in angle with respect to

the c axis in steps of 5� from uniaxial (0�

from the c axis) to planar (90� from the

c axis). The magnetic ordering conical

to, or in the ab plane defined by the

magnetic space groups belonging under

the crystallographic space group P63/

mmc have either 0 moment or are

antiparallel within each Wyckoff site

based on the magnetic space groups

(Litvin, 2013). As a result, the symmetry

restrictions on the magnetic moments

were reduced, so each Wyckoff site

must be equal and pointing in the same

direction, but is not dictated by any

magnetic group of P63/mmc. In Section

S5 of the supporting information,

further discussion on the magnetic

symmetry is given. A graph of the

resulting R factors is shown in Fig. 6

while the decreases in R factors are

small between conical and planar

ordering, the lowest value is for 90� and

there is no evidence to suggest that the

ordering should be conical rather than

planar. SrCo2Fe16O27 must belong to a

lower symmetry space group than P63/

mmc, which remains to be determined.

Refinements were carried out with

two options for peak broadening: (i)

peak broadening of the magnetic

contribution is constrained to be equal

to that of the peak broadening of the

nuclear contribution and (ii) the peak
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Figure 5
NPD data for SrZn2Fe16O27 measured at SINQ-HRPT � = 2.45 Å. The contribution from the
refined magnetic scattering is shown in red. The inset shows a comparison between the four
different samples in the range Q = 1.0–3.5 Å�1 with the two dominant magnetic peaks indicated at
006 and 101 (see Fig. S9 for a magnified version). SrCo2Fe16O27 differs from the other three WHFs
by having planar magnetic ordering instead of uniaxial ordering.

Figure 4
Average magnetic moments of the seven Me sites, the derived Ms, the Ms from the macroscopic
hysteresis measurement and the Curie temperature from thermogravimetry. Correction of Ms is
with respect to impurity phases and is discussed in Section S8



broadening for magnetic and nuclear contribution are inde-

pendent. If the Lorentzian peak broadening attributed to size

(Y) is refined independently, the refined broadening of the

magnetic diffraction signal is an order of magnitude larger

than the refined broadening of the nuclear contribution, along

with a small decrease in Rwp. A comparison of the peak width

parameter Y along with the resulting Rwps is given in Table S7.

The peak width originating from the crystal structure is very

sharp suggesting the crystallite sizes to be out of resolution, on

the other hand, the magnetic scattering has a size corre-

sponding to 	100 nm, which can be explained by the crys-

tallites breaking up into smaller magnetic domains. The

underlying property responsible for the difference in magnetic

ordering between SrMe2Fe16O27 (Me = Mg, Ni, Zn) compared

with SrCo2Fe16O27 is a strong coupling of the unquenched

orbital momentum present in Co and the trigonal axis of the

crystal field, which has been described previously for cobalt-

substituted magnetite (Slonczewski, 1961, 1958) and

BaCo2Fe16O27 (Bickford, 1962). Samaras et al. (1989) have

investigated the magnetic ordering for BaCo2Fe16O27 with an

occupation of 70% Co2+ in the 6goct site, which exhibits the

trigonal axis around it. They concluded that there is a tilt of

the magnetic moment between 69 and 71�, i.e. conical ordering

in contrast to the planar ordering (90�) observed here. A small

difference in the total Co content [1.87 (7) Co2+ per formula

unit (f.u.) versus 2.2 (1) Co2+ per f.u.] could possibly explain

this discrepancy as the amount of Co has previously been

shown to alter the tilt of the magnetic moments (Yamzin et al.,

1966).

In comparison with the theoretical work on superexchange

interactions by Lilot et al. (1982), the TC of the four samples

can be related to how important each individual site is in the

exchange interaction: 4etet > 4ftet > [12koct, 4foct(R)] > [4f1
2bi,

6goct, 4foct(S)]. This is done by relating the cation substitution

and magnetic moment on different crystallographic sites to the

measured TC of the samples. The two samples with diamag-

netic substitutions have the lowest TC, leading to TC values of

ZnWHF < MgWHF < CoWHF < NiWHF. The low TC seen for

SrZn2Fe16O27 can be understood by the diamagnetic Zn2+

cation occupying the two most influential sites for the super-

exchange, 4etet and 4ftet. SrMg2Fe16O27 is the second lowest

owing to the diamagnetic Mg2+. SrCo2Fe16O27 has a slightly

higher Co occupation in 4etet and 4ftet sites and additionally,

the magnitude of the moment is lower on these important

antiparallel sites (see Fig. 4) when compared with

SrNi2Fe16O27, which has the highest TC of these four samples.

The Curie temperatures here are in agreement with previously

reported values for BaMe2Fe16O27, where Me = Co, Mg

(Collomb et al., 1986a) and Me = Ni, Zn, Cu (Besagni et al.,

1981; Licci et al., 1981).

3.4. Magnetic measurements

The hysteresis curves (mass magnetization M versus

apparent field H) of the four synthesized WHFs are given in

Fig. 7. From the magnetic measurements it is seen that

SrCo2Fe16O27 exhibits the highest Ms of 78.5 A m2 kg�1, while

none of the samples show any appreciable coercivity or energy

product (between 5–35 kA m�1 and 0.5–2.2 kJ m�3). This is

due to the large crystallites splitting into multiple magnetic

domains, which is consistent with the observed difference in

broadening of the magnetic and nuclear diffraction signals.

The result of multiple domains is a negligible coercivity, as

domain wall motion allows continuous rotation of the

magnetic moments rather than a collective flip as for single

domain particles. Future reduction in the size of large particles

may result in appreciable coercivities, as BaMe2Fe16O27 has

previously been demonstrated to have respectable anisotropy

constants and coercivity (Lotgering et al., 1961, 1980a; Pullar,

2012). Inspecting the approach to magnetic saturation of the

different samples in Fig. 7, it is clear SrCo2Fe16O27 varies from

the three other WHFs in the curvature of magnetization.

Considering the planar ordering seen in the neutron powder

diffraction data, the difference could be explained by an easier

reorientation of the magnetic moment with the ab plane rather

than forcing the moment away for the uniaxial easy axis in the

systems.
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Figure 7
Magnetic hysteresis for the four SrMe2Fe16O27 (Me = Mg, Co, Ni, Zn)
samples. The samples were measured using an applied field of�3 Twith a
PPMS-VSM.

Figure 6
Resulting R factors from the refinements where the only difference is the
constrained angle for the magnetic ordering with respect to the c axis. The
R factors shown are for the refined model of the data measured at SINQ-
HRPT at PSI.



The macroscopically measured Ms,VSM of the four WHFs

were compared with the calculated Ms,NPD from the refined

magnetic moments of the NPD data (see Fig. 4 for numerical

values). Across the four samples, Ms is higher for the VSM

data compared with the NPD data. Notably, numerical

equivalence between the calculated and measured magneti-

zations will most likely differ, given the distinct macroscopic

and atomic nature of the two probes, as well as possibly

unaccounted effects in the NPD refinement. Nevertheless, the

trend from the magnetic measurements (Ms of SrCo2Fe16O27 >

SrZn2Fe16O27 > SrNi2Fe16O27 > SrMg2Fe16O27) is consistent

with the refined data. When accounting for the Ms of the

impurity phases, SrZn2Fe16O27 has a higher Ms compared with

SrCo2Fe16O27, but there are uncertainties of their Ms,NPD

overlap. A comparison of Ms accounting for impurities and Ms

values from the literature is given in Section S8 and Table S10

of the supporting information. Refinements where all seven

crystallographic sites were constrained to have the same

magnetic moment give rise to an increased calculated Ms at

the cost of a significantly worse fit of the NPD data. The

resulting Rmag and Rwp values for the two options are given in

Table S6; �B and Ms are also given for the constrained option

and compared with the individual and VSM values in Table S9.

Looking at both the site occupation of the different Mes and

the moment of the seven crystallographic sites, the underlying

reason for the difference in Ms can be rationalized. The higher

Ms derived from the NPD of SrCo2Fe16O27 in comparison with

that of SrZn2Fe16O27 and SrNi2Fe16O27 can be explained by

comparing the magnitude of the magnetic moments on the

12koct(R-S) site. This is higher for SrCo2Fe16O27 than for

SrZn2Fe16O27, while the moment on the antiparallel sites

4etet(S), 4ftet(S) and 4foct(R) are lower for SrCo2Fe16O27 than for

SrNi2Fe16O27. When comparing SrNi2Fe16O27 with

SrZn2Fe16O27, the former has a higher moment on 12koct(R-S)

and the antiparallel sites also have significantly higher

magnetic moments, especially 4etet(S) due to the Zn2+ contents

on this site. SrMg2Fe16O27 exhibits the lowest Ms, which is

clearly understood from the low moment on 6goct(S-S) resulting

from the high Mg2+ occupation on this site.

Further enhancement of W-type hexaferrite magnetic

properties will be sought by means of nanostructuring, moving

both to the single-domain region and optimizing the texture in

a compacted magnet and ternary doping, with the aim of

increasing Ms further while retaining sufficient Hc for optimal

BHmax.

4. Conclusions

To improve the performance of magnetic materials and

multiferroics, an in-depth understanding of their atomic

structure is essential as it reveals the intrinsic magnetic

properties of the compound. In W-type hexaferrites, the co-

existence of divalent and trivalent metal ions results in a

complex crystal structure allowing for a tunable magnetic

structure. Based on combined refinement of neutron and

X-ray powder diffraction data on sol-gel synthesized W-type

hexaferrites (SrMe2Fe16O27, Me = Mg, Co, Ni, Zn), we

extracted the magnetic structure, where Mg, Ni and Zn exhibit

uniaxial magnetic ordering along the crystallographic c axis,

whereas SrCo2Fe16O27 is ordered magnetically in the ab plane.

The specific site occupation of the Me atoms was extracted

from the joint refinements. Co and Ni have similar substituted

structures with the majority of the transition metal sitting on

the 6goct site, whereas Zn was mostly found on the 4etet site as

opposed to Mg which it located on 6goct. The atomic structure

occupancies allow us to rationalize the Curie temperature

where SrNi2Fe16O27, TC = 500 (2)�C > SrCo2Fe16O27, TC =

470 (3)�C > SrMg2Fe16O27, TC = 435 (2)�C > SrZn2Fe16O27, TC

= 345 (3)�C. The affinity of the different cations for different

crystallographic sites leads to an alteration of the magnetic

moments resulting in variation in the strength of the super-

exchange interactions.

The Ms,VSM and the Ms,NPD calculated on the basis of the

NPD reveal a simlar trend where the Ms is decreasing in the

following order for the corrected VSM data: SrZn2Fe16O27,

Ms,VSM = 80.4 (3) > SrCo2Fe16O27, Ms,VSM = 78.4 (2) >

SrNi2Fe16O27, Ms,VSM = 69.0 (3) > SrMg2Fe16O27, Ms,VSM =

63.7 (2) A m2 kg�1. The relative variation of Ms between the

different WHFs can be understood by the refined occupation

fractions and magnetic moments on each sample.

Overall, the results illustrate the strength of combined

synchrotron and neutron powder diffraction and the possibi-

lities for rationalizing macroscopic properties from crystal-

lographic and magnetic atomic structures. In conclusion, it is

possible to tune magnetic properties and magnetic ordering of

W-type hexaferrites by substitution of different divalent

metals within the structure. This provides a handle for opti-

mizing the magnetic properties of the compound, with the

most promising results in terms of permanent magnets for

SrCo2Fe16O27 and SrZn2Fe16O27.
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Andersen, H. L., Saura-Múzquiz, M., Granados-Miralles, C.,
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S1. Combined refinements of WHFs 

In the following figures the result of the combined refinements is shown for W-Type Hexaferrites 
(WHFs) 

 
Figure S1 Combined refinement from the four indicated sources for SrMg2Fe16O27. Dots are the 

observed intensities, the red line the calculated intensities for the model, and the blue the difference 

between the model and the observed. 

 

Figure S2 Combined refinement for the four indicated sources for SrNi2Fe16O27. Dots are the 

observed intensities, the red line the calculated intensities for the model, and the blue the difference 

between the model and the observed. 
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Figure S3 Combined refinement for the four indicated sources for SrZn2Fe16O27. Dots are the 

observed intensities, the red line the calculated intensities for the model, and the blue the difference 

between the model and the observed. 

S2. Curie Temperature measurements 

The TC
 was determined by thermogravimetry as described in the main text. The temperature is 

determined by the intercept of a line fitted to the mass increase near TC and a line fitted to the signal of 

the mass before. 
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Figure S4 Thermogravimetric measurements of the Curie Temperature for a) SrMg2Fe16O27, b) 

SrCo2Fe16O27, c) SrNi2Fe16O27 and d) SrZn2Fe16O27 shown as mass % vs Temperature in °C for the 

range of interest. 

S3. Comparison of occupation to literature 

In the following 3 tables Me occupation is shown and compared to literature. 

Table S1 Comparison between Co occupation between this work for SrCo2Fe16O27 and (Collomb, 

Wolfers, et al., 1986) BaCo2Fe16O27 for both Powder (p) and Single-Crystal (sc) data. 

Table S2 Comparison between Mg occupation between this work SrMg2Fe16O27 and (Collomb, 

Abdelkader, et al., 1986) BaMg2Fe16O27 for both Powder (p) and single-crystal (sc) 

SrMg2Fe16O27 and BaMg2Fe16O27 

Structure Site SrMg2Fe16O27 BaMg2Fe16O27 (p) BaMg2Fe16O27 (sc) 

 

4f 
½bi(R)

 0 0.00(2) 0.0082(17) 

4f
oct(S)

 0.099(3) 0.086(7) 0.120(9 

6g
oct(S-S)

 0.458(2) 0.405(4) 0.378(8) 

4e
tet(S)

 0.035(3) 0.148(6) 0.160(10) 

4f
tet(S)

 0.024(3) 0.124(7) 0.101(9) 

SrCo2Fe16O27 and BaCo2Fe16O27 

 Site SrCo2Fe16O27 BaCo2Fe16O27(p) BaCo2Fe16O27(sc) 

 

4f
½bi(R)

 0 0 0 

4f
oct(S)

 0.078(15) 0.096(9) 0.120(9) 

6g
oct(S-S)

 0.333(11) 0.441(7) 0.463(8) 

4e
tet(S)

 0.140(14) 0.108(9) 0.084(9) 

4f
tet(S)

 0.111(16) 0.067(6) 0.043(9) 

4f
oct(R)

 0.017(15) 0 0 

12k
oct(R-S)

 0.079(10) 0 0 

Total 2.17(18) 1.87(6) 1.88(7) 
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4f
oct(R)

 0 0 0 

12k
oct(R-S)

 0 0 0 

Total 1.68(2) 1.93(4) 1.98(10) 

Table S3 Comparison of Zn occupation in SrZn2Fe16O27 between this work and (Graetsch et al., 

1986) single crystal (sc). 

Structure Site SrZn2Fe16O27 SrZn2Fe16O27 (sc) 

 

4f
½bi(R)

 0 0 

4f
oct(S)

 0.028(9) 0 

6g
oct(S-S)

 0 0 

4e
tet(S)

 0.551(8) 0.75 

4f
tet(S)

 0.236(9) 0.25 

4f
oct(R)

 0.033(8) 0 

12k
oct(R-S)

 0.035(5) 0 

Total 1.90(5) 2 

 

Table S4 Refined unit cell parameters and isotropic thermal parameters. 

 SrMg2Fe16O27 SrCo2Fe16O27 SrNi2Fe16O27 SrZn2Fe16O27 

a = b [Å] 5.8955(1) 5.8946(1) 5.8877(3) 5.90922(3) 

c [Å] 32.7308(6) 32.7411(7) 32.702(2) 32.8293(2) 

Biso(Sr) [Å2] 0.92(1) 0.86(1) 0.68(1) 0.93(1) 

Biso(Fe/Me) [Å2] 0.262(2) 0.242(2) 0.070(2) 0.272(2) 

Biso(O) [Å2] 0.371(9) 0.368(8) 0.141(9) 0.379(9) 

 

S4. Highlighted magnetic signal 

In the following figures the magnetic signal is highlighted for each of the 4 samples and in the end 

compared to each other. As the propagation vector k = 0, the magnetic and nuclear unit cell coincide 

and only one set of Bragg peaks is shown per phase. Shown data is from SINQ-HRPT at PSI with 
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chosen wavelength 2.45 Å. Grey dots are observed data, the grey line is the calculated pattern, and the 

blue line is the difference. The red line is the magnetic contribution to the calculated pattern and the 

vertical bars indicate the given phases (see legend in figure) 

 

Figure S5 Highlighted magnetic contribution to the pattern for SrMg2Fe16O27.  

 

Figure S6 Highlighted magnetic contribution to the pattern for SrCo2Fe16O27  
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Figure S7 Highlighted magnetic contribution to the pattern for SrNi2Fe16O27  

 

Figure S8 Highlighted magnetic contribution to the pattern for SrZn2Fe16O27  
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Figure S9 Comparison of the magnetic contribution to the neutron powder diffraction pattern. Top  

S5. Determination of Magnetic symmetry 

The chosen Shubnikov group was found by consulting the Magnetic Group Tables (Litvin, 2013) and 

analyzing the symmetry with the following two assumptions: 1) The nuclear symmetry is kept 

P63/mmc and only magnetic groups within P63/mmc were considered. 2) Only symmetries with 

ferromagnetic ordering on individual Wyckoff sites occupied by magnetic ions (4f, 4e, 6g and 12k) 

were considered as the material showed ferrimagnetic hysteresis. From this the Shubnikov group 

P63/mm’c’ (194.8.1501) emerged as the only candidate fulfilling these requirements and a net moment 

along the c-axis is allowed on all four Wyckoff sites. 

S6. Refined atomic coordinates 

In the following table the refined atomic coordinates are shown for all four samples.
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Table S5 Atomic coordinates for the four samples. 

Site  SrMg
2
Fe

16
O

27
 SrCo

2
Fe

16
O

27
 SrNi

2
Fe

16
O

27
 SrZn

2
Fe

16
O

27
 

 x y z x y z x y z x y z 

4f 
½bi(R)

 1/3 2/3 0.74553(4) 1/3 2/3 0.74568(4) 1/3 2/3 0.74559(4) 1/3 2/3 0.74524(4) 

4f
oct(S)

 1/3 2/3 -0.07440(2) 1/3 2/3 -0.07422(2) 1/3 2/3 -0.07396(2) 1/3 2/3 -0.07528(2) 

6g
oct(S-S)

 1/2 0 0 1/2 0 0 1/2 0 0 1/2 0 0 

4e
tet(S)

 0 0 0.05569(2) 0 0 0.05608(2) 0 0 0.05545(2) 0 0 0.05650(2) 

4f
tet(S)

 1/3 2/3 0.09273(2) 1/3 2/3 0.09304(2) 1/3 2/3 0.09273(2) 1/3 2/3 0.09400(2) 

4f
oct(R)

 1/3 2/3 0.20831(2) 1/3 2/3 0.20840(2) 1/3 2/3 0.20826(2) 1/3 2/3 0.20856(2) 

12k
oct(R-S)

 0.83561(9) 0.67119(18) 0.15106(1) 0.83536(9) 0.67068(17) 0.15114(1) 0.83534(9) 0.67064(17) 0.15083(1) 0.83606(9) 0.67214(19) 0.15139(1) 

12k_O1 0.82479(31) 0.64970(79) 0.03633(5) 0.82515(35) 0.65040(71) 0.03663(5) 0.82482(37) 0.64968(73) 0.03594(5) 0.82234(39) 0.64474(78) 0.03516(6) 

4f_O2 1/3 2/3 0.03394(9) 1/3 2/3 0.03495(9) 1/3 2/3 0.03445(9) 1/3 2/3 0.0339(1) 

12k_O3 0.51156(39) 0.02304(77) 0.11083(5) 0.51082(36) 0.02152(73) 0.11088(5) 0.51075(38) 0.02142(75) 0.11070(5) 0.51226(41) 0.02441(81) 0.11054(5) 

4e_O4 0 0 0.11318(9 0 0 0.11353(8) 0 0 0.11275(8) 0 0  

12k_O5 0.16204(43) 0.32414(86) 0.18008(5) 0.16317(39) 0.32632(79) 0.18000(5) 0.16251(41) 0.32500(82) 0.18006(5) 0.16169(5) 0.3235(1) 0.18037(15) 

4f_O6 1/3 2/3 -0.18163(9)   1/3 2/3 -0.18080(9) 1/3 2/3 -0.18130(9) 1/3 2/3 -0.18055(9) 

6h_O7 0.48388(52) 0.9678(10) 1/4 0.48320(48) 0.96651(96) 1/4 0.48370(49) 0.96740(99) 1/4 0.48412(54) 0.9683(11) 1/4 
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S7. Broadening parameters and R-Values 

In the following tables a comparison of different refinement models is given. Figure S11and Figure 

S12 show the Pseudo Voight FWHM of the different instruments. Table S5 shows final R values for 

the four samples. Table S6 shows a comparison of Rwp for two models. One is the broadening 

parameter Y being locked to be equal for both the magnetic contribution and the nuclear. While the 

second allows them to have independent values. Table S7 shows a comparison of two refinement 

models for the magnetic moment on each crystallographic site. One constrains all moments to be of 

equal magnitude, while the other is individual magnitude. 

 

Figure S10  Pseudo Voight FWHM [rad] vs 2θ [°] 
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Figure S11  Pseudo Voight FWHM [rad] vs Q [Å-1] 

Table S6 Final R-Values for the refined patterns 

 RBragg / RMagnetic / Rwp 

SINQ-HRPT λ = 1.89 
RBragg / RMagnetic /Rwp 

SINQ-HRPT λ = 2.45 
RBragg / Rwp  

Co-source λ = 1.79 
RBragg / Rwp  

SLS-MS λ = 0.78 

SrMg2Fe16O27 2.68 / 2.69 / 5.28 2.57 / 4.90 / 7.50 4.95 / 8.26 4.83 / 4.45 

SrCo2Fe16O27 4.28 / 5.32 / 6.33 4.69 / 6.84 / 8.57 9.47 / 14.50 3.97 / 3.52 

SrNi2Fe16O27 2.64 / 2.45 / 5.46 2.74 / 3.02 / 7.13 5.71 / 10.60 4.17 / 4.19 

SrZn2Fe16O27 2.83 / 2.17 / 4.43 3.12 / 2.70 / 6.11 10.80 / 13.00 4.21 / 3.94 
 

Table S7 Comparison of Broadening Parameters for data from λ = 2.45 Å, SINQ-HRPT at PSI 

Sample Ylocked Rwp, locked Ymag Ynuc Rwp 

SrMg2Fe16O27 0.007743 5.66 0.082461 0.007961 5.28 
SrCo2Fe16O27 0.008154 6.59 0.074360 0.008966 6.33 
SrNi2Fe16O27 0.006572 5.83 0.081877 0.007130 5.46 
SrZn2Fe16O27 0.010501 4.65 0.073453 0.011324 4.43 

Table S8 Comparison of R-factors (Neutron λ = 2.45) for equal and individual moments on crystallographic sites 
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(RMag / Rwp) SrMg2Fe16O27 SrCo2Fe16O27 SrNi2Fe16O27 SrZn2Fe16O27 

Equal  7.45 / 7.82 8.12 / 8.84 6.73 / 7.63 8.29 / 6.71 

Individual  4.90 / 7.50 6.84 / 8.57 3.02 / 7.13 2.70 / 6.11 
 

Table S9 Magnitude of the average moment and the Ms derived from this for equal and individual 

moments. Ms
 also shown for VSM data. 

 SrMg2Fe16O27 SrCo2Fe16O27 SrNi2Fe16O27 SrZn2Fe16O27 

Avg. Moment (μB) 4.41(6) 3.35(3) 4.03(7) 3.30(7) 

Ms (Am2/kg) Equal 93.6(3) 73.3(1) 88.2(3) 71.7(2) 

Ms (Am2/kg) Individual 41(3) 59(3) 50(5) 57(5) 

Ms (Am2/kg) VSM 60.3(1) 78.5(1) 67.7(1) 76.2(1) 
 

S8. MS comparison 

The secondary phases have the following saturation magnetizations, where for spinel-ferrites the 

calcined/ceramic synthetized samples are chosen: BaMg2Fe28O46(X-Type Hexaferrite): 63.29 Am2/kg 

(Kagdi et al., 2018), MgFe2O4: 25 Am2/kg (Kulkarni & Joshi, 1986), CoFe2O4:80 Am2/kg (Berkowitz 

et al., 1980), NiFe2O4: 50 Am2/kg (Berkowitz et al., 1980) and ZnFe2O4: 1 Am2/kg (Jeyadevan et al., 

1994) 

The unit cells of the respective pure spinel-ferrites are in good agreement with litterature justifying 

calculating the corrected saturation magnetization with their Ms from literature. The saturation 

magnetization of the four WHFs is calculated from the wt% of the respective phases from the 

refinement. 

𝑀𝑠𝑊𝑊𝐹𝐶𝐶𝐶𝐶
=
𝑀𝑠𝑚𝑚𝐶𝑠𝑚𝑚𝑚𝑚 − 𝑀𝑠𝑠𝑚𝐶𝑠𝑠𝑚𝐶𝑚𝑠𝑠ℎ𝐶𝑠𝑚,𝐶𝑙𝑙𝑙𝑚𝑚𝐶𝑙𝑚𝑚𝑚 ⋅ 𝑤𝑙%𝑠𝑚𝐶𝑠𝑠𝑚𝐶𝑚𝑠𝑠ℎ𝐶𝑠𝑚

𝑤𝑙%𝑊𝑊𝐹
 

Table S10 Comparison of MS from measured with VSM and accounting for impurity phases. 

 SrMg2Fe16O27 SrCo2Fe16O27 SrNi2Fe16O27 SrZn2Fe16O27 

Ms Measured Am2/kg 60.3(1) 78.5(1) 67.7(1) 76.2(1) 

Ms Calculated Am2/kg 63.7(2) 78.4(2) 69.0(3) 80.4(3) 
 

 

S9. Undescribed peaks in SrMg2Fe16O27 



 
IUCrJ (2019). 6,  doi:10.1107/S2052252519003130        Supporting information, sup-12 

In the subsequent figures undescribed peaks seen only in the high-quality synchrotron data from SLS-

MS of SrMg2Fe16O27 is shown.  

 

 

Figure S12  Undescribed peak at 0.72 Å-1 seen in SLS-MS data. 

 

Figure S13  Undescribed peak at 1.35 Å-1 seen in SLS-MS data. 



 
IUCrJ (2019). 6,  doi:10.1107/S2052252519003130        Supporting information, sup-13 

 

Figure S14  Undescribed peaks at 2.295, 2.37, 2.38 and 2.395 Å-1 seen in SLS-MS data. 

 

Figure S15  Undescribed peaks at 2.82, 2.875, 2.93 and 2.985 Å-1 seen in SLS-MS data. 
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Figure S16  Undescribed peak at 3.912 Å-1 seen in SLS-MS data. 
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PREFACE 

I Version 

Manual version 1.0, 3th October 2019 

The control software version:  HfHeater Ver: V03_0.16 AU KEMI (tested at POLARIS March 2018) 

     HfHeater Ver: V03_0.18 AU KEMI (Needs to be tested at POLARIS) 

The control software works in using Arduino IDE 1.8.8 and with the Teensyduino control software 

II Contacts 

In case of questions, assistance needed regarding the setup or a wish to use the furnace at POLARIS 

contact: 

Ph.d. Student Jakob Voldum Ahlburg  Jakob.Ahlburg@inano.au.dk 

Assistant Professor Mogens Christensen MCH@chem.au.dk 

Furnace responsible at ISIS Paul Smith Paul.Henry@STFC.ac.uk 

Beamline scientist at POLARIS Ron Smith Ron.Smith@STFC.ac.uk 

III Developers 

This setup has been made as a joint project between the group of Mogens Christensen at the 

Department of Chemistry, Aarhus University, and Paul Henry and Ron Smith at POLARIS at ISIS 

Neutron and Muon Source, Oxfordshire. The project was initiated by the funding from the EU 

Interreg programme. 

The following people have contributed significantly to the project.  

• Jakob Voldum Ahlburg 

Department of Chemistry, Aarhus University 

Lead developer 

• Tommy Kessler 

Department of Chemistry, Aarhus University 

Electronics and control-software 

developer 

• Mogens Christensen 

Department of Chemistry, Aarhus University 

Project manager  

• Paul Henry 

Rutherford Appleton Laboratory, ISIS 

Local contact at ISIS and 

Beamline scientist 

• Ron Smith 

Rutherford Appleton Laboratory, ISIS 

Local contact at ISIS and 

Beamline scientist 

• Thomas Willemsen 

Rutherford Appleton Laboratory, ISIS 

IBEX communication developer 

mailto:Jakob.Ahlburg@inano.au.dk
mailto:MCH@chem.au.dk
mailto:Paul.Henry@STFC.ac.uk
mailto:Ron.Smith@STFC.ac.uk
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The following people have contributed through discussion, technical assistance and creative inputs: 

Erik Ejlerskov Pedersen, Jeppe Dalgaard Mikkelsen, Frederik Holm Gjørup, Mathias Ibsen Mørch, 

Jens Christian Kondrup. 

IV Introduction and History 

For many years, induction heating has been a widely used method for sintering and heating at high 

temperature using only a limited amount of power and a steep heat ramp, rapidly reaching high 

temperatures. In an effort to understand the mechanism behind these processes in materials, scientist 

need this type of equipment where they do their experiments. Many home labs are already equipped 

with an induction furnace; however, it has not yet become a standard component at large-scale 

facilities such as synchrotrons and neutron sources, this might be due to a more delicate 

implementation and general requirements to the equipment. The advantage of this equipment is that 

it is possible to follow reactions in situ and thus be able to understand what happens in-between the 

initial compound and the final product.  

Neutron facilities have the capability of investigating large samples due to a large penetration depth 

of the neutrons. This makes it a perfect tool for investigating industrial processes on a realistic scale. 

Therefore, we set out to develop an induction furnace to investigate the sintering process of powders 

using in situ powder neutron diffraction.  

In January 2018, a collaboration between Mogens Christensen and Paul Henry was set up in which 

Jakob Voldum Ahlburg was sent to ISIS, Oxford, to start building of the induction furnace for the 

powder neutron diffractometer POLARIS. Over the course of three months, the heating element for 

the furnaces was tested while the entire furnace setup was designed in a stepwise manner and 

improved over many iterations. In September 2018, the first version of the furnace was assembled 

and already in November 2018 the first in on-site tests were carried out at POLARIS. This testing 

directly led to some crucial upgrades of the setup and a second test was carried out in March 2019.  

The furnace is now fully operational and has been integrated with the IBEX control software at ISIS 

running in a fully automatic mode using a PID control, while live parameter monitoring ensure an 

automatic furnace shutdown in case of malfunction. 

Two additional furnaces have been built for in house use at Aarhus University and one furnace is 

currently being upgraded with a press in order to press pellets from powders. 

V Scope of Manual 

The scope of the manual is to give a thorough introduction to the general furnace operation. After 

having read the manual the user should have an understanding on how to operate, assemble, 

disassemble and adjust the furnace, alongside with the knowledge of its basic working principle. 

VI Additional documents 

The Manual folder contains the following documents: 

• Induction Furnace Manual.pdf 
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• General Induction info.pdf 

• Electronic Circuits.pdf 

• Control module Connection diagrams.pdf 

• Risk Assessment Form POLARIS.pdf 

• Firmware folder which contains the Firmware for the Control module in version V03_0.16 

AU KEMI (tested at POLARIS) and V03_0.18 AU KEMI (should work at POLARIS) 

o HfHeater.ino 

o SerialCommand.ino 

o SerialCommand3.ino 

o __LIB set aside (Contains add-ons for the Arduino IDE software)
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CHAPTER 1: INTRODUCTION TO THE INDUCTION FURNACE 

1.1 Introduction 

This chapter presents the Induction Furnace in broad 

terms to give an overview of the setup and its 

capabilities. 

1.2 Overview 

The Induction Furnace consists of four main 

components, three of which can be seen in Figure 

1-1. These are: The Induction Furnace assembly (A), 

a standard power supply (15 V 3 A) (B) and a high 

current power supply (60 V 40 A) (C). The final 

component is the cooling water supply which can be 

any cooling water system available.  

The setup can be controlled from either the IBEX 

software (RS-232) at POLARIS or directly from the 

Teensy 3.5 module (USB) placed inside the electric control module using the Arduino IDE software. 

The IBEX control mode is for the general user, while the Arduino IDE software is for the developer 

to update/change the firmware or run specialised test experiments. 

The system can be run either in manual or automatic mode. The automatic mode uses a PID control 

feedback to regulate the furnace-temperature. The manual leaves all parameters to be set by the user. 

In order to avoid a system breakdown due to misuse or random failures, the furnace firmware has 

been equipped with safety features so that overheating, overpowering and cooling water failure will 

immediately shut down the furnace and preventing any harm to the system or its surrounding. The 

user is presented with an alarm detailing the circumstances of the shut-down. 

1.3 Notable Features 

The main features of the Furnace are the following: 

• Extremely fast heating 

• High temperatures 

• No detector shadowing (No “blind” detector regions) 

• No heat shield for the furnace (no loss of beam intensity) 

• PID temperature control 

• Automatic safety monitoring with automatic emergency shutdown 

1.4 Theory of Operation 

For more information see the document “General Induction Info.pdf”. 

A B 

C 

Figure 1-1 General overview of the equipment. A The induction 

Furnace assembly. B and C The external power supplies 
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The heater works based on induction. A high alternating 

current (AC) runs through two parallel copper coils and 

induces a strong oscillating magnetic field (Figure 1-2). 

A graphite piston is placed inside each coil. The mobile 

electrons in the graphite will start to oscillate in response 

to the magnetic field produced by the coils and thus heat 

the sample rapidly to high temperatures. The heating 

mechanism is very efficient compared to other heating 

methods (approx. 90% power efficiency). 

The AC is generated by a Zero Voltage Switch 

Oscillator (ZVS osc) module that transform a high Direct Current (DC) (40 V, 60 A). The ZVS osc 

used in this setup can deliver up to 1000 W under normal operational conditions but up to 1500 W in 

extreme cases. 

1.4.1 Altering the thermal behaviour  

The heating capabilities are highly dependent on the heating elements (in this case graphite) and the 

induction coils. 

1.4.1.1 Heating elements 

The heating element has two adjustable dimensions that alter the thermal behaviour of the setup 

• The diameter 

• The axial length 

In a general system, it is important that the heating element fills up as much of the cross-section area 

inside the induction coils as possible in order to optimise the heating procedure. However, empirical 

tests of the induction furnace described here show that the ratio of the outer diameter of the graphite 

heater and inner diameter of the induction coil should not exceed a value of 0.5. This means changing 

the heater should come along with a change of the coils.  

The axial length of the heating element should not exceed the axial length of the coil in order to heat 

the element homogenously. 

The radial position of the heating element inside the coil does not change the thermal behaviour of 

the heater, as empirical tests showed. 

1.4.1.2 Coils 

There are four main dimensions of the induction coils that can be changed to alter the thermal 

behaviour of the setup: 

• The axial coil length  

• The number of windings 

• The coil diameter  

• The outer diameter of the copper tube used to make the coils 

Figure 1-2 Induction coils with two graphite pistons 

inside a single crystal sapphire tube running at 1373 K 
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The length and the number of windings are closely related since they define the pitch of the coil (pitch 

is the axial length per turn). Using a fixed number of windings while increasing the pitch increases 

the axial length of the coil. Coils of different pitch but same number of windings generate 

approximately the same magnetic field, but since the windings are spread over a larger axial length, 

the heat applied per inner volume of the coil is smaller (larger pitch), so the sample will not reach as 

high temperatures.  

By increasing the coil diameter, the magnetic flux inside the coils decreases, thus reducing the 

maximum temperature possible. 

By increasing the outer diameter of the copper tube used to make the coils, the surface of the tube is 

increased. This lowers the electrical resistance in the coil. Thus, increasing the outer diameter should 

increase the efficiency of the setup (Beware that this limits the pitch of coil).  

1.5 Heating capabilities 

The setup has been tested both in air and in vacuum. The thermal behaviour of the setup can be seen 

in Figure 1-3. The data presented originates from a silicon sample inside a quartz tube with a steel 

foil and has been heated in air. Figure 1-3 A shows the sample temperature (Tsample) vs. heater 

temperature (Theater) which follows a linear trend. The red curve shows the Tsample vs. time using a 

Theater = 873 K. The heater reaches the target temperature in only 5 minutes with no overshot.  

It is important to mention that the maximum temperature reached was limited by the thermocouple 

(type-K), NOT the furnace (power output in this case is 78% of its effectiveness in air). Furthermore, 

the furnace used only 2/3 of the power in vacuum compared to air to reach the same temperatures. 

The spatial temperature distribution in the sample is presented in Figure 1-3 B and C. Discrete heat 

measurements were performed at different positions in the sample (at Theater = 873 K and 

Tsample = 830 K) to monitor the heat gradient. Figure 1-3 B shows the obtained thermal gradient 

through the sample and C shows a schematic of the sample, the graphite pistons, the sample-tube and 

the induction coils. The gradient shows a temperature difference of up to 7 % through the sample (Si 

sample, quartz tube/steel foil sample-tube).  

For more details see section 2.2.3. 

ATTENTION: 

• A temperature calibration should be made for each type of sample-tube (preferably also for 

each type of sample). 

 

NB: 

• The thermal calibration and stability are mostly dependent on the type of sample-tube used 

but, to a certain degree, on the thermal transport ability of the sample. 
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Figure 1-3 The thermal behaviour of the induction furnace in air. A The black crosses represents temperature calibration of Tsample vs. 

Theater. The dotted line is a linear fit with the function Tsample = 0.66(3)Theater +233(44)K. The red line represents the heating behaviour 

over time as the sample is heated and the red dotted line represents the final temperature. B The thermal gradient inside the sample 

as a function of height. C The sample (grey), the graphite pistons (black), the quartz tube with iron foil in (blue), the coils(yellow). 

1.6 Emergency Shutdown Control 

Since the setup is designed to operate automatically without any human supervision, the firmware 

has been written to monitor crucial parameters at all times. This includes the following: 

• Cooling water flow. In the case that the cooling water flow is blocked or shut down due to 

external conditions, there is a chance that the copper induction coils will heat up 

uncontrollably and in the worst-case melt. This would release cooling water and melted 

copper inside the detector tank 

• Current and voltage monitoring for the ZVS osc module. In case the current and voltage 

change abruptly and uncontrolled, it would typically be due to the coupling between the 

induction coils and the sample. In this case, the current would be running continuously 

through only one of the capacitor banks on the ZVS osc module which would lead to overheat 

of the module and would in worst case shortcut and break the electronics. 

• Temperature of the electronics and the conduction coils. In case of overheating, there is a 

chance of breaking the electronic or in the worst case melt the induction coils inside the tank.  

For each of these parameters certain threshold values have been set, and in case any of these are 

exceeded the furnace will immediately shutdown to prevent further damage. In Figure 1-4 the 

diagnostics page from the IBEX control software is seen. Here the user can get a quick overview of 

the type of alarm that was triggered and additional information to help fixing the problem are given.  

A B C 
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ATTENTION: 

• The Emergency shutdown control has been thoroughly tested only for the parameters 

described in this manual (CHAPTER 2:).  

• If testing or optimising experiments are to be carried out (new sample size, induction coils 

etc.), the emergency shutdown control should not be trusted and could potentially shut 

down the experiment even under safe conditions due to inappropriate/inadequate threshold 

values. 

• To test new equipment and change the firmware accordingly see CHAPTER 6:. 

 

 

 

Figure 1-4 The diagnostics window from the IBEX control software. 

1.7 Safety Precautions 

Since the furnace is operated with a high current (low voltage) in combination with cooling water, 

there are special safety precautions that needs to be taken during typical use. 

• Never unplug any connections to the furnace during operation. 

• Only connect/disconnect the cooling water when the system is not connected to power. 

• Always test the cooling water for leakage before connecting the power. 

• Always know the melting point of your sample/sample-tube in order not to melt material 

inside the detector tank. 

With these steps in mind, the system should be operated safely. 
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CHAPTER 2: INDUCTION FURNACE HARDWARE 

2.1 Introduction 

This Chapter introduces all the hardware components. It 

contains pictures as well as brief descriptions of the 

individual components and their tasks. 

2.2 Induction Furnace Components 

The Induction Furnace, seen in Figure 2-1, includes the 

power supplies, a cooling water system, a Zero Voltage 

Switch Oscillator (ZVS osc) module, water-cooled induction 

coils, a sample holder attachment and a control module. The 

furnace has been designed in a modular fashion to achieve 

its capabilities. Here, we go through the different modules in 

chronological order from the firstly designed component, the 

oscillator module and the sample stage to the final control 

unit. 

2.2.1 Sample-tube 

A series of typical sample-tubes is presented in Figure 2-2 

A. They have a hollow cylindrical shape with an outer 

diameter no larger than 10 mm. The wall thickness is 

dependent on the sample-tube material and ranges between 

0.3 mm for steel and 1.0 mm for quartz. A reminder, the 

undesirable parasitic background scattered by the sample 

holder is greatly reduced by minimizing the sample-tube 

wall thickness. 

The height of the sample in the sample-tube should be 

roughly 25 mm. The total sample volume thus varies for the 

different sample tubes and their corresponding inner 

diameters.  A standard packing of a silicon sample is 

presented in Figure 2-2 B. The sample is marked with a red 

square and has been packed inside a quartz capillary between 

two graphite pistons and a heat resistant ceramic material 

holding the sample in place during an experiment. A thermocouple is located inside the sample to 

monitor the sample temperature; another is placed in the lower graphite piston controlling the furnace 

temperature. 

Figure 2-1 The Induction Furnace ready to be 

inserted into POLARIS. 
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Figure 2-2: A shows 4 different types of sample-tubes with an outer diameter of 10 mm. From left the materials are: Graphite, Steel, 

Single Crystal Sapphire and Quartz. B Packed sample-tube. The red square marks the sample position C-E Sample holder shoe from 

three different angles. 

A B 

C D E 
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The quartz tube is inserted in the sample holder shoe, a close up of the shoe is shown in Figure 2-2 

C-E. The shoe has a spring-slider system that holds the sample-tube in place (C-D) and has an 

attachment system for a Rose+Krieger© profile (C and E). The shoe ensures that the sample position 

is stable and in the centre of the beam. 

As mentioned in section 1.5 the temperature calibration as well as the temperature profile through the 

sample is very dependent on the type of sample-tube in use. A table of the physical properties of 

standard sample-tubes is shown in Table 2-1. In order to minimize the thermal gradient through the 

sample, tests have shown that the most important property of the sample-tube is the thermal radiation 

coefficient.  

So far, the best option, concerning the temperature profile and sample reactivity, has been a quartz 

tube wrapped in a polished steel foil as heat shield, owing to the inert surface and low background 

signal of the quartz, and the low thermal radiation coefficient of the steel foil. Using vanadium or the 

zero-scattering alloy ZrTi as material here can potentially be an excellent alternative to this. 

The table also shows the maximum working temperatures of the sample-tubes. These values are used 

in the IBEX control software, limiting the temperature to prevent a melting of the sample-tube (see 

section 1.6, and 6.3) 

 

Sample-

tubes 

Thermal 

expansion 

coefficient 

Density Melting 

point 

Thermal 

conduction 

Specific 

heat 

Max 

working 

temperature 

Thermal 

Radiation 

Coefficient  
 

[10-6 m/mK] [g/cm3] [K] [W/mK] [J/kgK] [K] 
 

Single 

crystal 

sapphire 

7.0 3,98 2300 42 750 2073 0,48 

Quartz 8.0 – 14.0 2,65 1943 3 690 1523 0,93 

Aluminium 13.0 2,70 933 237 920 773 0,02-0,30* 

Glassy 

carbon 

2,1 1,49 3925 4 - 6 1000 3273 - 

Graphite 4.0 – 8.0 2,09 4000 70-160 720 3773 0,77 - 1.00 

Steel 11.0 - 12,5 8,05 1780 16 - 43 490 1473 0,07*  

Vanadium 8,4 6.00 1910 31 489 1873 -* 

Table 2-1 The physical properties of standard sample-tubes for the induction furnace. *Depending on how well polished the tubes are 

and on the level of oxidation. The values given should only be used as a guide, for a specific material used, precise values should be 

found by consulting literature or supplier. 

2.2.2 Sample Area 

The sample area with a loaded sample is shown in Figure 2-3 A. Here, the packed sample holder 

shoe has been attached to the Rose+Krieger© profile. The quartz sample-tube has been slid over the 
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steel rod height alignment screw, which functions as a height alignment system (marked with the red 

square in Figure 2-3 B), centring the sample and holding it in place. The sample area furthermore 

contains LED lamps as sample illumination, which can be turned on when the setup is inserted in the 

detector tank of POLARIS. The light is necessary when monitoring the sample during an experiment. 

The monitoring is done using a webcam, which is situated outside the tank and films the sample, 

through a window using the 45-degree tilted mirror. The mirror can be adjusted in order to see a full 

picture of the sample. Finally, the induction coil surrounds the sample-tube in the position of the 

graphite pistons inside the sample-tube.    

 

 

Figure 2-3: A The Sample Area of the Induction Furnace with a loaded sample-tube. B A close up of the sample area with no sample-

tube inserted. The red square marks the steel rod height alignment screw system for height alignment. 

2.2.3 Coils 

2.2.3.1 General info 

There are multiple types of coil as is presented in Figure 2-4 A. All coil designs consist of a copper 

tube shaped into two identically wound tubes with a straight path in between. During an experiment, 

a high current (AC) is running through the coils, producing a strong parallel oscillating magnetic field 

within the coils which makes the graphite pistons inside the sample tube heat up by induction. The 

gap provides a clear view for the neutron beam to the sample during an experiment. A large gap 

allows probing a larger sample. The heat is mostly generated where the graphite pistons are inside 

the coils. The heat is then transferred to the sample through thermal contact with the graphite pistons. 

Thus, the size of the gap will affect the temperature gradient in the sample. The smaller the gap, the 

smaller the temperature gradient in the sample. With this in mind, it is important to create a gap that 

A B 
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facilitates a large enough opening for the neutron beam, while minimizing thermal gradient in the 

sample. 

 

Figure 2-4: A different coil designs used for the Induction Furnace depending of the desired temperature range in a particular 

experiment. B The coil used for the second test run at POLARIS, covered in spray-on boron nitride to absorb any neutrons from the 

divergence and penumbra of the direct beam. 

The coils are soldered to a copper piece in either end used to attach the coils to the oscillator module. 

The copper pieces have two holes for attachment screws and one used to create a clear passage for 

cooling water. During usage, the high current will quickly heat up the coil, thus, cooling water is 

running through the hollow copper coils at all times and the temperature of the outlet water is 

monitored. 

The number of windings and the inner diameter of the windings determines the induction coupling 

strength of the coil.  

NB: 

• The higher the number of windings and the smaller the diameter of the coil the higher the 

maximum temperature. 

 

Through an empirical optimization approach, we found the optimal coil layout as presented in Figure 

2-4 A and to have an inner diameter of 14 mm, either 3 or 6 windings and a gap size in the range of 

24 – 32 mm. Details for each coil is given in Table 4-2-2. Be aware that the maximum temperature in 

all cases was measured using a type-K thermocouple with a limit of 1300C. Thus, the maximum 

temperature should be determined again using a more suited thermocouple to identify the maximal 

furnace temperature. 

 

 

A B 1 2 3 4 5 
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Coil Inner 

diameter 

[mm] 

Number of 

winding 

Gap size 

[mm] 

Minimum 

temp 

 [C] 

Maximum 

temp  

[C] 

Thermal 

gradient 

[%] 

1 14 6 32 500 >1300 8 - 12 

2 14 6 32 500 >1300 8 - 12 

3 14 6 24 450 >1300 5 - 7 

4 14 3 28 420 >1300 6 - 8 

5 16 3 24 360 >1300 5 - 7 

Table 4-2-2: Coil dimensions and heating ability. The thermal gradient has been measured in a quartz tube with a steel sheet around it 

using a silicon sample. 

In order to minimize parasitic scattering from the coils two options have been tested. First Gd-foil 

was wrapped around the straight piece of coil shown in Figure 2-4 A1. This reduced the scattering 

from the straight piece of the coil. A better option is seen in Figure 2-4 A5 and B where the entire 

coil has been covered with multiple layers of a spray on Boron Nitride (BN). BN significantly lowers 

the scattering from the Cu coils as shown in Figure 2-5. Here the scattering from the setup was 

measured with a beam size of 9 mm x 18 mm (width x height) using tube 5 and showing the diffraction 

pattern with an increasing number of BN spray coatings. 

 

 

Figure 2-5: Direct beam with only the copper coils and cooling water in the sample area. The three patterns clearly shows the much 

reduced scattering from the copper with increasing layers of spray-on BN.  
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2.2.3.2 Optimisation 

Through multiple tests, it has been seen that the most important thing when changing a coil is to 

consider the inner diameter size of the coil (idC) with respect to the outer diameter of the heat element 

(odH) in the coil. In general, the ratio between these should be: 

𝑜𝑑𝐻

𝑖𝑑𝐶
<

1

2
 

In some cases the ratio can go higher than 0.5 as with the coils described in the 2.2.3.1 where the ratio 

is 
8 𝑚𝑚

14 𝑚𝑚
= 0.57. However, this is only due to thorough testing of the equipment. By having a ratio 

higher than 0.5 there is a risk of having a very high self-inductance in the heat element which 

effectively breaks the coupling between the heat element and coils. This will in the worst-case lead 

to an overload (section 2.2.4.1) of the ZVS osc module and will eventually break it. 

2.2.4 Zero Voltage Switch Oscillator (ZVS osc) Module and Flange Attachment 

A 1000 W ZVS osc module is used to convert the direct current from the power supply to a high 

frequency alternating current that can be used for induction. The module at hand can be seen in Figure 

2-6 together with its circuit diagram (Can be found in a larger version in Electronic Circuits.pdf). 

Since the current running through the switches and capacitors is very high, the module will heat up 

if misused. For this reason, thermal surveillance of the capacitor banks and the cooling legs for the 

switches is present. 

2.2.4.1 Misuse, READ!!!! 

The module is designed for 1000 W but can be run for shorter periods with up to 1500 W. 

A typical OVERLOAD of the module happens when the coils are not coupling with the 

sample/sample-tube. At this point a high current will run through the switch module and one side of 

the capacitors. This will led to immediate and rapid heating of the module. If this happens the power 

should be shut off immediately to avoid breaking the components. 

This effect can happen both, during start-up where the system does not couple at all, or as a sudden 

decoupling during a test of new coils and sample-tubes.  

During start up the typical reason for non-coupling is a voltage or current below the coupling 

threshold. If a coupling fails, the firmware will automatically shut off the power. 

During a run, decoupling has been experienced when running with large sample-tubes and coils 

(coil-diameter 30 mm) where a large sample needs heating (sample diameter 20 mm). Decoupling 

happens in this case as the voltage is increased after a stable coupling has been made through the 

start-up procedure. In this case, the setup has to be shut down manually. Monitor the setup at all 

times during testing of new coils and Sample-tubes. 
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Figure 2-6: A The switch oscillator module used to convert DC current to AC. B The circuit diagram of the switch module. 

The ZVS osc module is attached to two copper legs (See Figure 2-9 B) that transport power from the 

module to the induction coils mentioned in section 2.2.3. The legs are hollow to carry the cooling 

water, which can be attached at the bottom of the legs. The top has a platform where the induction 

coils are attached. The platform has a groove for an O-ring seal (diameter 5 mm, thickness 1 mm) for 

the cooling water.  

The legs are separated by a 2 mm non-conductive spacer and are casted into a flange (Figure 2-7) 

and using a conical shape that is pointing towards the vacuum tank (Cast Resin ISO-PUR K 760 

(black) from Diatom A/S). Due to the conical shape of the flange, the cast cannot be sucked into the 

vacuum chamber if it should loosen its grip on the flange. The O-ring used for the vacuum seal of 

the flange has the dimensions: diameter 80 mm, thickness 5 mm

A B 
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2.2.5 Power supply 

Two power supplies are necessary for the setup to work properly. In order to power the Teensy 3.5, 

the power switch and the cooling fan, a 15V, 3A power supply is required. The current setup uses a 

TENMA 72-10480 (Figure 2-8 A). 

To power the ZVS osc module a power supply with a minimum of 60 V, 40 A, and 1000 W is needed. 

The setup currently uses the EA-PSI 9080-40 DT (Figure 2-8 B). 

A B

13

Vacuum

Air
Flange

Induction legs

Chamber wall

C D

Figure 2-7: A the copper legs used to transport electric power through the flange which has a conical inner bore ensuring that the 

legs will not break through to the vacuum. B The legs have been centred and casted into the flange. C top view of the platform on the 

induction legs where the O-ring groove is visible. D Model of the flange and induction legs. The chamber wall refers to the 

Tompkinsons flange tank. 
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Figure 2-8: A TENMA 72-10480 0-30 V 3 A power supply for the Teensy 3.5, power switch and cooling fan. B EA-PSI 9080-40 DT 

1000 W power supply for the ZVS osc module. 

2.2.6 Cooling Water 

Cooling water for the copper coil is connected at the top of the setup using quick-fit connectors 

(Figure 2-9). The cooling water runs directly from the inlet to the induction legs, which contains 

push in connectors. It is important that the return flow from the legs happens from the leg with an 

attached thermocouple in order to monitor the return flow temperature of the cooling water. From the 

induction legs, the water flows through a flowmeter and exits the setup at the return quick fit 

connector at the top of the setup. The flowmeter monitors the flow of water at all times and the system 

will automatically shut down if the flow is below a threshold value.   

 

A B 
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Figure 2-9: Cooling water system. A The quick fit connector. B Push connectors on the induction legs. The thermocouple for heat 

monitoring is marked in a red square C Flowmeter (marked in red square). D Top view of the cooling water tubing.  

2.2.7 Electronic Control Module 

The electronic control module contains two components (Figure 2-10 B). The main component, the 

Teensy 3.5, contains the firmware for the furnace. The Teensy 3.5 is placed on an electronic print 

which enables the Teensy 3.5 to fully control and monitor the setup while it is running. (Details on 

the print can be found in Electronic Circuits.pdf) The second component is a power switch element 

for the power inlet from the 1000 W power supply to the ZVS osc module. The switch element 

consists of two individual switches in parallel connection to avoid meltdown during a shutdown of 

the power. 

A B 

C D 
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The front panel of the control module (Figure 2-10 A) contains all connections related to external 

instruments. The back panel (Figure 2-10 C) contains all connections related to the components 

mounted permanently on the setup. Each connection is marked with laser engraving. The plugs are 

as follows: 

Front Panel (from top right of the panel) 

• Power inlet from the 1000 W power supply 

• Power inlet from the 15 V 3 A power supply 

• USB connection for firmware upgrades 

• RS-232 connection for the IBEX control software 

• 15-pin connector for communication with the 1000 W power supply. 

Back Panel (from top right of the panel) 

• Thermocouple for sample temperature  

• Thermocouple for heater temperature 

• Power supply for the diodes 

• Power supply for the ZVS osc module 

• 24-pin connector for temperature monitoring and power for the cooling fan.  

• 5-pin connector for communication with the flowmeter. 

 

 

Figure 2-10: The control module. A front view. B The control module contains an electronic print, on which the Teensy 3.5 is sitting, 

and a power switch for the power of the ZVS osc module. C Back view. 

 

A B C 
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A B 

C 

1 

2 

3 

Figure 2-11: A The entire Tompkinsons flange assembled. The red squares highlight the webcam and the sample area. B A 

picture of the sample at 1100 C taken by the webcam on the reflection mirror. C Sample area 1 Rose+Krieger© profile for 

sample attachment. 2 An Adjustable mirror monitors the sample with a webcam. 3 Led diodes with On/Off function.  
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2.2.8 Tompkinsons Flange Module 

In Figure 2-11 A the entire setup is seen. Its main components from the top are the craning frame 

with three crane attachment point. These attach to the Tompkinsons flange that fits in the detector 

tank at POLARIS. It has 6 KF40 flanges allowing electronic feedthrough and a window for live 

webcam monitoring of the sample during an experiment as shown in  Figure 2-11 B. In the centre of 

the Tompkinsons flange, a large hole with an O-ring gives access to the barrel containing the 

electronics. Attached to the bottom of the barrel is the sample area (Figure 2-11 C) which contains 

the Rose+Krieger© profile for sample holder attachment, and an adjustable mirror to monitor the 

sample with the webcam and LED diodes with On/Off function. 

In Figure 2-12 The flange and barrel are seen together with the direct beam and the detector coverage. 

All of the sample environment components including the barrel are positioned with the full diffraction 

geometry in mind to avoid any detector shadowing. 

 

 

Figure 2-12: The Tompkinsons flange together with the incident beam and detector coverage (transparent color). A Top view B Bottom 

view C Side view. The direct beam direction is indicated by red arrows 

.

A 

B 

C 
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CHAPTER 3: ASSEMBLING THE INDUCTION FURNACE  

3.1 Introduction 

This Chapter goes through the assembly of the Induction Furnace in a stepwise manner. Every section 

has pictures as well as a text part that acts as a guidance to the procedure. Make sure to read all the 

ATTENTION parts, as they contain crucial information about the details of individual steps in the 

assembly procedure. 

3.2 Induction Furnace Components 

 

Figure 3-1 Assembling point of the Tompkinsons Flange. A The ground assembly. B The crane-rod-attachments. C The crane-

attachments. D The electronic control module attachment. 

3.2.1 Tompkinsons Flange Module 

Initially, the general components of the Tompkinsons flange should be assembled as seen in Figure 

3-1 A. Having the clean Tompkinsons flange, the first step is mounting the three crane-rod-

attachments using M6 screws directly onto the Tompkinsons flange as seen in Figure 3-1 B. The 

crane-rods are then screwed into the attachment using the end with the shortest thread. It should be 

tightened as hard as possible. An M12 nut is then screwed onto the top of each rod and the stabiliser 

ring is lowered onto these. The next step is screwing the crane-attachments onto the rods as seen in 

A B 

C D 
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Figure 3-1 C. With the crane-attachments pointing towards the centre of the stabiliser ring the nuts 

are tightened, thereby fixing the frame. To attach the electronic control module, open it and attach 

the top piece to the stabiliser ring using four M3 screws and nuts as seen in Figure 3-1 D. Finally, 

the control module is closed and the setup should now resemble Figure 3-1 A. 
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3.2.2 Oscillator Module and the barrel 

The next step involves assembling the oscillator module and attaching it in the barrel and finally on 

the Tompkinsons flange. 

In Figure 3-2 this process can be followed. Initially, the ZVS osc module is attached to the copper 

legs (that are casted into the electronic flange – Figure 3-2 A and B) by using three M4 screws for 

each leg.  

ATTENTION: 

• It is important to note that the ZVS osc module should be attached to the two raised 

platforms on the legs to avoid destructive contact between the elements. (See Figure 3-2 B) 

 

Figure 3-2 A The copper legs casted into the electronic flange. B The copper legs molten into the electronic flange and attached to 

the oscillator module. C The electronic flange is attached in the bottom of the barrel. D The barrel is attached to the Tompkinsons 

flange. E The plateau on the copper legs for coil attachment. F A coil attached to the legs.  

Once the thermocouples and power connections to the ZVS osc module are connected correctly, the 

electronic flange is attached in the bottom of the barrel (C) using M5 screws. REMEMBER to insert 

the O-ring in the flange (Inner diameter 80 mm thickness 5 mm) It is important that the orientation 

A B C 

D E F 
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of the flange is correct. It should resemble Figure 3-2 C. It is important to tighten the lesser 

accessible screws first by using a special designed extra-long Allen key. 

Once the electronic flange is attached the barrel can be inserted into the Tompkinsons flange. Using 

the small hole in the side of the flange together with the small screw on the Tompkinsons flange, the 

barrel can only be fixed in one orientation. REMEMBER to insert the O-ring in the Tompkinsons 

flange (Inner diameter 220 mm thickness 5 mm). The barrel is fixed to the flange using the 

attachment clamps together with either M5 screws or, as seen in Figure 3-2 D, the brass rods that are 

used to hold the water spray protection cap. 

Finally, when everything has been tightened the induction coil can be attached to the copper legs 

using the plateau at the end of the copper legs. The attachment is done by using M4 screws. 

ATTENTION: 

• REMEMBER to insert the O-ring in the centre of the copper leg as seen in Figure 3-2 E 

(Inner diameter 5 mm thickness 1 mm).  

• In order to obtain the best electric contact between the copper legs and the induction coils, 

it is important to keep the surfaces clean at all times. 

• Be careful to shut down the cooling water when changing the induction coil to avoid water 

leakage. 

3.2.3 Sample Area 

Once the barrel is in place, the sample area can be assembled. Figure 3-3 A shows a view from 

underneath the sample. The red arrow indicates the incident beam direction. There are four main 

components to attach: The Rose+Krieger© profile sample holder, the mirror for sample monitoring, 

the diode and the sample height adjustment screw. 

The Rose+Krieger© profile is fit tightly on the small platform and is mounted with a M3 

countersunk screw which needs to be screwed in tightly. The platform is then mounted on the bottom 

of the barrel in the two holes (seen in Figure 3-3 A) using M5 countersunk screws.  

The mirror frame is assembled by inserting the two mirror rods into the mirror rod attachment 

platform and mounting them using M4 screws. The platform is then mounted on the Tompkinsons 

flange using an M6 screw as seen in Figure 3-3 A and C. The mirror holder is assembled by attaching 

the mirror to the brass plate using M4 acrylic screws. The spring plate is attached on the other side of 

the brass using ultra short M3.5 screws (to avoid breaking the mirror). The spring is now mounted to 

the glider piece with M3.5 screws and a M4.5 screw is inserted into the centre hole of the glider to 

provide for tilt adjustment of the spring. Finally, the assembled mirror holder is slid onto the mirror 

frame, fixed with M2.5 headless screws and adjusted to reflect the sample through a glass flange in 

the KF-40 flange sitting above the mirror rod attachment. 

The diode rod is screwed into the hole in the Tompkinsons flange using a M6 headless screw as seen 

in Figure 3-3 A and E. The wire is wrapped around the rod and the two diodes are attached to the 

rod using a M2.5 headless screw and pointed towards the sample. 
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The final piece is the sample-height adjustment screw that is mounted in the centre hole with a M5 

headless screw.  

ATTENTION: 

• The sample height aligner should have the same diameter as the inner diameter of the 

sample-tube used in a specific experiment. 

 

 

Figure 3-3 Assembling the sample area. A View from the bottom of the sample area. B side view of the sample area. C Mirror frame 

attachment. D Mirror holder with tilt adjustment. E Diode rod attachment. F Sample height aligner.  

3.2.4 Cooling Water 

The cooling water system consist of three main components: two Quick-fit connectors, the copper 

legs and a flow meter. (Figure 3-4 A, B and C). The quick fit connectors are attached to the stabiliser 

ring with standard ½” fittings and sealed with Teflon tape as seen in Figure 3-4 A. There are two 

quick-fit connectors, as seen in Figure 3-4 D, labelled Flow and Return. These can be connected 

directly to the main cooling system of POLARIS using the Quick-fit adapters leading into a ø6 tube. 

A B 

C D E F 

Incident beam direction 



ASSEMBLING THE INDUCTION FURNACE 

3-6 

   

 

A ø6 tube is connected to the bottom of each fitting using the push-on system. As seen in Figure 3-4 

F,  the flow goes directly to the copper legs (Figure 3-4 B) and is attached to the push-in fitting of 

the larger leg. Water runs through the copper leg, through the induction coil and out of the smaller 

leg where a new ø6 tube is attached to the push-on fitting.  

ATTENTION: 

• It is very important that the cooling water exits the copper legs through the shortest leg 

where the thermocouple is attached in order to monitor the temperature of the induction 

coils while the setup is running. 

 

Figure 3-4 Cooling water system. A Quick fit assembly. B Cooling water attached to the copper legs. C Cooling water attached to the 

flow meter. D Flow and return Quick fit connectors E Tubing. F Flow chart. 

A B C 

D 
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The ø6 tube from the smaller leg is attached to the push-on fitting on the right side of the flow meter 

ensuring that the water flow through the flow meter follows the blue arrow (Figure 3-4 C). A third 

piece of ø6 tube is now attached to the push-in fitting of the left side of the flow meter and the other 

end of the tube is connected to the push-on fitting of the Quick-fit connector (Return) on the stabiliser 

ring, closing the cooling water loop. 

ATTENTION: 

• The ON/OFF of the cooling water is controlled on the main panel of the POLARIS cooling 

water system. 

 

ATTENTION: 

• Before connecting any of the electronics the cooling system has to be checked for leaks! 

3.2.5 Control Module and wires 

All wires from the setup need to go through the electronic control module’s back panel. It has 

engravings with names for each connection for a quick and easy connection procedure. A circuit 

diagram is presented in Figure 3-5 G (A standard circuit diagram can also be found in the “Electronic 

Circuits.pdf” file).  

3.2.5.1 Internal connections 

Connecting the setup to the electronic control module means connecting all wires between the 

Tompkinsons flange and the electronic module. Figure 3-5 A shows all connections leading into the 

backside on the electronic control module. The wires will be connected from top left of the picture.  

“High Current”: The thick cables from the ZVS osc module are inserted into the High Current 

plugs, which powers the oscillation module. 

“Diode”: Two banana plugs are inserted into the “Diode” plugs. (In the picture an adjustable 

resistance is inserted in the system which is not necessary). The banana plugs are connected to the 

blue flange in Figure 3-5 B which also provide feedthrough for potential type-R and -S 

thermocouples.  

“Heater” and “Sample”: Thermocouple wires for the heater and the sample are inserted into the 

“Heater” and “Sample” plugs. These will be connected to either Figure 3-5 B or C depending on the 

type of thermocouple used in the experiment. 

ATTENTION: 

• For type-R,S thermocouples use the orange plugs in Figure 3-5 B. For type-K 

thermocouples use the plug in Figure 3-5 C. 

 

 “Cooling Water”: The flow meter sitting on the side of the electronic box is connected with the 5-

pole plug “Cooling Water” 
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“Induction Com.”: The 25-pole plug is connected the “Induction Com.” plug which contains the 

power for the cooling fan and temperature read out of the backflow of cooling water TCW, temperature 

of the switch module on the ZVS osc module TSW and temperature of the capacitor banks on the ZVS 

osc module TCB. 

All plugs are now connected on the airside of the Tompkinsons flange. On the vacuum side, the wire 

for the diode needs to be wrapped around the diode pole as in Figure 3-5 D. The thermocouple wire 

needs to be fixed on the backside of the Rose+Krieger© profile as seen in figure Figure 3-5 F.  

ATTENTION: 

• All excess wire on the vacuum side should be secured and fastened using the clamps in 

Figure 3-5 D. This ensures that the wire is not in the beam or does not get trapped during 

operation. 

• All wires and cooling water hoses should be secured to the crane rods using zip ties to keep 

the setup clean. 
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Figure 3-5 A back side of electronic Control Module with all connections attached. B Vacuum feedthrough for type-R,S thermocouples 

and diode. C Vacuum feedthrough type-k thermocouple. D Diode winding on diode rod and fixation of loose wires on the vacuum side. 

E General view of wire connections. F Type-k thermocouple wiring on vacuum side. G Circuit diagram. From left; Control unit 

(Computer), The power supplies described in section 2.2.5, the electronic control module and flow meter and finally the Tompkinsons 

flange.  . 

3.2.5.2 External connection 

Once all the wires on the setup have been connected and the cooling water has been tested, the front 

panel (Figure 2-10 A) of the electronic control module is ready to be connected to the external power 

supplies and a communication line to a control unit.  

“High Current” and “Power Com.”: The power output from the EA-PSI 9080-40 DT 1000W is 

connected with special wires to the male plugs “High Current”. A 15-pole communication wire 

connects the back of the power supply and the “Power Com.” which allow for the electronic control 

module to externally control the power supply.  
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NB: 

• The EA-PSI 9080-40 DT 1000W powers the ZVS osc module 

 

 “Low Current”: The 15V power output from the TENMA 72-10480 is connected to the “Low 

Current” plugs using banana plug wires.  

ATTENTION: 

• The TENMA 72-10480 should be operated at 15V and a max current output of 3A to avoid 

burning any components. 

 

NB:  

• The TENMA 72-10480 drives the electronic control module, the cooling fan and the diode. 

 

 “IBEX”: To control the setup using the IBEX software, a RS-232 connection from the beamline 

should be plugged into the “IBEX” plug. For this you need access to the IBEX software and the 

special IBEX setup for the Induction Furnace written for POLARIS as explained in section 5.4 and 

6.6. 

“USB”: The USB connection is used when testing new equipment where a change in the software is 

necessary. This requires the Arduino and Teensyduino software. Preferably you would have the 

control software from the electronic control module on your computer. The setup would then be 

operated as described in section 5.5 and 6.7 
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CHAPTER 4: SAMPLE PREPARATION 

4.1 Introduction 

This chapter goes through the sample preparation and how to mount the sample holder shoe in the 

setup.  

4.2 Components needed for packing 

The sample packing needs to be done in a series of steps in order to have the thermocouples inserted 

properly in the sample and in the heater. In Figure 4-1 A a packed sample sitting in the sample holder 

shoe can be seen. The parts used for the packing are: a sample-tube (here quartz, inner diameter = 8 

mm), graphite pistons (diameter = 8 mm, one drilled out as in Figure 4-1 D), ceramic spacers, a 

spring, a 1/16” and a 1/8” thermocouple, and the sample holder shoe. 

The sample-tube can be made of different material such as quartz, steel or graphite. It should fit 

within the induction coil without physical contact (see section 2.2.1).  

The graphite pistons should have the same diameter as the inner diameter of the sample-tube to 

ensure a tight fit for the sample. This ensures that the sample cannot escape the sample tube during 

an experiment. A special graphite piston is drilled out as seen in Figure 4-1 D in order to fix the 

thermocouples. 

The ceramic spacers are hollow and are used in order to fix the sample in the right position in the 

tube. By using the spacers, the distance from the top of the sample-tube to the center of the sample 

should be ∽ 100 mm. This distance will allow for a gap between the sample-tube and the barrel when 

mounting the sample in the furnace while having the sample in the center of the beam. Beware that 

for sample tubes of different length special sized ceramic spacer are needed. 

The spring is inserted to maintain pressure on the sample in case it contracts during heating. Thus, it 

is important when packing the sample to make sure the spring is compressed at least 5 mm when it is 

mounted in the furnace.  

The thermocouples measure the temperature of the sample and the heater (graphite piston in the 

induction coil) using a 1/16” and a 1/8” thermocouple respectively (make sure to mark them). In the 

case presented here these are type-K.   

4.3 Sample Packing  

Packing the sample is done in the following steps: 

• The 1/16” and the 1/8” thermocouples are preliminary assembled as seen in Figure 4-1 B. 

They run through a spring, a ceramic tube and are finally inserted in a graphite piston Figure 

4-1 C. The piston has been drilled out as seen in Figure 4-1 D. By inserting the 1/16” first 

followed by the 1/8” it is possible to fix them in the graphite piston. It is important that the 

length of the 1/16” sticking out of the piston is half the presumed sample height in order for 

it to be sitting in the centre of the sample (∽10 mm). 
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• This assembly is inserted into the sample-tube. The sample-tube is then mounted on the 

sample holder shoe using the spring-slider system. This creates a stable assembly for sample 

loading. 

• The sample is inserted in the sample-tube from the top. In the standard setup the sample height 

should be 20-22 mm when compressed 

• Insert two graphite pistons (each have a length of 25 mm) followed by a ceramic spacer (15 

mm) and compress the powder using only hand-power  

• Leave ∽25 mm of free space in the top of the tube for the height aligner. 

The sample should now be ready to be mounted in the furnace. 

ATTENTION:  

• Leave a gap of ∽25 mm at the top of the tube 

• The distance from the top of the sample-tube to the center of the sample should be 

∽ 100 mm. 

• Be careful that the thermocouples do not fall out during packing.  

 

  

Figure 4-1 Sample packing. A Shows the sample fully packed inside a quartz tube and in the sample holder shoe. B Detailed picture 

of the inserted thermocouples. C The graphite pistons. D Detailed vies of the 1/16” and the 1/8” thermocouples going through the 

graphite piston. The 1/16” monitors the sample temperature while the 1/8” monitors the heater temperature. 
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4.4 Sample Mounting 

Mounting a packed sample is straightforward. Make sure the furnace is in a stable/secured position 

and to have easy access to the sample area. Simply slide the sample holder shoe on to the 

Rose+Krieger© profile as seen in Figure 4-2 A. The sample-tube should be slid onto the sample 

aligner as in Figure 4-2 B. Before tightening the screws on the sample holder shoe, it is important to 

push it up to compress the spring inside the sample-tube. This will not affect the sample position. The 

sample position can be adjusted using the sample holder height alignment screw to ensure the sample 

is perfectly centred in the beam. 

Finally, connect the thermocouple wires. 

NB: 

• Make sure the sample and heater thermocouples are correctly assembled. 

 

 

Figure 4-2 A packed sample mounted on the Rose+Krieger© profile. A Sample holder shoe attached to Rose+Krieger© profile. B 

Sample-tube slid on to the height aligner. C The thermocouple wires attached to the back of the Rose+Krieger© profile and attached 

to the thermocouples measuring the heater and sample temperature.  

4.5 Further sample considerations 

4.5.1 Size and Shape 

As a general rule, the packed sample should not be larger than the beamsize of the neutron 

diffractometer. In the case of POLARIS this means:  

• Beamsize, width x height = 15 mm x 40 mm.  

• “Beam Volume” (cylindrical model) = 7 cm3 

A B C 
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However, since the thermal gradient through the sample is very dependent on the axial height of the 

sample (section 1.5), which is more accurate for a small height, the full beam is not used. A typical 

sample that fits inside one of the standard sample-tubes (section 2.2.1) should have a sample size: 

• Sample size, diameter x height = 8 - 9 mm x 20 – 22 mm. 

• Sample Volume = 1 - 1.4 cm3 

4.5.2 Physical properties 

The thermal conductivity of the sample is very important, since the sample is heated through thermal 

contact with the graphite pistons, where the heat is generated. The thermal gradient through the 

sample is minimized for samples with high thermal conductivity. 

The sample could have the ability to couple with the ZVS osc module. This will typically be the case 

if the sample is metallic and/or magnetic. This would lead to a small amount of direct heating of the 

sample even though it is not situated inside the coils but in the gap between the coils.  
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CHAPTER 5: EXPERIMENTAL DESCRIPTION 

5.1 Introduction 

This chapter explains how to run and experiment ones a sample has been packed and mounted in the 

induction furnace. First a description on how to install and remove the induction furnace into 

POLARIS followed by an instruction on how to use the firmware provided for either the IBEX control 

system (RS-232) or the Teensy 3.5 (USB). 

5.2 Overview of an Induction Furnace Experiment 

Experiments can be characterised into two groups: 

• Experiments where a sample is investigated (e.g. using a tested and proved coil and heat 

element setup.) 

• Experiments for optimization of the furnace (e.g. ongoing furnace development.) 

The only critical difference in how to run these experiments would be the software used for running 

the furnace.  

In the first case a user would communicate with the IBEX software using the RS-232 connection. It 

has a standardised set of available option which limits the user to only operate the furnace under safe 

conditions.  

In the second case a user would communicate directly with the Teensy 3.5 module through the 

Arduino IDE software using the USB connection. Using this approach, it is possible to make changes 

directly to the firmware and change shutdown limit or run in a manual system with no safety 

monitoring or PID control. This can be a crucial option when optimizing the induction coils or the 

sample-tubes. 

An experiment would start by inserting the induction furnace in either the POLARIS detector tank 

(in situ experiments) or in a test vacuum tank (ex situ or test experiments).  

NB: 

• The Furnace can also be run in air but it is recommended only to do this while testing the 

setup since the graphite piston will combust in air over time at high temperatures. 

 

Once the sample is installed the cooling water (which has been tested prior to insertion, see section 

3.2.4) is connected and switched ON and the external electronics are connected to the electronic 

control module (section 3.2.5.2). 

The experiment is now run through your preferred interface. 

Once the experiment has ended and the sample has cooled down the cooling water can be switched 

off and all external connections are unplugged so that the furnace can be removed from the tank. 
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5.3 Inserting and Removing the Induction Furnace at POLARIS 

After having mounted a sample in the furnace, it needs to be craned into either the detector tank at 

POLARIS or a test tank. This is done in 7 steps. 

 INSERT Furnace  

1. Connect the crane and the crane attachment point (Figure 5-1 A) using a suspension (Secure 

them). 

2. Slowly lift the furnace into place above the tank. 

3. When inserting the furnace ensure that the IN and OUT labels correspond with the beam 

direction of POLARIS (Figure 5-1 B). 

4. Attach the cooling water as described in section 3.2.4 and test for leaks. 

5. Start the evacuation of the vacuum tank 

6. Attach the external connection as described in section 3.2.5.2 

7. Turn ON the power supplies 

Once these steps are completed, you are ready to start the experiment. 

After having completed an experiment and the furnace has cooled below 200C, the furnace is 

removed in 6 steps. 

 REMOVE Furnace 

1. Ventilate the vacuum tank 

2. Turn OFF the power supplies and the cooling water 

3. Disconnect all external connections as described in section 3.2.5.2 

4. Disconnect the cooling water. 

5. Connect the crane and the crane attachment points using a suspension (secure them) 

6. Slowly remove the furnace from the tank. 

The sample is now ready to be collected and can be exchanged for a new sample. 

 

Figure 5-1 Left the top view of the furnace clearly showing the crane attachments. Right Top view of Tompkinsons flange. When 

inserting the furnace, it should be rotated to ensure than the neutron beam goes from IN to OUT which is labelled onto the flange. 

A B 
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5.4 Experiment Run from IBEX (RS-232) 

If an experiment is carried out in the POLARIS instrument it should be controlled from the IBEX 

control software. This ensures that all experimental details are collected in each data file while 

running a standard heating experiment. 

In this section the focus will be on a simple step wise procedure on how to setup and start an 

experiment.  

Measure at a fixed temperature 

1. Go to the advanced user window and select the sample holder in use (see Figure 6-2). This 

will limit the maximum temperature of the furnace to prevent the sample holder from melting. 

2. Go to the user window and insert the set temperature and press start. 

3. Ones the sample temperature has stabilised start data acquisition. 

4. When the experiment is finished press stop and the sample will free cool. 

Changing temperature during a measurement 

1. Type in a new target temperature and press enter 

Multiple temperatures in one experiment 

As with most of the sample environments at POLARIS it is possible to set up a command list in 

python which will automatically run any experiment while collecting data in a user specified fashion.   

1. Create a python control script and run it. (this will not be demonstrated in the manual) 

5.5 Experiment Run from the Arduino IDE software (USB) 

If an experiment focusses on optimising the setup or testing new equipment such as coils or sample 

holders it can be advantageous to control the furnace through the USB connection using the Arduino 

IDE software. There are two approaches to the USB usage.  

o A normal user who only uses the commands available in the firmware 

o An advanced user who makes changes to the firmware 

5.5.1 Normal use: Using standard commands 

The firmware has three types of commands to run the furnace. Through these commands the heater 

can be operated in either manual mode where the furnace is heated by changing the voltage or in PID 

mode where only a set temperature is needed. The syntax used below can be found through the link 

http://help.arcgis.com/en/geodatabase/10.0/admin_cmds/Support_files/syntax.htm 

• Manual-mode is run using the <>powOn> and <>powOff> commands which include the 

start-up safety monitoring but not any running safety monitoring. The heater is then controlled 

by changing the voltage using <>powV> 15 to set the voltage at 15 V. 

Manual-mode should be used when testing new coils or new heat elements since it is possible 

to change the voltage stepwise and slowly. The safety monitoring can be activated using the 

command <>runAchk> if needed. For all additional commands press <?help> or look in the 

furnace firmware file SerialCommand.ino. 

http://help.arcgis.com/en/geodatabase/10.0/admin_cmds/Support_files/syntax.htm
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• PID-mode is run with the commands <>pidRun> and <>pidStp>. The furnace is then 

controlled by changing the PID setpoint using the command <>pidSp 1000> for a set point of 

1000C. All safety monitoring is active at all times. 

• Start/Stop-mode is an easier version of the PID-mode where the start command is combined 

with a set temperature <>start 500> after which the furnace will go directly to 500C. The 

furnace is the controlled by changing the PID setpoint using the command <>pidSp 1000> for 

a set point of 1000C. All safety monitoring is active at all times. 

PID and Start/Stop-mode is good when testing new sample holders (with the same diameter 

as the already tested ones). Here it is possible to choose a set temperature and keep it there 

while measuring e.g. the sample temperature or heat gradient. 

With these simple steps and the <?help> command to guide with additional commands the furnace is 

simple to operate. 

5.5.2 Advanced use: Changing the Furnace Firmware through the Arduino IDE Software 

When testing new hardware such as coils or sample tubes it can be necessary to make changes to the 

firmware. This could include changing the emergency shutdown limits and running the furnace 

without any safety monitoring. This can be a great advantage but should be done with caution since 

the furnace could be broken.  

The typical values that can be changed are listed in section CHAPTER 6:. 

When changing the firmware follow these steps. 

1. Shut down furnace. 

2. Save a new version of the firmware on your computer 

3. ALWAYS Change the version id of the code.  

4. Make changes in the code 

5. Compile and upload the new code through the USB connection 

6. Run furnace with updated firmware as described in section 5.5.1. 

7. After the test is ended upload the original Firmware to the Teensy 3.5 

 

ATTENTION:  

• When ending an experiment through the Arduino IDE software, make sure to upload a safe 

version of the firmware into the Teensy 3.5! 

• Be careful when changing the control firmware through the Arduino IDE software and 

monitor the furnace at all times in case of equipment malfunction. 
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CHAPTER 6:  CONTROL FIRMWARE 

6.1 Introduction 

This chapter will go through the firmware for the furnace. The firmware is running on a Teensy 3.5 

placed inside the electronic control module. The firmware cover the manual control of each available 

parameter in the firmware, PID temperature control and safety monitoring with an emergency 

shutdown control in case of overload or malfunction.  

The Teensy 3.5 can be controlled through either a RS-232 or a USB. The RS-232 connection is meant 

for communication with the IBEX control system at ISIS, specifically the “Induction Furnace” mode 

on the POLARIS control computer. The IBEX control window offers specific limited options for the 

user which ensures an easy and safe operation of the furnace. The USB connection is meant for all 

experiments or furnace tests where it is convenient not to be limited by the possibilities of the IBEX 

control window. The control in this case would be through the Arduino IDE software where it is 

possible to run the furnace through an extended number of commands but also to change the firmware 

entirely.  

 

ATTENTION: 

• Users that are not superusers of the setup should only run the furnace through IBEX. 

• Be aware that changing the firmware during furnace tests will also influence the IBEX 

control. Therefore, always have a standard version of the firmware which is uploaded to 

the Teensy 3.5 after any furnace tests have been run. 

• Always change the version id of the firmware when implementing changes to it. 

6.2 Firmware for the Control Module 

The Firmware can be found in the “Induction Furnace Manual/Firmware” folder. There is a total of 

three files needed for the program to work with the file names HfHeater.ino, SerialCommand.ino and 

SerialCommand3.ino. The HfHeater.ino is the general code that controls the furnace based on inputs. 

The SerialCommand.ino and the “SerialCommand3.ino” controls the communication with USB and 

IBEX respectively. 

In this manual, the focus will be on the part of the HfHeater.ino that deals with the PID control, with 

safety monitoring and how to change thresholds for the emergency shutdown procedure and a brief 

explanation on how to communicate with the firmware through a USB connection. For additional 

help contact the developers. All mention on sections (//SECTION) is related to the HfHeater.ino code. 

6.3 Parameter Monitoring and limits 

There is a number of system parameters being monitored at all times. These are: 

• Voltage (main power supply) 

• Current (main power supply) 

• Flow of cooling water 
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• The temperature of the backflow of cooling water 

• The temperature of the capacitor bank 

• The temperature of the Switch element 

• The temperature of the heater  

• The temperature of the sample  

• Type of sample-tube  

Many of these have max, min, overflow and underflow limits which can be changed in the firmware 

in the section (// limits). These work as safe guards for the hardware in order to avoid misuse. 

The thermocouple connections for the heater and sample allow for many types of thermocouples to 

be connected. The hardware works with type-B, E, J, K, N, R, S and T thermocouple. The user needs 

to manually change the type of thermocouple in the firmware in section (// thermocouple related 

setup). The default setting is type-K thermocouples. 

The sample-tube type is determined in the firmware and limits the maximum operating temperature 

of the furnace. The limit is set to be significantly lower than the melting point of the sample-tube. 

This is defined in the firmware in section (// PID and Auto Tune Variables and constants) but can be 

changed with a command during a run.  

NB: 

• When changing the sample-tube type in either IBEX or directly on the electronic control 

module during a run the furnace will automatically change the set temperature to 100 C 

6.4 Temperature PID Control 

The PID control has been programmed directly into the firmware and works as a standard PID where 

the heater temperature is monitored while the firmware controls the power output from the power 

supply to reach the set temperature in the fastest and smoothest way. The P, I and D values can be set 

manually in the firmware in the section (// PID and Auto Tune Variables and constants). This section 

also includes suggested and tested values for safe use. It could be necessary to change these if 

changing the coil and sample dimension settings. 

6.5 Emergency Shutdown Control  

The firmware monitors the parameters listed in section 6.3. If any of the limits for the parameters set 

in the firmware are breached the furnace will immediately shutdown, cancelling any operation and 

cooling down to room temperature. If the furnace is run through the USB the system will not 

automatically state which parameter was triggering the shutdown as this is only implemented in the 

IBEX control that has an individual page showing the state of the monitored values which can be 

seen in Figure 6-3. 

There are four sections in the firmware that contains the safety limits. These are 

• Section (// limits)  

Defines the maximum and minimum values for the power supply. These limits are set 

to protect both the power supply and the ZVS osc module. 

• Section (//PS values during start-up of OSC power) and (//PS values during start up (init)) 
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During the start-up it is necessary to define the minimum voltage input in order to 

ensure correct conditions for the ZVS osc and to ensure a coupling between the copper 

coil and the heat element. These will limit the minimum temperature reachable by the 

setup and can be changed if the system allows 

• Section (// alarm values) 

Defines the temperature limits for all thermocouples in the setup as well as the cooling 

water flow rates. 

ATTENTION: 

• If new tests of the setup are being performed it can be necessary to change the safety limits. 

• If the limits are changed it is very important to monitor the system at all times until the new 

value is deemed safe. 

6.6 Communication with IBEX 

All communication with IBEX is done through the RS-232 connection and is based on the commands 

found in SerialCommand3.ino file. Here it is necessary to have the induction furnace mode in IBEX 

installed and will most likely only be operated directly from POLARIS. The commands are made in 

collaboration with Thomas Willemsen (Responsible for IBEX in this project) and should not be 

altered. 

The induction furnace in the IBEX software has three main windows of interest.  

• General User is for the standard user who is limited to control start, stop and set temperature 

of the furnace and can be seen in Figure 6-1 

• Advanced User is for the trained user who would like to change PID parameters, manually 

change the voltage and current and change the type of sample holder in the setup. 

• Diagnostics shows all monitored parameters and will activate if the emergency shutdown is 

activated. 

 

ATTENTION: 

• Before running the furnace through IBEX it is important to validate that the uploaded 

firmware in the Teensy 3.5 has not been altered from its original safe state. This can be 

done by connecting to the furnace with the USB connected and give the command <?ver> 

which gives back the current version id. 
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Figure 6-1 

The general user 

window. This page 

allows for a non trained 

user to operate the 

furnace using only a 

simple start-stop 

console in which the 

temperature can be 

changed. It features 

temperature monitor 

values of the key 

components as well as a 

cooling water status. 

  

 

Figure 6-2 

The Advanced user 

window.  The advanced 

user can change the 

PID values and run the 

power supply by 

manually changing the 

voltage and current 

output. This includes a 

overheat and 

overvoltage alarm for 

the ZVS osc module. 

Finally, it is possible to 

switch the LED 

ON/OFF and change 

the sample holder 

material. 
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Figure 6-3 

The diagnostics 

window. In case of a 

emergency shutdown 

this page displays the 

type of malfunction in 

the system by activating 

the red lamps.  

6.7 Communication through USB 

By connecting through USB, it is necessary to have a software that allows for communication with a 

Teensy 3.5. Suggestions are Coolterm in which you can plot instrumental parameters while running 

or Arduino IDE through which the code can be altered and compiled/uploaded onto the Teensy 3.5. 

The USB connection runs using simple commands that can be found in the SerialCommand.ino file 

or can be displayed by typing <?help> in the command prompt.  

Through these commands the heater can be operated in either manual mode where the furnace is 

heated by changing the voltage or in PID mode where only a set temperature is needed 

• Manual-mode is run using the <>powOn> and <>powOff> commands which include the 

start-up safety monitoring but not any live safety monitoring. The heater is then controlled by 

changing the voltage using <>powV 15> to set the voltage at 15 V. 

• PID-mode is run with the commands <>pidRun> and <>pidStp>. The furnace is then 

controlled by changing the PID setpoint using the command <>pidSp 1000> for a set point of 

1000C. All safety monitoring is active at all times. 

• Start/Stop-mode is an easier version of the PID-mode where the start command is combined 

with a set temperature <>start 500> after which the furnace will go directly to 500C. The 

furnace is the controlled by changing the PID setpoint using the command <>pidSp 1000> for 

a set point of 1000C. All safety monitoring is active at all times. 

6.7.1 Changing the Firmware 

It is possible to make changes to the firmware. When changing the firmware, it is important to keep 

track of the version ID that should be changed every time a change is applied in the firmware. 
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