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Preface 
 
 
 
This dissertation has been submitted to the Graduate School of Technical Sciences 
(GSTS) at the Faculty of Science and Technology at Aarhus University, in order to 
fulfill the requirements for obtaining the Danish Ph.D. degree in Chemistry. The 
research presented in this dissertation has been carried out in the period from 
February 2017 to August 2020 under the supervision of Associate Professor Martin 
Bremholm, at the Department of Chemistry, Aarhus University. During this period, I 
have spent three months at the European Synchrotron Radiation Facility (ESRF), in 
Grenoble, France under the supervision of scientist Wilson Crichton. 
 
In this dissertation, I present some of the work I have carried out during the last four 
years. The dissertation is based on several manuscripts in different stages of 
preparation and is written following GSTS rules and regulations. In accordance with 
GSTS rules, parts of this thesis were also used in the progress report for the qualifying 
examination. 
 
Outline of the dissertation 
The overall topic of my research has been to synthesize and investigate different 
perovskite compounds at extreme conditions using powder X-ray diffraction. This 
has mainly been done using highly brilliant synchrotron facilities around the world. 
The main body of the dissertation is built on four publications, for which an 
introduction putting the work into context is provided. 
 
The dissertation is divided into the following Chapters: 
 
Chapter 1 provides a broad introduction to material science, followed by an 
introduction to the perovskite and perovskite-related structure types. A short 
introduction is given to high pressure and equation of states, followed by a brief 
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introduction to phase transitions. Finally, a brief summary of scattering theory with a 
focus on powder X-ray diffraction is given.  
 
Chapter 2 describes two experimental techniques used for the high-pressure 
experiments presented in this thesis. Both the basics of how to use these combined 
with how they are implemented at synchrotron facility beamlines are outlined. 
 
Chapter 3 describes high pressure and high temperature powder X-ray diffraction 
experiments performed on perovskite SrIrO3. This project explores the phase stability 
of SrIrO3 and seeks to induce a high-pressure phase transition using laser heating in 
a Diamond Anvil cell. 
 
Chapter 4 presents a new method developed for synthesis and phase transformation 
of perovskite oxides using laser heating in Diamond Anvil Cells. The success of the 
method is shown through in-situ powder X-ray diffraction, high-pressure, laser 
heating experiments for NaOsO3, and NaIrO3. This Chapter contains publication I. In 
the end a section presents the result of using the new method for high-pressure, laser 
heating experiments on SrIrO3. 
 
Chapter 5 presents high-pressure powder X-ray diffraction experiments performed 
at both ambient and low temperatures on perovskite SrRuO3. These studies seek to 
clarify differences in the structural behavior of SrRuO3 as a function of pressure 
reported in the literature. This Chapter contains publication II. The Chapter concludes 
with a section presenting the result of using the new method for high-pressure, laser 
heating experiments on SrRuO3. 
 
Chapter 6 presents a high-pressure powder X-ray diffraction study of perovskite 
SrOsO3 at both ambient and high temperatures. These experiments were performed 
to follow the structural behavior of SrOsO3 as a function of pressure and seek to 
investigate the phase relations at high temperatures using the new method presented 
in Chapter 4. This Chapter contains publication III. 
 
Chapter 7 summarizes a series of experiments performed during my three-month 
stay at ESRF. Using a starting mixture of Sr2IrO4 and MO2 (M = Ru, Os, Pt, and Pb) 
several high-pressure, high-temperature powder X-ray diffraction experiments were 
performed using the Large Volume Press at ID06, in the search for novel double 
perovskites Sr2IrMO6. 
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Chapter 8 presents high-pressure powder X-ray diffraction studies performed on 
three different polymorphs of SrGeO3. These studies investigate and compare the 
structural behavior of the three polymorphs as a function of pressure. This Chapter 
contains publication IV. 
 
Chapter 9 briefly describes collaborative projects, that I have been involved in 
during my Ph.D. 
 
Concluding remarks, summarize, and concludes the different projects presented in 
this thesis.  
 
Chapter 10 contains the appendices, which mainly consist of supporting information 
for the four publications included in this thesis. 
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Abstract 
 
 
 
Fundamental research is driven by the curiosity and desire to obtain and expand 
knowledge in a specific research field. Usually, fundamental research does not result 
in findings that have an immediate application on a practical level and has therefore 
gotten the expression “gathering knowledge for the sake of knowledge”. A 
fundamental researcher mainly aims to answer the questions of what, why, and how 
and this type of research contributes to the academic knowledge pool. Opposite 
applied research aims to solve specific problems, often with an immediate practical 
application. Although fundamental research does not pursue an immediate 
application of obtained results, nevertheless, these may lead to innovations and 
solutions to practical problems. This Ph.D. project has focused solely on fundamental 
research.  
 
In the last decades, the search for new materials and the study of matter at extreme 
conditions of high pressure and high temperature has seen an unprecedented increase. 
High-pressure research is fundamentally important as it can modify chemical bonds 
and induce a variety of changes in materials, which is key in the pursuit to discover 
yet unknown materials or induce new properties. This Ph.D. project has aimed to 
study the structural behavior of perovskite-type materials under extreme conditions. 
To study these materials two different approaches for creating high pressure have 
been used, Large Volume Press’s and Diamond Anvil Cells, which are both 
techniques that can be combined with high temperatures. A large number of 
experiments have been carried out at synchrotron facilities around the world using 
powerful X-ray radiation to follow the changes in the structures of perovskite oxide 
compounds in-situ as a function of both pressure and temperature. 
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The main projects have involved the compounds: SrIrO3, NaIrO3, NaOsO3, SrRuO3, 
SrOsO3, and SrGeO3. Several of these compounds exist in different polymorphs with 
different structures and these have been synthesized using either conventional solid-
state reactions or high-pressure synthesis methods. Many of these polymorphs have 
been studied using powder X-ray diffraction as a function of pressure at ambient 
temperature. From the obtained compression results, equation of states have been 
fitted to the obtained volumes as a function of increasing pressure and the bulk 
modulus of the different polymorphs have been extracted. During these compression 
studies at ambient temperature, several structural changes have been observed for 
specific compounds. For instance, SrRuO3 has a second-order continuous phase 
transition at elevated pressure lowering the symmetry of the structure. The same type 
of phase transition was observed in SrOsO3 and additionally, a phase transition back 
to the original symmetry was observed at even higher pressures. Two of the SrGeO3 
polymorphs were observed to transition into amorphous compounds as high pressure 
was applied at ambient temperature.  
 
Laser heating experiments at high pressure in Diamond Anvil Cells have been 
performed on several of the perovskite compounds aiming at inducing phase 
transitions, which has an energy barrier to overcome. Using a conventional 
preparation method of the Diamond Anvil Cells, these experiments resulted in a 
reduction of the samples. For example, SrIrO3 reduces to iridium metal during heating 
at high pressure and both SrOsO3 and NaOsO3 reduce to osmium metal during heating 
at high pressure. Based on these results we developed a new method to prevent the 
samples from reducing during heating, by introducing an oxidizing environment. This 
method was proved successful by inducing a phase transition in NaOsO3 from the 
perovskite structure to the post-perovskite structure at high pressure and high 
temperature, without reducing the sample. It also worked for the direct synthesis of 
NaIrO3 post-perovskite and additionally, a novel rhombohedral polymorph of NaIrO3 
was discovered. Using the new method a novel post-perovskite structure was 
discovered in SrOsO3 at high pressure and high temperature.  
 
The success of the new method together with the discovery of a new polymorph in 
NaIrO3 and a novel post-perovskite in SrOsO3 will motivate further investigations of 
new post-perovskites and new members of other structure families. It greatly pushes 
the boundaries for what can be achieved with Diamond Anvil Cells for oxide 
compounds at high pressure and high temperature conditions. 
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Dansk resumé 
 
 
 
Grundforskning er drevet af nysgerrigheden, og ønsket om at skaffe og udvide den 
tilgængelige viden inden for et specifikt forskningsfelt. Grundforskning resulterer 
normalt ikke i fund, der øjeblikkeligt finder anvendelse på et praktisk niveau, og har 
derfor fået udtrykket ”indsamling af viden for viden”. En grundforsker sigter 
hovedsagelig mod at besvare spørgsmålene hvad, hvorfor og hvordan, og denne type 
forskning bidrager til den akademiske videns pulje. Anvendt forskning sigter modsat 
mod at løse specifikke problemer, ofte med en øjeblikkelig praktisk anvendelse. 
Selvom grundforskning ikke forfølger en øjeblikkelig anvendelse af de opnåede 
resultater, kan disse alligevel føre til innovationer og løsninger på praktiske 
problemer. Dette Ph.D. projekt har kun fokuseret på grundforskning. 
 
I løbet af de sidste årtier har søgningen efter nye materialer og studiet af stof under 
ekstreme forhold med højt tryk og høj temperatur, oplevet en hidtil uset stigning. 
Højtryksundersøgelser er grundlæggende vigtige, da højt tryk kan modificere 
kemiske bindinger og fremkalde en række forskellige ændringer i materialer. Dette 
er nøglen til at opdage endnu ukendte materialer eller inducere nye egenskaber. Dette 
Ph.D. projekt har haft til formål at studere den strukturelle opførsel af materialer med 
perovskit-type struktur under ekstreme forhold. For at studere disse materialer er der 
anvendt to forskellige fremgangsmåder til at skabe højt tryk; Stor-Volumen-Presser 
og Diamont-ambolt-celler, som begge er teknikker, der kan kombineres med høje 
temperaturer. Et stort antal eksperimenter er blevet udført ved synchrotron faciliteter 
omkring i verden, hvor kraftig røntgenstråling er brugt til at følge ændringerne i 
strukturerne af perovskit oxygen forbindelser in-situ som funktion af både tryk og 
temperatur. 
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De vigtigste projekter har involveret forbindelserne: SrIrO3, NaIrO3, NaOsO3, 
SrRuO3, SrOsO3 og SrGeO3. Flere af disse forbindelser findes i forskellige 
polymorfer med forskellige strukturer og disse er blevet syntetiseret ved anvendelse 
af enten konventionelle faststof-reaktioner eller højtryks syntese metoder. Mange af 
disse polymorfer er blevet undersøgt ved anvendelse af pulver røntgen diffraktion 
som en funktion af tryk ved stuetemperatur. De opnåede komprimerings resultater 
for volumen som en funktion af stigende tryk er blevet tilpasset til tilstandsligningen 
og bulk modulus for de forskellige polymorfer er blevet ekstraheret. Under disse 
kompressions undersøgelser ved stuetemperatur er der observeret flere strukturelle 
ændringer for specifikke forbindelser. For eksempel har SrRuO3 en anden-ordens 
kontinuerlig faseovergang ved forhøjet tryk, hvilket sænker strukturens symmetri. 
Den samme type faseovergang blev observeret i SrOsO3, og yderligere blev der 
observeret en faseovergang tilbage til den originale symmetri ved endnu højere tryk. 
For to af SrGeO3 polymorfene blev overgange til amorfe forbindelser observeret da 
der blev anvendt højt tryk ved stuetemperatur. 
 
Laseropvarmnings eksperimenter ved højt tryk i Diamont-ambolt-celler er blevet 
udført på adskillige af perovskit forbindelserne med det formål at inducere 
faseovergange, som har en energibarriere at overvinde. Anvendelse af en 
konventionel pakningsmetode af Diamont-ambolt-cellerne resulterede for disse 
eksperimenter i en reduktion af prøverne. For eksempel, blev SrIrO3 reduceret til 
iridium metal under opvarmning ved højt tryk, og både SrOsO3 og NaOsO3 blev 
reduceret til osmium metal under opvarmning ved højt tryk. Baseret på disse 
resultater udviklede vi en ny metode for at forhindre, at prøverne reducerer under 
opvarmning ved at indføre et oxiderende miljø omkring prøven. Denne metode viste 
sig succesfuld, og det lykkedes at inducere en faseovergang i NaOsO3 fra perovskit 
strukturen til post-perovskit strukturen ved højt tryk og høj temperatur uden at prøven 
reducerede. Metoden virkede også for den direkte syntese af en NaIrO3 post-
perovskit, og yderligere blev der opdaget en ny rhombohedral polymorf af NaIrO3. 
Ved anvendelse af den nye metode, blev en ny post-perovskit struktur opdaget i 
SrOsO3 ved højt tryk og høj temperatur. 
 
Succesen med den nye metode sammen med opdagelsen af en ny polymorf i NaIrO3 
og en ny post-perovskit i SrOsO3 vil motivere yderligere undersøgelser af nye post-
perovskitter og nye medlemmer af andre strukturfamilier. Den nye metode skubber i 
høj grad grænserne for hvad der kan opnås med Diamont-ambolt-celler for oxygen 
forbindelser ved høje tryk og høje temperatur forhold. 
 



Page | 17  
 

 
 
 
 
 
 
 

List of publications 
 
 
 
This dissertation is based on the following publications: 
 
 

I. C. H. Kronbo, M. Ottesen, M. F. Hansen, E. Ehrenreich-Petersen, Y. 
Meng, M. Bremholm, Discovery of Rhombohedral NaIrO3 Polymorph 
by New Method for In-situ High-Pressure Synthesis of High Oxidation 
State Materials using Laser Heating in Diamond Anvil Cells, submitted 
to Inorganic Chemistry. 
 

II. C. H. Kronbo, L. R. Jensen, F. Menescardi, D. Ceresoli, M. Bremholm, 
High-pressure, low-temperature studies of phase transitions in SrRuO3 
– Absence of volume collapse, J. of Solid State Chem., 287, 121360 
(2020). 
 

III. C. H. Kronbo, E. Ehrenreich-Petersen, M. Ottesen, F. Menescardi, D. 
Ceresoli, M. Bremholm, High-Pressure, High-Temperature Studies of 
Phase Transitions in SrOsO3 – Discovery of a Novel Post-Perovskite, 
manuscript in preparation. 
 

IV. C. H. Kronbo, F. Menescardi, D. Ceresoli, M. Bremholm, High 
Pressure Structure Studies of Three SrGeO3 Polymorphs – 
Amorphization under Pressure, in review at Journal of Alloys and 
Compounds. 

 
 
 
 



List of publications 

 18 | Page 

Publications published before I started my Ph.D.: 
 
 

V. C. H. Kronbo, M. B. Nielsen, S. M. Kevy, P. Parisiades, M. Bremholm, 
High pressure structure studies of 6H-SrIrO3 and the octahedral tilting 
in 3C-SrIrO3 towards a post-perovskite, J. of Solid State Chem., 238, 74-
82 (2016).   

 
Contributions to publications in preparation:  
 
 

VI. E. Ehrenreich-Petersen, S. U. S. Mortensen, F. Menescardi, M. Ottesen, 
C. H. Kronbo, D. Ceresoli, M. Bremholm, High pressure phase 
transition in the oxide perovskite HgPbO3 (working title), manuscript in 
preparation. 
 

VII. F. Menescardi, C. H. Kronbo, E. Ehrenreich-Petersen, M. Bremholm, 
D. Ceresoli, DFT method comparison to benchmark experiments at high 
pressure (working title), manuscript in preparation. 

 
 
 
 
 
 



Page | 19  
 

 
 
 
 
 
 
 

Publication contributions  
 

 
 

I. For this publication, I drafted and developed the idea, synthesized most 
of the samples, carried out the high-pressure, laser heating experiments 
at ID-16-B, APS with the help of others, analyzed the data, and wrote the 
manuscript. 

 
II. For this publication, I help and guided in synthesizing the sample, carried 

out the high-pressure, low-temperature experiments at ID-16-B, APS 
with the help of others, was a big part of helping and guiding during data 
analysis, helped interpret DFT results and wrote the manuscript. 

 
III. For this publication, I synthesized the sample, carried out the high-

pressure experiments at ID-13-D, APS, and the high-pressure, laser 
heating experiments at ID-16-B, APS with the help of others, analyzed 
the data, interpreted DFT results and wrote the manuscript. 

 
IV. For this publication, I synthesized all samples, carried out all in-house 

high-pressure experiments, carried out the high-pressure experiments at 
ID27, ESRF, and ID-13-D, APS with the help of others, analyzed the 
data, interpreted DFT results and wrote the manuscript. 

 
V. For this publication, I synthesized the samples, carried out the high-

pressure experiments at ID27, ESRF with the help of others, analyzed 
the data, and wrote the manuscript. 

 
 
 



Publication contributions 

 20 | Page 

VI. For this publication, I carried out the high-pressure experiment at ID-13-
D, APS with the help of others, integrated the raw 2D data, and analyzed 
the gold pressure standard data, helped interpret the high-pressure results 
and contributed to the discussion.  

 
VII. For this publication, I provided most of the experimental results, on 

which this theoretical DFT paper is based on. I participated in 
discussions concerning the comparison of the experimental and DFT 
calculated results. 

 
 
 



Page | 21  
 

 
 
 
 
 
 
 

List of abbreviations 
 
 
 
1D  One Dimensional 

2D  Two Dimensional 

a.u.  Arbitrary units 

APS  Advanced Photon Source  

BM3  Third-order Birch-Murnaghan 

BM  Bending Magnet 

DAC  Diamond Anvil Cell 

DFT  Density Functional Theory 

ESRF  European Synchrotron Radiation Facility 

EoS  Equation of State 

EDX  Energy-dispersive X-ray Spectroscopy 

EXAFS  Extended X-Ray Absorption Fine Structure 

Fcc  Face-centered cubic 

FWHM  Full Width Half Max 

ID  Insertion Device 



List of abbreviations 

 22 | Page 

IRF  Instrument Resolution File 

LVP  Large Volume Press 

NIST  National Institute of Standards 

PTM  Pressure Transmitting Media 

PXRD   Powder X-ray Diffraction 

PDF  Pair Distribution Function 

PV  Perovskite 

PPV  Post-perovskite 

RT  Room Temperature 

XRD  X-ray Diffraction 



Page | 23  
 

 
 
 
 
 
 
 

CHAPTER 1 
Introduction and theory 

 
 
 
In this Ph.D. thesis, compounds with the perovskite structure have been investigated 
using X-ray diffraction. This Chapter presents some of the relevant theory on the 
perovskite and perovskite-related structures, and a short introduction into X-ray 
diffraction on crystalline powders. The theory presented in this Chapter is based on 
material from the following textbooks: Perovskites, modern and ancient by R. H. 
Mitchell [1], Elements of Modern X-ray Physics by J. Als-Nielsen and D. McMorrow 
[2], Principles of powder diffraction by R. E. Dinnebier and S. J. Billinge [3], 
Fundamentals of Crystallography by C. Giacovazzi and others [4], The Rietveld 
method by R. A. Young [5]. The reader is referred to these books for further details. 
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1.1 Introduction to materials science 
Materials science is the discipline of synthesizing new solid materials, investigating 
their structures and properties, and hopefully finding an application for them. All 
these disciplines are closely connected (see Figure 1.1) and as a materials scientist, 
you often work in more than one of these fields when investigating materials. The 
final aim of materials science is to connect all four fields to get a full understanding 
of materials. As a single scientist, it can be difficult to cover all fields alone, as there 
is an extremely diverse suite of methods in each field for synthesizing and 
investigating materials. Therefore, research groups around the world, generally 
specialize in a small subset of the available methods. 
 

 
 

Figure 1.1: The materials science tetrahedron, showing the connection of the four different fields in 
materials science: synthesis, structure, properties, and application of a material. 
 
This Ph.D. thesis explores the niche of materials science defined by the use of high 
pressure, as the main synthesis and investigation tool. Using high pressure, mainly 
two of the four materials science fields have been explored: Synthesis and structure 
investigations. The type of materials investigated all adopt perovskite-type structures. 
Using two different high-pressure techniques combined with high temperature, both 
known and novel materials has been prepared. Using X-ray diffraction the structures 
of these materials have been investigated.  
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1.2 The perovskite crystal structure 
Perovskites are a large family of structures in a wide span of materials, that have been 
named after the mineral CaTiO3, first discovered by Gustav Rose in 1839 and named 
in honor of Russian mineralogist Lev Aleksevich von Perovski. Today perovskites 
denote a class of materials with similar structures and the general chemical formula 
ABX3. In the perovskite structure, the A-site cations usually consist of large alkaline 
earth or lanthanide metals and the B-site cations usually consist of smaller transition 
metals with a similar size to the X-site anions. Figure 1.2 shows the structure of the 
ideal cubic perovskite, where the B-site cations and X-site anions create corner-
shared BX6 octahedra. The A-site cations are surrounded by twelve anions in cubo-
octahedral coordination. Ideal cubic perovskites adopt the cubic space group Pm-3m 
(#221).  
 

 
Figure 1.2: The ideal cubic perovskite structure (ABX3) in space group Pm-3m, showing cubo-
octahedral and octahedral coordination of the A-site and B-site cations, respectively.  
 
The majority of synthetic ABX3 perovskite compounds are not cubic but distorted 
derivatives of the ideal cubic perovskite. The distortion of the structure can arise 
from; rotation or tilting of the BX6 octahedra, displacement of the B-site cations from 
the center of the octahedra, Jahn-Teller distortions of the BX6 octahedra or by 
increasing covalence of the A-X and/or B-X bonds. The most common type of 
distortion is tilting of the octahedra when the A cation is sufficiently small. The 
octahedra tilt about the pseudo-cubic axes to accommodate the small A cations in 
order to achieve the lowest energy mode for the crystal. This causes changes in A-X 
bond lengths and A-site coordination, which lowers the symmetry of the cubic space 
group. The BX6 octahedra are assumed rigid so that the tilting does not interrupt the 
corner-sharing connectivity. Most perovskites are considered ionic and therefore the 
ions can be approximated as spheres with ionic radii r. The size of the A- and B-site 
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cations affect the distortion of the crystal structure. The type of distortion can to some 
extent be predicted by the Goldschmidt tolerance factor t [6], which can be calculated 
using the ionic radii of the atoms in the structure: 
 

𝑡𝑡 =
𝑟𝑟A + 𝑟𝑟X

√2(𝑟𝑟B + 𝑟𝑟X)
 

 
For ideal cubic structures t is unity, if t < 1 the structure often becomes orthorhombic, 
and if t > 1 the structure often becomes hexagonal. Note that the value of t is not an 
unambiguous guide to the distortion type.  
 

 
Figure 1.3: Schematic diagram indicating the group-subgroup relationships among the 15 space groups 
associated with octahedral tilting in perovskites as reported by Howard and Stokes (1998). Dashed lines 
indicate first-order phase transitions required by Landau theory and solid lines indicate second-order 
phase transitions. Figure adapted from [7].  
 
As mentioned above, the tilting of the octahedra lowers the symmetry of the cubic 
space group and results in derivative structures. Howard and Stokes evaluated the 
group-subgroup relationships associated with different tilting in perovskites and the 
data are shown in Figure 1.3. The data indicate the theoretical possible sequence of 
space group changes associated with the tilting of octahedra caused by changing 
pressure, temperature, and composition. The orthorhombic derivative of the 
perovskite structure is very common and adopted by most of the compounds 
described in this Ph.D. thesis. The orthorhombic perovskite structure is shown in 
Figure 1.4a and can in contrast to the cubic structure have several degrees of 
octahedral tilting before adopting a lower symmetry space group. The tilting angles 
are most accurately obtained from the atomic positions but can also be estimated from 
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the unit cell parameters. The octahedral tilting is expressed in terms of three tilt 
angles; θ, φ, and Φ. These represent rotations of octahedra about the pseudo-cubic 
axes; [110]p, [001]p, and [111]p, respectively as shown in Figure 1.4b. The [110]p and 
[001]p rotations are equivalent to a single rotation Φ about the triad [111]p axis. If the 
atomic positions are not accessible, the tilting angles can instead be estimated from 
the unit cell parameters. In the perovskite literature, the tilting around the triad axis 
(Φ) is often used when comparing different materials.  
 

𝛷𝛷 = cos−1 �
√2𝑐𝑐2

𝑎𝑎𝑎𝑎 �  
 

The equation given for Φ here is based on the Pnma (#62) space group setting. The 
Φ angle is calculated on the assumption that all the octahedra are regular (e.g. the X-
B-X angles are equal to 90° or 180° and all B-X bond lengths are equivalent within 
the octahedral). This parameter is a robust method for evaluating the octahedral tilting 
from powder X-ray diffraction (PXRD) in cases where the atomic coordinates cannot 
be refined. Typically, this method underestimates the tilt angle, as the octahedra are 
often not regular [1]. 
 

 
Figure 1.4: (a) Orthorhombic perovskite structure (Pnma). (b) Tilting directions of BX6 octahedra 
relative to the pseudo-cubic axes. 
 

Perovskites show a large variety of interesting properties and the perovskite family 
is today so large that perovskites are present in almost every field of materials science. 
For example, superconductivity (YBa2Cu3O7 [8]), ferroelectrics (BaTiO3 [9]), 
spintronics (La1-xSrxMnO3 [10]), solar cells (SrGeO3 [11]) and geoscience (MgSiO3 
[12]). 
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1.2.1 Double perovskites 
A 1:1 ordering of cations at the A-site or B-site in the ABX3 perovskite leads to 
AAʹB2X6 or A2BBʹX6 double perovskites. It is named so because the unit cell is twice 
that of the perovskite. The structure of the double perovskite has the same 12 
coordinated A-site and 6-coordinated B-site, but instead, two different cations are 
ordered on one or both of the sites. Double perovskites with a 1:1 ordering on the B-
site has attracted a lot of attention, as the B-site cation generally determines the 
physical properties of the double perovskite [13]. Three types of ordering in the B-
cation sublattice is known: random, layered, and rock salt. The rock salt ordering 
doubles the unit cell size of the ABX3 perovskite, now consisting of alternating BX6 
and BʹX6 octahedra. When this ordering is present the structure is written as A2BBʹX6, 
where the notation AB0.5Bʹ0.5X3 is used when a random ordering is present. A large 
difference in oxidation state and ionic radii between the B-site cations favors the rock 
salt ordering and a random ordering is most likely possible with similar-sized B 
cations. 
 
1.2.2 The post-perovskite structure 
The post-perovskite structure was first discovered in CaIrO3 (Cmcm #63) [14], but 
the name comes from the silicate mineral MgSiO3, which is one of the prime oxide 
minerals in the Earth’s mantle. MgSiO3 has the perovskite structure at ambient 
conditions but was discovered to transition into the CaIrO3-type structure at high-
pressure and high temperature [15]. After this discovery, the CaIrO3-type structure 
was named post-perovskite, referring to the fact that it occurs after the perovskite 
structure in MgSiO3 as pressure and temperature are increased. The post-perovskite 
is like the perovskite composed of BX6 octahedra, which are linked by corner-sharing 
in the c-axis and edge-sharing in the a-axis, creating sheets of BX6 octahedra. The 
sheets of BX6 octahedra are stacked in layers along the b-axis, separated by 
interlayers of the A-site cations. The post-perovskite structure is shown in Figure 1.5. 
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Figure 1.5: Orthorhombic ABX3 post-perovskite structure (Cmcm), viewed down the a-axis. 
 
The post-perovskite structure type has been studied with high interest since it was 
discovered in MgSiO3 in 2004. As the post-perovskite polymorph of MgSiO3 is not 
quenchable to ambient conditions, the search of similar compounds with transitions 
to the post-perovskite structure, which are quenchable to ambient conditions has been 
of high interest. Since then, several other ABO3 perovskites have been found to 
undergo the perovskite to post-perovskite phase transition (MgGeO3, MnGeO3, 
CaBO3 (B = Sn, Ru, Rh, Pt) and NaOsO3 [16-22]). Investigations of this structure 
type and its physical properties have been important to the geoscience community to 
understand the features of the lowermost part of the Earth's mantle. The post-
perovskite phase transition has in recent years also become an increasing part of the 
materials science community and the discovery of post-perovskites with 4d and 5d 
metals steadily increase. Looking for novel perovskite to post-perovskite phase 
transitions has been a big part of this Ph.D. project. 
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1.3 High pressure 
Pressure is one of the physical parameters, together with temperature, that can be 
varied to a large extent in modern experiments, from pressures in units of bar to TPa 
(1 TPa = 107 bar). The expression “high-pressure” can indicate very different 
magnitudes of pressure depending on the science field in which it is used. In this 
Ph.D. thesis pressures above 1 GPa (10,000 bar) are considered high-pressure. 
Pressure is defined as force per area and two different approaches using this relation 
have shaped the field of high-pressure science as we know it today. Pressure can be 
generated using a large force, and the work started by Percy W. Bridgman, has 
through the last 100 years evolved into the multi anvil, Large Volume Press devices 
widely used for high-pressure experiments today. This is one of the two approaches 
used during my Ph.D. to perform high-pressure experiments and it will be described 
in detail in Chapter 2. The second approach was developed sometime later but has 
taken the high-pressure field to extreme conditions. This approach uses a small area 
to create high pressure and is realized in the Diamond Anvil Cell, a device that 
continues to shape the frontier of high-pressure science today. This has been the main 
tool for performing high-pressure experiments during my Ph.D.. The field of high-
pressure science has grown explosively since the invention of the Diamond Anvil 
Cell by Alvin Van Valkenburg and Charlie Weir in 1958, as this technique can be 
combined with a variety of different characterization techniques. At first, the field of 
high-pressure science was driven by the interest of the geological community, 
studying materials at pressures and temperatures corresponding to those in inner 
Earth. More recently, the high-pressure field has also become a great interest in the 
field of materials science.  
 
Temperature and pressure are today the most widely used external parameters for 
studying materials. The effect they induce in a material's internal energy is 
fundamentally different. Variations in temperature, reflect changes in kinetic energy 
and thereby affect the thermodynamic behavior of vibrating atoms. On the other hand, 
increasing the pressure will affect the energy of the atomic bonds, as they are forced 
together, decreasing the volume of the material. Pressure is therefore a powerful tool 
for synthesizing dense structures and for probing the atomic interactions and 
chemical bonding. Reduction in volume is the main effect of pressure observed in all 
materials, corresponding to a shortening of the interatomic distances. The effect of 
these structural modifications is changing the physical properties of the material. 
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1.3.1 Equation of state 
An equation of state (EoS) for solid materials, is a mathematical description of how 
the volume of the material changes in response to an external force as pressure or 
temperature. There is no absolute thermodynamic basis for determining the correct 
form of the EoS of solid materials and therefore, all EoS available are based on a 
number of assumptions. The validity of these assumptions can only be evaluated in 
terms of how well the derived EoS reproduces experimental data.  
 
Variations in the volume of a solid material as a function of hydrostatic pressure, at 
a fixed temperature (isothermal EoS), is characterized by the bulk modulus defined 
as: 

𝐾𝐾0 = −𝑉𝑉0 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝑉𝑉
�
𝑃𝑃=0

 

 
which characterizes the “stiffness” of a solid. An EoS is parameterized in terms of a 
volume at zero pressure 𝑉𝑉0, the bulk modulus and its pressure derivatives, evaluated 
at zero pressure: 
 

𝐾𝐾0′ = �
𝜕𝜕𝐾𝐾
𝜕𝜕𝜕𝜕
�
𝑃𝑃=0

     𝑎𝑎𝑎𝑎𝑎𝑎     𝐾𝐾0′′ = �
𝜕𝜕2𝐾𝐾
𝜕𝜕2𝜕𝜕2�𝑃𝑃=0

 

 
A variety of EoSs have been derived over the years, each with its own set of 
assumptions [23]. One of the early formulations was derived by Murnaghan in the 
1930s from Hook’s law, using the assumption that the bulk modulus varies linearly 
with pressure [24]. This means that the bulk modulus at any given pressure (at 
constant temperature) will be 𝐾𝐾𝑃𝑃 = 𝐾𝐾0 + 𝐾𝐾0′𝜕𝜕. This gives the P-V relation: 
 

𝜕𝜕 =
𝐾𝐾0
𝐾𝐾0′
��
𝑉𝑉
𝑉𝑉0
�
𝐾𝐾0′

− 1� 

 
The advantage of this EoS is that it can be written both as a function of P or a function 
of V. However, it only works for relatively small compressions, where 𝑉𝑉/𝑉𝑉0 < 0.9. 
modern high-pressure science frequently pushes beyond this point. 
 
One of the most frequently used EoS is the Birch-Murnaghan EoS, which is also the 
one used for the analysis of the compression studies reported in this Ph.D. thesis. This 
equation is a finite strain EoS derived on the assumption that the strain energy of a 
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solid undergoing compression can be expressed as a Taylor series of finite Eulerian 
strain 𝑓𝑓𝐸𝐸 and expansion to fourth-order yields the full EoS: 
 

𝜕𝜕 = 3𝐾𝐾0𝑓𝑓𝐸𝐸(1 + 2𝑓𝑓𝐸𝐸)5 2⁄ �1 +
3
2

(𝐾𝐾0′ − 4)𝑓𝑓𝐸𝐸 +
3
2
�𝐾𝐾0′𝐾𝐾0′′ + (𝐾𝐾0′ − 4)(𝐾𝐾0′ − 3) +

35
9
�𝑓𝑓𝐸𝐸2� 

 

where 𝑓𝑓𝐸𝐸 =  ��𝑉𝑉0
𝑉𝑉
�
2 3⁄

− 1� 2� . 

 
If this equation is truncated at second order, the term proportional to 𝑓𝑓𝐸𝐸 must be zero, 
requiring that 𝐾𝐾0′ is fixed at the value 4 and higher-order terms are ignored. A third-
order truncation means the term proportional to 𝑓𝑓𝐸𝐸2 is zero and this gives three 
refinable terms: 𝑉𝑉0, 𝐾𝐾0 and 𝐾𝐾0′. The third-order Birch-Murnaghan EoS (BM3) is the 
most widely used in materials science and also the most frequently used truncation 
in this thesis. The EoSFit7-GUI [25] program was used to perform the EoS fits during 
my Ph.D. project by performing a least-squares fit of the obtained 𝜕𝜕-𝑉𝑉 data with 
pressure as the dependent variable. Apart from giving information about the 
compressibility of a solid, fitting of EoS can also be used to determine the onset 
pressure of a phase transition. In the case where the volume of the solid is affected 
both by pressure and temperature, it is more complicated to fit and evaluate an EoS. 
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1.4 Phase transitions 
When a material is subjected to external conditions, such as pressure, temperature, 
magnetic or electric fields, discontinuous changes are often observed in one or more 
of the properties of the material. This can for example be changes in volume, 
hardness, conductivity, magnetism, optical absorption, or chemical reactivity. Such 
events are termed phase transitions.  
 
During my Ph.D. the main focus has been on structural phase transitions, where 
sudden changes observed in the X-ray diffraction signal or volume involves the 
crystal structure of the solid material.  
 
Solid-solid phase transitions are transitions only taking place in the solid-state of the 
material, different from the process of crystallization-melting-recrystallization phase 
transitions. By changing the pressure or temperature, a crystalline solid can change 
into another crystalline solid, without entering an isotropic liquid phase. This type of 
transition results in the polymorphism of condensed materials. In most cases, the 
crystalline solid-solid structural transitions are first-order transitions, which undergo 
a discontinuous change in volume, enthalpy, and entropy due to the changes in the 
crystal packing. The magnitude of such changes is usually small compared to changes 
in the solid-liquid transitions. Solid-solid structural phase transitions can also be 
second-order phase transitions, where the new state reduces the symmetry through a 
continuous transition. 
 
Thermodynamic parameters can be used to distinguish between first-order 
(discontinuous) and second-order (continuous) phase transitions [26]. In all phase 
transitions the Gibbs free energy (G) of a material, varies continuously through the 
transition at the equilibrium pressure and temperature. A first-order phase transition 
is characterized by a discontinuity in the first derivative of G. For pressure and 
temperature this is given as: 
 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑉𝑉     𝑎𝑎𝑎𝑎𝑎𝑎     
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= −𝑆𝑆 

 
Where V and S are the volume and entropy of the material, respectively. For a first-
order phase transition induced by pressure, an abrupt discontinuity in the volume is 
observed as shown in Figure 1.6.  
 



Chapter 1 

 34 | Page 

 
Figure 1.6: Volume as a function of pressure for a material where a first-order phase transition occurs at 
Pc. At this point the slope of the volume changes abruptly, leading to a discontinuous volume decrease. 
 
A second-order phase transition is characterized by the Gibbs free energy and its first 
derivative changing continuously through the transition at the equilibrium pressure 
and temperature. However, the second derivatives of these have discontinuities. For 
pressure and temperature these are given as: 
 

𝜕𝜕2𝜕𝜕
𝜕𝜕𝜕𝜕2

= −𝜅𝜅𝑉𝑉     𝑎𝑎𝑎𝑎𝑎𝑎     
𝜕𝜕2𝜕𝜕
𝜕𝜕𝜕𝜕2

= −
𝐶𝐶𝑝𝑝
𝜕𝜕

 

 
Where κ is the compressibility of the volume (V) and Cp is the heat capacity at 
constant pressure. 
 
The second-order continuous phase transition is described well by Landau theory, 
using an order parameter to describe the behavior after the transition. This will not 
be described in detail here and the reader is referred to the book, by U. Müller 
“Symmetry Relationships between Crystal Structures” [27]. 
 
During my Ph.D. I have worked together with theoretical materials scientists, who 
have provided Density Functional Theory (DFT) calculations on many of the 
materials I have investigated.  
 
DFT is a very common computational method used to determine the total energy of 
a system and can, therefore, be used for structural relaxations. The total energy 
obtained in DFT calculations, of a given crystal structure, can be used to calculate the 
enthalpy H of the structure at any given pressure point. The enthalpy is calculated 
using the total energy (E), the pressure (P), and the volume (V) from the output of the 
DFT calculation as: 
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𝐻𝐻 = 𝐸𝐸 + 𝜕𝜕𝑉𝑉 
 
The enthalpy is often calculated in eV per formula unit, to ensure the possibility of 
comparing structures with different formula units in the unit cell. Comparing the 
calculated enthalpies of the different possible structures in a given material can be 
used to predict phase transitions as a function of pressure. The structure with the 
lowest enthalpy at a given pressure is considered the most thermodynamically stable 
structure. It can be difficult to visually see the difference between the enthalpies (H) 
when plotted as a function of pressure (seen in Figure 1.7a). Instead, it can be easier 
to visualize the stability of the different structures when plotting H0: 
 

𝐻𝐻0 = 𝐸𝐸 + 𝜕𝜕(𝑉𝑉 − 𝑉𝑉0) 
 
Where the volume is corrected with a fixed volume (V0), which is approximately the 
average volume of the different structures over the entire pressure range. This is seen 
in Figure 1.7b, where the transition pressure is much more obvious. 
 

 
Figure 1.7: (a) H as a function of pressure for two structures, where structure 2 becomes more stable 
than structure 1 at Pc. (b)  H0 as a function of pressure for the same two structures, where structure 2 
becomes more stable than structure 1 at Pc. 
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1.5 X-ray scattering 
X-ray diffraction has been the main characterization tool, used during my Ph.D. for 
investigating the structures of the studied materials. X-rays are excellent for 
measurements of crystal structures, as this kind of light has a wavelength 
corresponding to the distance between atoms. Neutrons and electrons also fulfill this 
criterion and each method has its own advantages. Neutron radiation has not been 
used in my work, and will therefore not be discussed. There are two approaches to 
investigating crystal structures: (1) using single crystals and (2) using powders. It is 
often much easier to produce powders than high-quality single crystals and therefore 
powders are more common. The downside to using powder methods is that it provides 
less information about the structure than the single-crystal methods. Often prior 
knowledge is needed when working with powder samples, and it can be difficult to 
solve new structures from this method, but not impossible. The work presented in 
this thesis has almost exclusively involved powders and therefore I will only present 
the theory relevant for this method.  
 
X-rays were discovered in 1895 by W. C. Röntgen [28]. The use of X-rays was first 
implemented in radiography, a diagnostic image method used in hospitals. Two 
decades after the discovery, M. Laue [29] and the Braggs [30] discovered that X-rays 
could be used to study the structure of matter, and the theory they developed is used 
in today's field of X-ray crystallography. Today there are two main ways of producing 
X-ray radiation: (1) X-ray tubes and (2) Synchrotron light sources. 
 
1.5.1 X-ray radiation sources  
 
1.5.1.1 X-ray tubes 
X-ray tubes are the most widely used method for producing X-rays. These tubes use 
an electron source, such as a W filament cathode, to produce electrons, which are 
accelerated through a strong electric field into an anode material (the target), made 
of a metal such as Cu, Co, Mo or Ag. When the electrons travel through the target 
material, there is a possibility of them hitting a core electron in an atom, which will 
ionize the atom. The ionization is followed by a relaxation of an outer shell electron, 
producing a characteristic X-ray with an energy equal to the difference between the 
two shells. This phenomenon is shown in Figure 1.8a.  
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Figure 1.8: (a) Schematic of the atomic energy level diagram. The Kα lines result from the relaxation 
from the L2 and L3 to the K shell and the Kβ comes from the relaxation from the M to K shell. (b) 
Qualitative illustration of the X-ray spectrum from a Cu X-ray source.  
 
Together with the characteristic X-ray energies, the resulting spectrum consists of a 
broad “Bremsstrahlunf” background, coming from the deceleration of the electrons 
in the target material, as shown in Figure 1.8b. The sharp peaks on top of the 
background come from the energy produced when an electron relaxes from the outer 
shells (L and M) to the core-shell (K). A monochromator is then used to select a 
narrow range of wavelengths normally from the Kα1 line.  
 
1.5.1.2 Synchrotron light sources 
Another way of producing X-rays is by using a synchrotron source, which can 
produce high brilliant X-rays. A synchrotron source is a specialized particle 
accelerator, where centripetal accelerated electrons produce a broad energy spectrum 
of high brilliance, high flux X-rays. The electrons are created using an electron gun 
and are subsequently accelerated in a linear accelerator to relativistic speeds, before 
being ejected into a large storage ring. The storage ring consists of a number of 
bending magnets (BM), which keeps the electrons circulating in a vacuum tube. The 
electrons are accelerated by a magnetic field and radiation is produced as the paths 
of the electrons are changed in the BM. This type of radiation has a broad energy 
spectrum and monochromators are used to select a narrow energy range to use in 
experiments. In order to increase the flux, insertion devices (IDs) such as wigglers 
and undulators, are inserted in the electron path at the straight sections of the 
synchrotron. IDs consist of periodical arrays of magnets with alternating magnetic 
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field directions. These alternating magnetic fields oscillate the path of the electrons 
and each oscillation results in an in-phase addition to the X-ray radiation (boosting 
the intensity). The energy spectrum produced by an ID is much narrower than the one 
obtained from a BM and can be tuned by changing the spacing between the magnets 
in the ID.  
 
The X-ray diffraction data reported in this thesis has been obtained using both Cu and 
Ag laboratory X-ray tubes and the majority of the high-pressure X-ray data have been 
obtained at two different synchrotron sources: ESRF in Grenoble and APS in 
Chicago. The laboratory sources have mostly been used for basic characterization of 
the synthesized materials, to check the quality of the samples before the more 
expensive experiments at synchrotron sources. Most of the beamlines we have been 
using for high-pressure experiments are ID beamlines able of producing a high-
energy, high-flux radiation excellent for high-pressure experiments.   
 
1.5.2 Scattering theory 
When X-rays propagate through a material, they can scatter on the atomic electron 
clouds. If this scattering process preserves the energy of the X-ray, the scattering 
process is elastic and is known as Thompson scattering. On the other hand, if the 
energy of the X-ray is not preserved during the scattering process, the scattering 
process is inelastic and known as Compton scattering. The Thompson scattering is 
related to the crystal structure of the material, while the Compton scattering generally 
is observed as background signal in powder X-ray diffraction (PXRD).  
 
The strength of the scattering, also called scattering factor (f), is atom dependent as 
the X-rays are scattered on the electron clouds surrounding the atoms, and therefore 
dependent on the number of electrons in the cloud. As X-rays scatter on the atomic 
cloud there is a path difference between the X-rays scattered from different parts of 
the electron cloud. This results in destructive interference and is dependent on the 
scattering angle. Thus, the scattering factor of the atom decreases with increasing 
angle as seen in Figure 1.9. The value of the scattering factor for a given atom at a 
scattering angle of zero will be equal to the number of electrons in the atom. The 
schematic illustration given in Figure 1.9 is for stationary atoms and in reality, the 
movement from thermal vibrations have to be taken into account.  
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Figure 1.9: Atomic scattering factor as a function of scattering angle. Examples of iridium and oxygen 
are shown. 
 
1.5.2.1 Scattering from crystal structures  
The crystal structure of a material consists of atoms arranged in a long-range ordered 
crystal lattice with translational symmetry. The smallest repeatable unit in a crystal 
structure is the unit cell, and the crystal structure is described by the repetition of this 
in all three dimensions. When a crystal is illuminated with X-rays, the array of atoms 
will scatter the X-rays and the scattered signal will interfere. The interference can be 
either constructive or destructive. If the path length of two scattered X-rays is an 
integer wavelength nλ, they will interfere constructively. If this is not fulfilled, they 
will interfere destructively, giving a total scattering intensity of zero.   
 
1.5.2.2 Bragg’s law 
Bragg’s law gives the geometrical conditions for which diffraction can be observed. 
the atoms in a crystal can be described by an imaginary set of planes called lattice 
planes, as shown in Figure 1.10. The orientation of these planes is described by the 
Miller indices (hkl). A set of parallel lattice planes are separated by the distance d, 
called the d-spacing. The Bragg family developed a simple geometrical method for 
predicting the scattering angle, at which constructive interference will occur and 
diffracted intensity can be observed. In Bragg’s model, the X-rays are reflected with 
an identical incident and reflection angle for a family of parallel lattice planes as 
illustrated in Figure 1.10.  
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Figure 1.10: Diffraction of X-rays from lattice planes in a crystal, illustrating the geometrical derivation 
of Bragg’s law. 
 
The difference in path length between two X-rays reflected by neighboring hkl-planes 
is given as 2𝑎𝑎ℎ𝑘𝑘𝑘𝑘 sin(𝜃𝜃) and if this is equal to an integer of the wavelength λ of the 
X-rays, the reflected X-rays will interfere constructively, thus creating a detectable 
scattering intensity. This relation is formulated as Bragg’s law: 
 

2𝑎𝑎ℎ𝑘𝑘𝑘𝑘 sin(𝜃𝜃) = 𝑎𝑎𝑛𝑛 
 
Where θ is known as the Bragg angle, which is half the scattering angle (2θ). The 
illustration of Bragg’s law (Figure 1.10) could be interpreted as the X-rays being 
reflected by the lattice planes. However, the event is in reality strictly diffraction and 
it is only by pure luck that diffraction can be described mathematically by the simple 
model based on reflection. The d-spacings, for the given hkl lattice planes in the 
crystal, are easily calculated from the unit cell axes a, b, and c, and the unit cell angles 
α, β, and γ. Depending on crystal symmetry this equation can be more or less 
complicated. In this Ph.D. thesis, orthorhombic crystal systems are often encountered 
and the relation between d-spacings, lattice planes, and unit cell parameters are given 
by: 
 

1
𝑎𝑎ℎ𝑘𝑘𝑘𝑘2 =

ℎ2

𝑎𝑎2
+
𝑘𝑘2

𝑎𝑎2
+
𝑙𝑙2

𝑐𝑐2
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1.5.2.3 Powder diffraction 
The observed intensity of the scattered X-rays as a function of the 2θ scattering angle 
measured between the incoming X-ray beam and the diffracted signal from a 
crystalline powder is well described as:  
 

𝐼𝐼(2𝜃𝜃) = 𝐼𝐼𝑏𝑏𝑘𝑘𝑏𝑏(2𝜃𝜃) + 𝐼𝐼0 � 𝑎𝑎𝑖𝑖 ∙ 𝐿𝐿𝑖𝑖 � 𝑚𝑚𝑖𝑖𝑖𝑖 ∙ 𝑂𝑂𝑖𝑖𝑖𝑖 ∙ Ω𝑖𝑖𝑖𝑖 ∙ |𝐹𝐹ℎ𝑘𝑘𝑘𝑘|𝑖𝑖2
𝑅𝑅𝑅𝑅𝑅𝑅𝑘𝑘𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅𝑅𝑅

𝑖𝑖=1

𝑃𝑃ℎ𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅

𝑖𝑖=1

 

 
Where 𝐼𝐼𝑏𝑏𝑘𝑘𝑏𝑏 is the background intensity, consisting of Compton and diffuse scattering, 
𝐼𝐼0 is the intensity of the incident beam, 𝑎𝑎𝑖𝑖 is the volume fraction, 𝐿𝐿𝑖𝑖 is the Lorentz 
factor, which accounts for contributions from the experimental setup and polarization 
of the incoming beam, 𝑚𝑚𝑖𝑖𝑖𝑖 is the multiplicity, 𝑂𝑂𝑖𝑖𝑖𝑖 is the orientation factor, which can 
describe preferred orientation in the sample if present. Ω𝑖𝑖𝑖𝑖 is the peak profile function, 
which describes the broadening of the reflections arising from the experimental setup 
and the sample, finally 𝐹𝐹ℎ𝑘𝑘𝑘𝑘 is the structure factor. The structure factor is the total 
scattering amplitude from the crystal structure and therefore contains the information 
on the atomic structure in the crystals. 
 

         𝐹𝐹ℎ𝑘𝑘𝑘𝑘 = � 𝑓𝑓𝑖𝑖

𝑈𝑈𝑅𝑅𝑖𝑖𝑅𝑅 𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘

𝐴𝐴𝑅𝑅𝑅𝑅𝐴𝐴𝑅𝑅 𝑖𝑖

∙ 𝑒𝑒2𝜋𝜋𝑖𝑖�ℎ𝑥𝑥𝑗𝑗+𝑘𝑘𝑦𝑦𝑗𝑗+𝑘𝑘𝑧𝑧𝑗𝑗� ∙ 𝑒𝑒−𝐵𝐵𝑗𝑗
𝑅𝑅𝑖𝑖𝑅𝑅2(𝜃𝜃)
𝜆𝜆2  

 
Where 𝑓𝑓𝑖𝑖 is the atomic scattering factor mentioned earlier, h, k, and l are the Miller 
indices of a reflection with the fractional coordinates x, y, and z of a given atom in 
the unit cell. The exponential function at the end of the equation corrects for thermal 
motion, using the Debye-Waller factor 𝐵𝐵𝑖𝑖.  
 
In a powder X-ray diffraction (PXRD) experiment, the sample powder consists of a 
large number of small crystallites. If the crystallites are randomly orientated in the 
sample all the possible hkl-planes will fulfill the criteria for diffraction at a specific 
2θ scattering angle. A schematic illustration of a PXRD experiment in transmission 
geometry is shown in Figure 1.11. The primary X-ray beam is focused on the sample, 
and a large part is passing directly through the sample without interaction and is 
stopped using a beam stop before reaching the detector. Some of the X-rays are 
diffracted and form concentric diffraction cones known as Debye-Scherrer cones, 
which is collected by the detector. If the powder contains a large number of 
crystallites randomly orientated, each reflection will produce a Debye-Scherrer ring 
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of homogeneous intensity at a particular 2θ angle. However, in many of the 
experiments presented in this thesis the probed sample volume is very small, thus, 
the cones will not necessarily have identical intensity across the entire azimuthal 
angle. 
 

 
Figure 1.11: Schematic view of a typical synchrotron PXRD diffraction experiment in transmission 
mode. The primary beam is focused on the sample and stopped by a beam stop before hitting the detector. 
the diffraction signal of the sample is detected as Debye-Scherrer rings on a 2D detector and 
subsequently integrated to a 1D PXRD. 
 
A variety of different detector-types are available, usually, 2D detectors (as shown in 
Figure 1.11) are used since they allow for measurement of the full Debye-Scherrer 
cones. Diffraction can also be measured using 1D line detectors or a point detector 
but they only allow for a small section of the Debye-Scherrer cones to be measured. 
Typically, in order to analyze the data, the 2D diffraction data is azimuthally 
integrated into a 1D diffraction pattern. Usually, the full azimuthal angle range is 
integrated into a 1D pattern, but for high-pressure diffraction data, it can sometimes 
be an advantage to only integrate parts of the azimuthal angle span, which will be 
discussed later. The integration of the 2D diffraction data can be performed using 
different programs as Dioptas [31] and Fit2D [32]. During my Ph.D I have mainly 
used Dioptas. In some cases, the unintegrated 2D diffraction data can be used to 
detect and get useful information about the microstructure of the sample.    
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A variety of different things has an effect on the diffracted signal from the sample as 
described in the first equation in this section (1.5.2.3) and thereby on the obtained 1D 
PXRD pattern. One of these things is the peak profile function Ω𝑖𝑖𝑖𝑖, which describes 
broadening of reflections coming from the experimental setup and the sample. These 
components will be described in more detail here. 
 
Instrumental broadening 
The instrumental broadening comes from a variety of different contributions: the 
geometric setup, transparency, wavelength distribution, incident beam divergence, 
detector type, etc. theoretically it is possible to calculate the instrumental broadening 
but it is much easier to determine it empirically. This is done by measuring the PXRD 
signal on a standard material, which does not contribute to the peak broadening on 
its own. A NIST LaB6 or CeO2, are the most frequently used standards in this thesis. 
Analysis of the obtained 2D diffraction of the standard is then used to calibrate the 
sample to detector distance. The integrated PXRD pattern of the standard is then 
refined using the Rietveld method, using a modified Thompson-Cox-Hasting pseudo-
Voigt function as the peak profile function to describe the peak profile parameters 
(Gaussian U, V and W and Lorentzian X, Y). This information is then collected in an 
instrumental resolution file (IRF), which is used to describe the experimental 
broadening when refining obtained PXRD data on a sample. 
 
Sample broadening 
The sample broadening has two contributions: (1) size broadening and (2) strain 
broadening. Size broadening is observed for small particles (nanometer-sized) as the 
crystals are too small to cancel out diffraction from planes, not in perfect diffraction 
condition. This means that diffraction slightly deviating from the Bragg condition is 
detected and this results in a broadening of the diffraction peaks. 
 
Strain broadening is divided into two contributions, which are macro- and micro-
strain. This type of strain can originate from imperfections in the crystals, such as 
defects, vacancies, interstitial atoms, and dislocations or it can be induced by an 
external force as pressure. This leads to variations in the lattice spacings which give 
rise to either a broadening of the diffraction peaks (micro-strain) or it can lead to peak 
shifts in 2θ (macro-strain). Figure 1.12 shows a schematic of how no strain, macro-
strain, and micro-strain affect the peak shape. In the case of a lattice with no strain, 
the d-spacing between a family of lattice planes is identical (Figure 1.12a). If the 
sample is subjected to macro-strain the d-spacing undergo an identical change, 
shifting the peak positions to either lower or higher 2θ angle (Figure 1.12b). Finally, 
if the sample is subjected to micro-strain the changes in d-spacings are not identical 
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and a broadening of the peaks is observed (Figure 1.12c). The last can be described 
as a superposition of diffraction from many, almost identical d-spacings. Both types 
of strain can be present in the sample at the same time. 
 

 
Figure 1.12: Schematic illustration of peak profiles affected by strain. (a) No lattice strain. (b) Macro-
strain in the lattice. (c) Micro-strain in the lattice. Figure by courtesy of Jakob V. Ahlburg. 
 
1.5.2.4 The effects of pressure on the powder X-ray diffraction pattern 
When a sample is subjected to pressure, the unit cell of the structure is compressed, 
resulting in a decrease in volume with increasing pressure (as described earlier). This 
means that the positions of the observed diffraction peaks will shift to higher 2θ angle 
with increasing pressure (a macro-strain contribution). If the sample is subjected to 
hydrostatic pressure (a uniform pressure from all sides) the unit cell will compress 
uniformly if cubic. Another way of describing this is that changes observed upon 
hydrostatic compression can be seen as all Debye-Scherrer rings will move towards 
larger scattering angles (smaller d-spacings) at a uniform rate. When performing 
high-pressure experiments, a pressure transmitting media (PTM) is used to try to 
achieve a hydrostatic pressure on the sample, which will be described in Chapter 2, 
but sometimes the hydrostatic conditions are not fulfilled. The most common non-
hydrostatic pressure case for the high-pressure DAC experiments presented in this 
thesis is when the sample is subjected to uniaxial stress. In standard transmission 
geometry (Figure 1.11) used in DAC experiments, the primary beam direction is 
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parallel to the primary stress direction. If the sample is subjected to uniaxial stress 
the effect on the observed diffraction peaks will depend on the real-space angle 
between the normal to the scattering plane and the primary stress direction. This 
means that in transmission geometry, the result of uniaxial stress is a hkl-dependent 
(non-uniform) shift in the peak positions. In the 2D diffraction signal, this is observed 
as the Debye-Scherrer rings becoming more oval-like. The effect of this is simulated 
for the diffraction of gold in Figure 1.13a. This typically results in an overestimation 
of the volume [33]. As seen in Figure 1.13a, this effect can be difficult to detect in 
the 2D diffraction data. When integrating the full 2D diffraction data the peaks will 
appear broad and it will subsequently be difficult to model the peak shape. If the 2D 
diffraction data instead are integrated into azimuthally sliced 1D patterns, the effect 
of the uniaxial stress is very evident and easy to detect. A simulated example for gold 
diffraction is shown in Figure 1.13b. This reveals the cause of the broad peaks 
observed in the fully integrated pattern, as oscillations in scattering angle (or apparent 
d-spacing) as a function of the azimuthal angle, with a period of 180 degrees.  
 

 
Figure 1.13: (a) Simulated 2D diffraction from gold, subjected by uniaxial stress. (b) Simulated 
diffraction pattern for gold subjected to uniaxial stress, integrated into 1D patterns in azimuthal slices. 
Note the 180 degrees period in the apparent d-spacing as a function of the azimuthal angle.    
 
1.5.3 Refining models 
PXRD is measured to obtain an experimental intensity 𝐼𝐼(2𝜃𝜃) as a function of 
scattering angle described at the beginning of section 1.5.2.3., and subsequently 
compare it to a model using a least-squares refinement. The refinements presented in 
this thesis has been performed using the FullProf program [34]. 
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In 1969, H. Rietveld developed a refinement method for modeling PXRD [35]. Using 
this modeling method it is possible to extract quantitative data about the crystal 
structure. The refining process consists of building a mathematical model for 
describing the structure of the sample, based on the PXRD measured. The refinement 
then aims to minimize the quantity: 
 

𝑀𝑀 = �𝑤𝑤𝑖𝑖�𝑦𝑦𝑅𝑅𝑏𝑏𝑅𝑅,𝑖𝑖 − 𝑦𝑦𝑅𝑅𝑎𝑎𝑘𝑘,𝑖𝑖�
2 

 
Where 𝑤𝑤𝑖𝑖 is a statistical weighting factor, 𝑦𝑦𝑅𝑅𝑏𝑏𝑅𝑅,𝑖𝑖 is the intensity at the i’th point of the 
diffraction data and 𝑦𝑦𝑅𝑅𝑎𝑎𝑘𝑘,𝑖𝑖 is the intensity calculated from the model at the same point. 
The least-square refinement procedure must be iterated until convergence is reached. 
The reader is referred to the book “The Rietveld method” by R. A. Young [5] for a 
detailed description of the refinement parameters. 
 
When working with high-pressure the data is often in a quality where it is only 
possible to refine on a limited set of parameters and often it is only possible to extract 
information about the unit cell. When the quality is not high enough for a Rietveld 
refinement, the Le Bail method can be used to fit the PXRD patterns [36]. The Le 
Bail method is used to extract the intensities from the measured PXRD data, in order 
to find suitable intensities for determining the atomic structure of the sample and 
refining the unit cell. In the Le Bail method, the unit cell parameters and the profile 
parameters are refined to match the measured PXRD pattern. The Le Bail method 
approximates the observed integrated intensity of the sample by separating the peaks 
(K number of peaks) and refining the intensity of each hkl reflection separately from 
a set of calculated intensity values.  
 

𝐼𝐼𝑅𝑅𝑏𝑏𝑅𝑅,𝐾𝐾 = ��𝑤𝑤𝑖𝑖,𝐾𝐾 ∙ 𝑆𝑆𝑅𝑅𝑎𝑎𝑘𝑘𝑅𝑅,𝐾𝐾
2 ∙ 𝑦𝑦𝑅𝑅𝑏𝑏𝑅𝑅,𝑖𝑖 𝑦𝑦𝑅𝑅𝑎𝑎𝑘𝑘𝑅𝑅,𝑖𝑖⁄ �

𝑖𝑖

 

 
Where 𝑤𝑤𝑖𝑖,𝐾𝐾 is the contribution of the Bragg peak at 2θK to the diffraction profile 𝑦𝑦𝑖𝑖 
at 2θi, the sum is taken over all 𝑦𝑦𝑅𝑅𝑏𝑏𝑅𝑅,𝑖𝑖 which theoretically can contribute to the 
integrated intensity 𝐼𝐼𝑅𝑅𝑏𝑏𝑅𝑅,𝐾𝐾.  
 
First, the Le Bail method defines an arbitrary starting value for the intensity 𝑆𝑆𝑅𝑅𝑎𝑎𝑘𝑘𝑅𝑅,𝐾𝐾

2  
(typically 1), which are injected into the above equation instead of using the structure 
factors calculated from the atomic coordinates. This results in the first 𝐼𝐼𝑅𝑅𝑏𝑏𝑅𝑅,𝐾𝐾, which 
is then re-ejected into the equation as new 𝑆𝑆𝑅𝑅𝑎𝑎𝑘𝑘𝑅𝑅,𝐾𝐾

2  values. This is done for all K peaks 
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in the same least-squares iterative process as for the Rietveld refinement (see Figure 
1.14), but only refining the unit cell parameters and profile parameters, not the scale 
factor. The peak positions are constrained by the unit cell and the intensities are 
unconstrained. The Le Bail method is a good tool for finding phase transitions in high 
pressure and high temperature experiments. 
 

 
 
Figure 1.14: The iterative process of the Le Bail refinement. 
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CHAPTER 2 
Experimental high-pressure techniques  

 
 
 
There are two general methods for creating a high pressure: (1) Using a large force 
or (2) Having a small area. The first is the basic method of the Large Volume Press 
(LVP) and the second is the method of the Diamond Anvil Cell (DAC). Together these 
two techniques constitute the main experimental techniques used during my Ph.D. In 
this Chapter both techniques will be presented and how they can be combined with 
synchrotron X-ray diffraction experiments.  
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2.1 The Large Volume Press 
One approach used to create high pressure is to apply a large force. This approach is 
used in hydraulic presses, with the collective name of Large Volume Presses (LVPs). 
As indicated by the name, these devices allow for a “large” sample volume compared 
with the Diamond Anvil Cell (DAC), which will be discussed later in this Chapter. 
Two different designs of LVPs have been used to perform syntheses and experiments 
during my Ph.D., one at our home laboratory at Aarhus University and one at the 
synchrotron facility ESRF in Grenoble.  
 
The LVP at Aarhus University is a multi-anvil press built on a hydraulic system 
(mavo press LP 1000-540/50). It contains a Walker-type module, which can achieve 
pressures up to 25 GPa and temperatures up to 2500 °C [37]. This setup uses a clever 
system with wedges turning the uniaxial force from the hydraulic press into a quasi-
hydrostatic pressure at the sample position. A picture of the LVP at Aarhus University 
is shown in Figure 2.1a.  
 

 
Figure 2.1: (a) The Large Volume Press at Aarhus University. (b) The assembled tungsten carbide cube 
placed inside the Walker module. 
 
The uniaxial load of the hydraulic press drives three upper wedges toward three lower 
wedges. The wedges force eight tungsten carbide cubes to converge on the 
octahedron sample cavity, creating high pressure on the sample. The assembled 
tungsten carbide cubes are shown residing in the cavity of the three lower wedges in 
the Walker module in Figure 2.1b. 
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Currently, two assembly sizes are available at Aarhus University, 14/8 and 10/5. The 
assembly size is defined by the edge length of the octahedron and the truncation on 
the tungsten carbide cubes (in mm). The upper pressure limit is determined by the 
size of the truncations on the tungsten carbide cubes, where smaller truncations 
enable higher pressures. This comes at a cost of sample volume as the truncations get 
smaller so does the octahedron for the sample. The octahedron sample assembly (14/8 
octahedron) consists of 24 smaller pieces; these are all shown in Figure 2.2a together 
with their number in the assembly line. A cross-section view of the assembled 
octahedron, from the side, is shown in Figure 2.2b. If the sample might react with the 
sample sleeve or is sensitive to air, it is necessary to contain it in a gold or platinum 
capsule before assembling the octahedron. 
 

 
Figure 2.2: (a) Overview of the parts for the 14/8 assembly. (1) The oxide ceramic octahedron. (9-13) 
Pieces for the thermocouple, consisting of two wires (W26%Re and W5%Re), Teflon insulation, mullite 
tubes, and a four-holed aluminum tube. (3,8,20) Thermal insulation pieces made of zirconia. (2,6,17) 
Graphite furnace. (4,14,16) MgO sample sleeve and end caps - thermal and electrically insulating. (7,18) 
Conducting molybdenum cylinder. (5) Thermocouple cover, to separate the thermocouple from the 
sample. (b) Cross-section view of the assembled octahedron.  
 
After the octahedron has been assembled, eight tungsten carbide cubes, with 
pyrophyllite gasket glued on four of them, are stacked around it (Figure 2.3a). The 
gaskets ensure that there is a little space between the cubes so they do not touch and 
break during compression. Besides protecting the cubes, they also make a suitable 
gap where the octahedron fits as seen in Figure 2.3a. This setup ensures that the force 
delivered by the hydraulics is directed onto the octahedron. Sheets of phenolic resin 
are used to hold the eight cubes together as seen in Figure 2.3b. Two pieces of copper 
are placed on the surface of the assembled cube (on the top and bottom), where they 
serve as an electrical contact between the tungsten carbide cubes and the steel 
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wedges, allowing an electrical current to pass through the graphite sleeve, used to 
resistively heat the sample. The furnace is thermally insulated by zirconia parts, 
producing a steady thermal load, while the surroundings remain close to room 
temperature. The temperature is measured using a thermocouple placed close to the 
sample as seen in Figure 2.2b. Working with thermocouples under high pressure is 
tricky and sometimes they break during compression. If the thermocouple is not 
working, we instead use a power/temperature calibration, build on the measured 
temperatures from experiments with working thermocouples, to convert the power 
input to approximate temperatures.  
 

 
Figure 2.3: (a) The tungsten carbide cubes being assembled around the octahedron. (b) The finished 
cube held together by phenolic resin sheets.  
 
After assembling the eight tungsten carbide cubes the assembly is inserted into the 
Walker module fitting nicely between the three lower wedges as seen in Figure 2.1b, 
and the wires of the thermocouple are attached to two contacts. The three upper 
wedges are placed on top of the assembly, a lid is put on and then the Walker module 
is pushed into LVP as seen in Figure 2.1a. The amount of force needed to compress 
the sample to the target pressure is calculated using the calibrations reported by 
Leinenweber et al. [38].  
 
2.1.1 Synchrotron LVP experiments 
The LVP at ID06, ESRF works similarly to the LVP at Aarhus University but is 
designed for in-situ angular dispersive X-ray diffraction measurements (mavo press 
LPO 2000-1000/200). A picture of the LVP at ID06 is shown in Figure 2.4a. The 
design of the press allows for X-ray beam access and diffraction between the wedges. 
The small gap between the tungsten carbide cubes provides just enough space for the 
X-ray beam to reach the octahedron assembly (Figure 2.4a and d). 
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Figure 2.4: (a) The LVP at ID06, ESRF allowing for the X-ray beam to pass between the wedges. (b) 
Octahedron assembled with thermocouples. A hole is drilled through both sides to allow the X-ray beam 
to reach the sample and the diffraction to exit. (c) The tungsten carbide cubes being assembled around 
the octahedron. At the entrance and exit of the X-ray beam path, the pyrophyllite gasket is replaced with 
a different material (amorphous boron, diamond epoxy, or MgO), scattering less and allowing the X-
rays to go through. (d) The finished cube placed between the wedges.  
 
The preparation of the octahedron is somewhat different from the procedure 
described in the previous section. Holes working as windows for the X-ray beam are 
drilled in each side of the octahedron and filled with a hardened amorphous material 
giving a broad diffraction signal. An assembled octahedron with thermocouples is 
presented in Figure 2.4b, showing the window drilled for the X-ray beam. At ID06, 
the assembly parts for the octahedron is custom machined by hand, by either the 
beamline scientist or the users themselves. The size of the sample is chosen based on 
absorption, so for the experiments performed during my Ph.D very small sample 
volumes (0.6 mm x 2.0 mm) were used as the 5d metals absorb a lot. Usually, either 
hBN or MgO is used as the sample sleeve, and if the sample is reactive to the sample 
sleeve or is air-sensitive a gold or platinum capsule is used in addition. Similar to the 
in-house press, graphite is used as the furnace. When assembling the tungsten carbide 
cubes, two X-ray windows are made, by replacing the middle part of the pyrophyllite 
gasket, with amorphous boron, diamond epoxy, or MgO (see Figure 2.4c). The 
material for the windows is chosen based on where the diffraction peaks of the sample 
are expected to be, to minimize peak overlap. Analogous to the in-house press, 
heating of the sample is achieved by sending an electrical current through the 
assembly. If a thermocouple is used and working, the temperature can be controlled 
by a standard PID (Proportional-integral-derivative) controller (similar to the in-
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house press). If no thermocouple is used, or the thermocouple is broken during 
compression, the temperature can be determined using a power/temperature 
calibration available at the beamline (conversion factor of 3.2 from power (W) to 
temperature (°C)) or calculated from a well-defined P-V-T standard using the PXRD 
signal. Diffraction data are collected in monochromatic mode at energies typically 
around 55 keV. The beam size is typically 1 mm2 if it is not limited by the anvil gaps. 
A variety of detectors can be used for data collection, typically we have used a DT 
linear detector and a 2D Pixirad detector [39]. At the beamline determining the 
pressure is done most precisely using the diffraction signal, as it ensures a pressure 
reading spatially close to the sample. Often the diffraction signal and the well-known 
EoS of the sample sleeve are used to measure the pressure. 
 
2.2 The Diamond Anvil Cell 
The Diamond Anvil Cell (DAC) is an important tool in materials science for 
generating very high pressures allowing for studies of materials under extreme 
conditions (+100 GPa). Diamond is an excellent material for generating high 
pressure, as it is one of the hardest materials known on Earth. The properties of 
diamond make it exceptional for high-pressure experiments as it is transparent to 
visible light and X-rays, it is both non-conducting and non-magnetic, it is chemical 
inert, enabling it to be combined with a variety of characterization techniques. When 
coupled with laser heating (+2000 K) it becomes a unique and powerful experimental 
technique for studying a broad range of material properties under extreme conditions.  
 
During my Ph.D. project, DAC techniques have been used both in-house for high-
pressure single-crystal experiments and at synchrotron facilities to perform several 
types of high-pressure PXRD experiments: (1) Compression experiments 
determining the EoS of materials, (2) High-pressure, low-temperature experiments 
using cryostats, and (3) High-pressure, laser-heating experiments. A variety of 
different DAC designs exists, but the overall principle remains the same; the sample 
is placed between two diamond faces (culets) and is subjected to pressure when the 
opposing diamond anvils are forced together. The Mao-Bell type DAC [40] used for 
the experiments performed at the synchrotron facility APS in Chicago is shown in 
Figures 2.5a and b. This type of DAC is pressurized using screws (Figure 2.5a) or by 
mounting a gas membrane to generate the force by inflating a metal membrane. 
LeToullec type DACs [41], designed for membrane control of the pressure were used 
at ESRF, Grenoble, and plate-type DACs were used for in-house single-crystal 
experiments.  
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Figure 2.5: (a) Mao-Bell type DAC, closed with screws, forcing the diamonds together. (b) A seated 
diamond placed in the piston of a Mao-Bell DAC. (c) Schematic of two diamonds closed around a metal 
gasket, creating a chamber for the, sample, gold, and ruby. (d) Microscope image of 200 µm culet size 
DAC loaded with a sample (black), a piece of gold foil, and a ruby sphere for pressure reference. The 
gasket hole is 100 µm in diameter.  
 
A metal gasket with an approximate thickness of 250 µm is indented between the 
diamond anvils to the desired thickness, which is based on the desired target pressure 
(approximate thickness of 40 μm are used for pressures between 30 and 100 GPa). A 
wide range of metals can be used as gasket material and the choice is based on the 
desired use. Steel is a cheap and easily accessible material, which can be used for 
pressures up to 20 GPa. For higher pressures (up to 100 GPa) rhenium or tungsten 
are a better choice, these are more expensive but prevents the sample chamber from 
collapsing at higher pressure. A small hole is drilled in the center of the indentation 
making a small cavity for the sample. The hole is drilled either by electric discharge 
machining (EDM) or laser drilling. The diameter of the hole depends on the type of 
experiment and the type of pressure transmitting media (PTM) used. When using 
noble gases as PTM you would choose a diameter about half the size of the diamond 
culets and when using solid PTM a smaller diameter (between 10-20 µm smaller than 
half of the culet size) is used. 
 
The sample consists of either a small single crystal or a compressed sheet of powder. 
The sample should be smaller than the chamber created by the hole in the gasket. The 
sample is loaded onto one of the diamond culets using a needle under a microscope, 
usually along with a small ruby (Al2O3:Cr3+) and a piece of gold. A schematic 
showing the principle of a loaded DAC is shown in Figure 2.5c. The size of the 
diamonds compared to the sample chamber is not in real size, the diamonds are in 
reality much larger (3 mm) than the sample chamber (100-300 µm). An image of a 
real loading is shown in Figure 2.5d, seen through the upper diamond. As you cannot 
measure the pressure in the DAC by the applied force, secondary standards have to 
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be employed to measure the pressure during experiments. Two different methods are 
often used: (1) Laser-induced fluorescence of a ruby [42] and (2) Diffraction 
measurements of a well-known material. The ruby fluorescence method is based on 
the observation of a pair of electronic transitions in the Cr3+ dopant atoms, which 
changes in energy as the Al2O3 lattice is compressed. This electronic transition can 
easily be induced by a blue/green laser light. The ruby fluorescence method can only 
be used up to about 40 GPa, therefore an additional pressure reference, often a metal 
such as copper or gold is used. The diffraction signal of the metal is measured just 
before and after the sample measurement and combined with its pre-established EoS 
in order to estimate the pressure at the time the sample was measured [43, 44].  
 
In order to minimize stress gradients around the sample, a pressure transmitting 
medium (PTM) is used to enclose the sample within the gasket. The PTM is used to 
provide hydrostatic- or quasi-hydrostatic pressure to the sample. This is especially 
important when performing EoS compression experiments as these equations assume 
isotropic media and compression. A variety of different materials can be used as 
PTM. Liquids will always yield a hydrostatic pressure, but only up to the pressure 
where it crystallizes. The best known PTMs are inert noble gasses, such as helium, 
neon, and argon [45]. The lighter noble gasses are “quasi-hydrostatic” above their 
crystallization point, keeping the pressure gradients low inside the sample chamber. 
Even though a good PTM is used, it does not guarantee hydrostatic conditions. If the 
sample thickness is too close to the indentation thickness of the gasket, the sample 
can come in contact with both diamonds during the experiment. This is called 
bridging and will lead to uniaxial strain in the sample. Solids (for example a variety 
of salts) can also be used as PTM, but do often create a non-hydrostatic pressure. 
Usually, inert noble gases are used as PTM when performing experiments at 
synchrotron facilities, which have gas-loading systems available, while oils or liquids 
are used in-house.   
 
When performing high-pressure, laser heating experiments in a DAC the sample 
loading procedure is a bit different. The small sample sheet is placed on top of a sheet 
of NaCl, which protects the diamond during heating. As NaCl has a well-established 
EoS, this can also be used to determine the pressure in the DAC, giving an exact 
sample pressure as it is measured at the same time.  
 
 
 
 



Experimental high-pressure techniques 

Page | 57  

2.2.1 Synchrotron diamond anvil cell experiments 
During my Ph.D. four different beamlines, specialized in high-pressure experiments, 
at two different synchrotron facilities, have been used to collect the experimental 
DAC data presented in this thesis. ID27 at ESRF, ID-13-D, BM-13-D, and ID-16-B 
at APS. The experimental beamline setup for the three beamlines at APS is shown in 
Figure 2.6. All four beamlines use monochromatic X-rays with energies between 30.5 
keV and 37 keV, equivalent to wavelengths between 0.4066 Å and 0.3344 Å. The 
three beamlines with ID in the name is insertion device beamlines, typically with 
finely focused beam sizes of between 2.5 µm and 4 µm in the horizontal direction 
and between 4 µm and 6 µm in the vertical direction. The beamline with BM in the 
name is a bending magnet beamline, with a larger beam size (about 6 x 15 µm2). The 
beamlines operate in transmission mode and each beamline has several detectors 
available for measuring the diffracted signal.  
 

 
 

Figure 2.6: (a) ID-13-D beamline setup. The DAC is mounted on the sample stage. The X-ray beam 
enters from the right and the scattered signal is collected on the detector to the left. We have used this 
beamline for, EoS membrane experiments and laser-heating experiments. (b) ID-16-B beamline setup. 
The DAC is mounted inside the cryostat. The X-ray beam enters from the right and the scattered signal 
is detected to the left. We have used this beamline for, low-temperature cryostat experiments and laser-
heating experiments. (c) BM-13-D beamline setup. The DAC is mounted on the sample stage. The X-
ray beam enters from the right and the scattered signal is collected on the detector to the left. We have 
used this beamline for EoS experiments.  
 
The very finely focused beam size is good for avoiding diffraction contamination 
from the metal gasket during the experiments. It also allows for defining different 
positions to measure inside the sample chamber (measuring the sample and the 
pressure standard separately). It can even measure at different positions on the same 
sample sheet, which is very useful when performing laser-heating experiments. The 
downside to using such a small beam size is that it can result in insufficient powder 
averaging and it is, therefore, important to ensure a small grain size of the sample. 
Failure to fulfill this can give undefined and spotted Debye-Scherrer diffraction rings. 
To obtain a small grain size, the sample is “floated”, to filter out the larger grains. 
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This is done by suspending the sample in ethanol and waiting for the larger particles 
to sink to the bottom. This is repeated several times.     
 
As mentioned earlier the synchrotron DAC PXRD experiments can be combined with 
both laser heating and cryostat cooling. The laser-heating experiments performed 
during my Ph.D. have been conducted at ID-16-B and ID-13-D, which have similar 
laser-heating setups but using two different types of lasers, ytterbium fiber lasers, and 
CO2 lasers, respectively. Here I will describe the setup at ID-13-D and a schematic 
of the laser heating setup is shown in Figure 2.7a. Two different loading methods 
have been used for performing the laser-heating experiments presented in this thesis. 
(1) The conventional method widely used for laser-heating experiments, where the 
sample is placed on top of a piece of NaCl and using neon as the PTM. An example 
of this type of loading is shown in Figure 2.7b. (2) A new method developed here, 
where the sample is placed on top of a piece of NaClO3 and using a mixture of NaCl 
and NaClO3 as the PTM. An example of this type of loading is shown in Figure 2.7c. 
When the DAC has been pressurized to the desired pressure a water-cooled ring is 
mounted around it. 
 

 
Figure 2.7: (a) Schematic of the laser heating setup. The sample is isolated from the lower diamond by 
a sheet of NaCl and is heated by lasers from both sides. The X-ray beam from the synchrotron is parallel 
to the upstream laser beam (right side), enabling diffraction measurements from the heated sample 
region. (b) Microscope image of a DAC prepared for laser heating using neon as PTM. The sample is 
placed on top of a piece of NaCl. (c) Microscope image of a DAC prepared for laser heating using solid 
NaCl/NaClO3 as PTM. The sample is placed on top of a piece of NaClO3. 
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The online laser heating setup features double-sided heating with in-situ temperature 
measurements, independently on both sides. The laser spot is focused down to 
approximately the same size as the X-ray beam. In-situ X-ray diffraction during 
heating is achieved by using a pair of X-ray transparent mirrors for laser delivery and 
temperature measurement. The X-ray beam is parallel to the upstream laser beam, 
enabling diffraction measurements from the heated sample region. Each laser beam 
path has an expander for controlling the laser beam diameter and divergence to 
achieve the desired heating spot size with a flat temperature profile. To focus and 
transmit the laser beam the following optics are used; dichroic mirrors, which reflects 
the laser beams and transmits visible light, an apochromatic objective lens for the 
laser beam and imaging focusing, and an amorphous carbon mirror with protected 
silver coating, which is employed between the objective lens and the sample for 
guiding the laser beam and receive the sample image and thermal radiation signals, 
while allowing X-rays to pass through for measurements. The temperature is 
estimated by fitting the thermal radiation spectrum to the Planck radiation function. 
The thermal radiation from the heated sample is collected from both sides of the DAC 
by the same carbon mirrors and objective lenses as used for delivering the laser 
heating [46]. The precise alignment of the lasers, X-ray beam, and temperature 
measurements is key to a successful in-situ measurement. Once the lasers couple with 
the sample, heating is often very rapid going from room temperature up to 1000 K 
almost instantly. The rapid heating is caused by the increase in the absorption of the 
sample with the increasing temperature, leading to self-amplifying heating.  
 
As mentioned above, low-temperature experiments in cryostats were performed at 
ID-16-B. different types of cryostats are available at the beamline and for our 
experiments, we used two different types: a large flow cryostat (shown in Figure 
2.6b) and a compact cold finger cryostat. The first, cool using a helium gas flow and 
can reach temperatures down to ~5 K [47]. This cryostat accommodates a wide range 
of DAC types. Increasing the pressure during the experiment is a bit tricky, using a 
long gearbox for manually turning the screws in the DAC inside the cryostat, this 
means you have to enter the beamline hutch for every increase in pressure. It can be 
difficult to control the pressure during the cooldown of the DAC because as the DAC 
gets colder the pressure can increase significantly. The other type of cryostat, cool 
through contact with a copper block. The advantage of this cryostat is more flexibility 
and larger access openings, giving the possibility of controlling the pressure remotely 
using a gas-driven membrane. However, the temperature is limited to a minimum of 
~15 K [48]. 
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CHAPTER 3 
High pressure and high temperature behavior 

of perovskite SrIrO3 
 
 
 
This Chapter presents the work conducted on the SrIrO3 compound. It includes 
further work and comparison to previous work published as “C. H. Kronbo, M. B. 
Nielsen, S. M. Kevy, P. Parisiades, M. Bremholm, High pressure structure studies of 
6H-SrIrO3 and the octahedral tilting in 3C-SrIrO3 towards a post-perovskite, J. of 
Solid State Chem., 238, 74-82 (2016).” This publication is not part of this Ph.D. 
dissertation but has functioned as motivation for several projects presented in this 
thesis.  
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3.1 Introduction 
Ternary metal oxides containing 5d transition metals that adopt perovskite and 
perovskite-related structures have received growing attention in recent years. The 
SrIrO3 system has been studied in great detail, because of the exciting magnetic and 
electronic properties, which arise from the interplay of crystal field interactions, 
electronic correlations, and strong spin-orbit coupling [49-51]. SrIrO3 is an alkaline 
earth iridate with iridium in the +4 oxidation state, giving a 5d5 electron 
configuration. The thermodynamically stable phase of SrIrO3 is a distorted hexagonal 
perovskite-type structure with a monoclinic space group (C2/c), usually referred to 
as 6H-SrIrO3. When subjected to high pressure and high temperature the 6H 
polymorph transforms into an orthorhombic perovskite with space group Pnma, 
referred to as 3C-SrIrO3. In 2016 we published a high-pressure study on these two 
polymorphs of SrIrO3 to 43 GPa (6H) and 60 GPa (3C) [52]. Based on the results of 
this study and the existing literature on the ABO3 perovskite to post-perovskite 
transitions under pressure, we predicted the post-perovskite structure to be stable in 
SrIrO3. In orthorhombic distorted perovskites, where the tilting of the BO6 octahedra 
increases with increasing pressure, the post-perovskite structure can most likely be 
stabilized at high pressures [18, 53]. Most orthorhombic perovskites undergo a phase 
transition to the post-perovskite structure at a tilting angle (Φ) greater than about 25° 
[18]. In our previous study, we found that the octahedral tilting angle for the 
orthorhombic polymorph of SrIrO3 reaches a value of 23° at 60 GPa. The analysis of 
our data indicates that the orthorhombic perovskite will transform into the post-
perovskite structure at pressures between 60 and 90 GPa. The phase transition to the 
post-perovskite structure is a first-order transition and will, therefore, require heating 
to overcome the energy barrier. In order to further investigate our findings, we 
received beamtime at ID-13-D, APS in 2017 to extend the compression study to 100 
GPa and to perform laser heating experiments on the orthorhombic perovskite 3C-
SrIrO3 polymorph, seeking to stabilize the post-perovskite.  
 
3.2 Expanding the high-pressure study to 100 GPa combined 

with laser heating experiments 
 
3.2.1 Experimental method 
High-pressure PXRD data combined with single-sided laser heating at elevated 
pressures were measured in a Mao-Bell type DAC at APS, ID-13-D [54] (λ = 0.3344 
Å, beam size ~ 5 × 3 µm2). For an elaborated explanation of the sample preparation 
of 3C-SrIrO3 see description in Kronbo et al. [52]. Fine ground powder of 3C-SrIrO3 
was floated in ethanol several times for precipitation of lager grains to achieve sub-
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micron grain size. The floated powder was pressed to a thin sheet (~ 10 µm) using 
hand force on a large culet size (1000 µm) DAC. The sample was packed in a 150 
µm culet size DAC with bevels, which can reach pressures above 100 GPa, using the 
following procedure. A 250 µm thick rhenium gasket was pre-indented to a thickness 
of 40 µm and a hole of 75 µm was laser-drilled in the middle. A sample piece with 
approx. size of 20 × 30 µm2 was loaded on top of a thin sheet of NaCl insulating the 
sample from the diamond culet. NaCl was also used as the primary pressure reference 
during compression, while a ruby sphere was used during gas-loading. Neon was used 
as the pressure transmitting media (PTM).   
 
Raw diffraction data were collected with a MAR-165 CCD detector. The sample to 
detector distance was calibrated using a NIST LaB6 standard and was held constant 
throughout the experiments. PXRD data were collected during compression for every 
1 GPa increase of pressure up to 100 GPa with a 5 degrees ω-angle rotation of the 
DAC and 10 s exposure time on the sample. Intermediate laser heatings were 
performed at 60, 80, and 100 GPa. Cooling water was used during the laser heatings, 
which was performed on different spots on the sample, keeping the sample spot for 
the compression measurements clean. Laser heating was performed using a 200-watt 
CO2 laser and temperatures were measured by fitting the Planck function to the 
thermal radiation. During laser heating, it is not possible to rotate the DAC in ω, due 
to the tight position of the carbon mirrors used for the laser heating, resulting in 
inferior powder statistics. The sample was measured with 2 s exposure time during 
heating. PXRD data were measured continuously as the temperature on the sample 
was increased, by increasing the laser power. When performing laser heating, it is 
very difficult to control the temperature below 1000 K, as the heating process happens 
very rapidly once the laser couples with the sample, resulting in a fast increase in 
temperature. After the rapid increase, the heating can be “controlled” above 1000 K 
to some extent. At 60 GPa the sample was heated contentious to 2000 K. After 
performing the fist laser heating at 60 GPa, the sample was further compressed, 
measuring PXRD back at the center position of the sample for every 1 GPa up to 80 
GPa. At 80 GPa laser heating was again performed on a new sample spot. At this 
pressure, burst heating of the sample was performed in an attempt to overcome the 
issue with the sample reducing, observed at the first laser heating at 60 GPa. Using 
this method, the sample is heated quickly for 2.5 s at high laser power (up to 2100 
K), measuring both during heating and after the power has been shut off in intervals. 
The same procedure was followed again to a pressure of 100 GPa. All 2D data were 
integrated using the Dioptas software [31] and refined using the Rietveld method 
using the FullProf program [55].  
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3.2.2 Compression to 100 GPa 
The obtained in-situ high-pressure PXRD patterns for 3C-SrIrO3 from 10 GPa up to 
100 GPa are shown in Figure 3.1a. The compression data were measured at ambient 
temperature, where intermediate laser heatings at 60, 80, and 100 GPa were 
performed on different parts of the sample. The three compression runs performed 
before and between the laser heatings are indicated with the color shifts from black, 
to blue, to red, in Figure 3.1a. As the sample lies on top of a piece of NaCl, the 
diffraction of NaCl is seen in the data. NaCl has a phase transition at 33 GPa, the 
peaks of the B1 NaCl phase (Fm-3m) before 33 GPa are indicated with orange circles 
and after the phase transition the B2 NaCl phase (Pm-3m) with green squares. Neon, 
which is used as the PTM, becomes solid around 4 GPa and the diffraction peaks of 
this are shown as purple triangles (Figure 3.1a). The Diffraction peaks from the 
orthorhombic 3C-SrIrO3 sample (Pnma) are indicated with blue ticks below the data. 
As observed in the previously reported experiment up to 60 GPa [52] the main 
diffraction peak around 7.0 degrees consisting of three hkl reflections ((0 0 2), (1 2 
1), and (2 0 0)) undergo significant changes upon compression. The peak is observed 
to split into three, indicating that the orthorhombic distortion increases with 
increasing pressure. 
 

 
Figure 3.1: (a) Integrated PXRD patterns for 3C-SrIrO3 (Pnma) from 10-100 GPa (λ = 0.3344 Å). Blue 
ticks indicate the diffraction peaks of 3C-SrIrO3, orange circles indicate the peaks from NaCl B1 (Fm-
3m), green squares indicate the peaks from NaCl B2 (Pm-3m) and the purple triangles indicate the peaks 
from solid Ne (Fm-3m). (b) Pressure dependence of the unit cell parameters of 3C-SrIrO3, showing the 
data obtained previously up to 60 GPa [52] and the data obtained in this study up to 100 GPa (error bars 
are smaller than the symbols). 
 
The PXRD data in Figure 3.1a were refined using the Rietveld method and a modified 
Thompson-Cox-Hasting pseudo-Voigt function was used as the peak profile function 
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for all refinements (two selected refinements are shown in Figure 3.2). All the 
diffraction peaks were described by three phases; 3C-SrIrO3, NaCl (B1 or B2), and 
Ne. The obtained unit cell parameters are shown in Figure 3.1b together with the ones 
obtained in the previous study [52]. The refined values for the a-axis are seen to 
deviate slightly from the previous study in the pressure range from 15 to 45 GPa, but 
follow the expected compression trend above 45 GPa. A clear deviation in the 
compression of the c-axis is observed compared to the previous study.  
 
At 26 GPa the splitting of the three hkl reflections of the main diffraction peak at 7.0 
degrees starts to become more pronounced and the refinement model for 3C-SrIrO3 
starts having trouble describing the diffraction peaks. Refinements of PXRD patterns 
before and after the splitting of the main peak are shown in Figure 3.2 for 15 GPa and 
34 GPa, including an insert in (b) of the observed splitting and model from the 
previous work [52]. In the previous work, the refined model described the data well 
above 26 GPa (see Figure 3.2b insert). However, by visual comparison of the model 
and data in the present study, it seems that the intensity of the (0 0 2) reflection 
becomes too high and the intensity of the (2 0 0) reflection becomes too low. 
 

 
Figure 3.2: Red dots represent the observed data and the black lines are the fitted models. (a) Rietveld 
refinement of a PXRD pattern of perovskite 3C-SrIrO3 measured at 15 GPa at room temperature (λ = 
0.3344 Å). The first row of Bragg reflections (blue ticks) indicates the 3C-SrIrO3 (Pnma), the second 
row indicates the Bragg reflections (orange ticks) of cubic (Fm-3m) NaCl-B1 and the third row indicate 
the Bragg reflections (purple ticks) of Ne (Fm-3m). (b) Rietveld refinement of a PXRD pattern of 
perovskite 3C-SrIrO3 measured at 34 GPa at room temperature (λ = 0.3344 Å). The first row of Bragg 
reflections (blue ticks) indicate the 3C-SrIrO3 (Pnma), the second row indicates the Bragg reflections 
(green ticks) of cubic (Pm-3m) NaCl-B2 and the third row indicate the Bragg reflections (purple ticks) 
of Ne (Fm-3m). The box on the top of the graph shows a zoom of the main peak at 36 GPa obtained in 
the previous study [52]. 
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Intensity problems can among other things, arise from preferred orientation in the 
sample. To test this, preferred orientation was refined in the model above 26 GPa. 
However, the model becomes worse at describing the peaks at higher pressures and 
the refinement of preferred orientation does not improve the results significantly. 
When taking a close look at the raw diffraction data in Figure 3.3, it is revealed that 
the bad model refinements and the observed deviation in the unit cell parameters are 
instead caused by an onset of uniaxial stress. The effect of the uniaxial stress is seen 
as oscillations of the peak positions along the azimuthal angle of the Debye-Scherrer 
cones because of the hkl dependent (non-uniform) shifts in peak positions (described 
in Chapter 1, section 1.5.2.4). This phenomenon arises after the sample is no longer 
subjected to hydrostatic pressure. Figure 3.3a shows a selected 2θ-region of the raw 
2D data at 12 GPa, where the slices of azimuthal angle are shown as a function of the 
2θ scattering angle. At 12 GPa, before the refinement problems arise, we identify the 
diffraction peaks as nice straight lines as no uniaxial stress is present. In contrast to 
this the raw data at 100 GPa, displayed in Figure 3.3b, shows a sinusoidal oscillation 
of the peaks and we can, therefore, conclude that the sample is subjected to uniaxial 
stress. The onset of the uniaxial stress starts at around 26 GPa and increases with 
increasing pressure. This confirms that the unit cell does not compress uniformly with 
the applied pressure and deviations in the unit cell parameters are observed compared 
to the previous study, where no uniaxial stress was observed (Figure 3.1b). When 
integrating data with non-hydrostatic strain the peaks in the 1D diffraction patterns 
will have an increased peak broadening which in many cases is asymmetric. This 
effect can be difficult to describe using a standard Rietveld model and can lead to 
discrepancies in the peak positions as well as peak broadening. These different 
behaviors can possibly be explained, as there are two main differences between the 
previous study to 60 GPa and the new study presented here. First of all, two different 
PTM’s were used. Helium was used in the previous study, which becomes solid at 12 
GPa, and neon were used in this study, which becomes solid at 4 GPa. Secondly, in 
the new study, we used NaCl under the sample as insulation during laser heating. 
NaCl should not lead to non-hydrostatic strain in the sample when it is not used as 
PTM and as it is relatively soft. However, the NaCl piece could have been too thick 
and therefore cause the sample to bridge (causing the sample to touch the opposite 
diamond), which leads to uniaxial stress.  
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Figure 3.3: (a) PXRD data shown as a 2D cake plot with the azimuthal angle as a function of the 2θ 
diffraction angle. Data is collected at 12 GPa (λ = 0.3344 Å). (b) PXRD data are shown as a 2D cake 
plot with the azimuthal angle as a function of the 2θ diffraction angle. Data is collected at 100 GPa (λ = 
0.3344 Å), showing sinusoidal oscillations in observed d-spacing as a function of azimuthal angle, 
caused by non-hydrostatic strain.  
 
Uniaxial strain generally leads to an overestimate of the volume [33], which is also 
the case here as displayed in Figure 3.4a. The overall tilting angle (Φ) of the octahedra 
was calculated as described in Chapter 1.2, using the obtained unit cell parameters 
and are shown together with the values from the previous study in Figure 3.4b. Φ is 
a robust parameter to estimate the distortion of perovskite structures [56]. As seen in 
Figure 3.4b the angles calculated based on the refinements deviate from the ones 
obtained previously and the value is seen to increase faster above 30 GPa, reaching 
the max value of 23° of the previous study, already at 39 GPa. Although, the value is 
observed to make a small drop, after 47 GPa it is becoming stable above 23°. The 
tilting angle becomes larger than 25° already at 61 GPa, which is the angle where the 
post-perovskite structure should become more favorable. A maximum value of the 
tilting angle is reached at 92 GPa with a value of 27.4°. As the tilting angle is 
calculated from the overestimated unit cell parameters this will also be affected by 
the non-hydrostatic pressure and indicate an overestimation of the angle compared 
with the previous study. The tilting angle indicates that a phase transition to the post-
perovskite structure should be favorable after 61 GPa (Φ > 25°). The large octahedral 
distortion is further indicated by the unit cell parameters as the c-axis is increasingly 
getting larger than the a-axis. This is often observed for structures with distorted 
octahedra close to transition [1]. As mentioned before the first-order phase transition 
to the post-perovskite structure have an energy barrier to overcome as the transition 
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is a total rearrangement of the atoms and therefore laser heating of the sample was 
performed at chosen pressures.  
 

 
Figure 3.4: (a) Unit cell volume for 3C-SrIrO3 showing the data obtained previously up to 60 GPa [52] 
and the data obtained in this study up to 100 GPa (error bars are smaller than the symbols). (b) Calculated 
Φ angle of the 3C-SrIrO3 polymorph (space group Pnma) derived from the cell parameters obtained by 
Rietveld refinements for both the present and previous study.  
 
3.2.3 Laser heating at 60 GPa and 80 GPa 
Laser heating of the 3C-SrIrO3 sample was performed at 60, 80, and 100 GPa. This 
section will focus on the first two mentioned, as the data obtained at 100 GPa is of 
too poor quality and the amount of clean sample (not previously heated at 60 and 80 
GPa) at this point was very small. The obtained PXRD patterns from laser heating at 
60 GPa are shown in Figure 3.5a. The phases of 3C-SrIrO3, NaCl, and Ne are 
indicated the same way as for Figure 3.1a and described in the figure text. The heating 
of the sample happens very rapidly once the laser couples with the sample (going 
from room temperature to 1700 K in less than a second). The rapid heating is caused 
by sample absorption, which increases as the temperature increases, leading to self-
amplified heating. In Figure 3.5a four sharp diffraction peaks are appearing during 
heating indicated with red ticks below the data, fitting with metallic (fcc) iridium. 
Consequently, instead of having a phase transition to the post-perovskite structure, 
the sample is reducing. The fraction of the different phases were determined by 
Rietveld refinements of the PXRD patterns. Figure 3.5b shows the phase fraction of 
3C-SrIrO3 decreases as the phase fraction of iridium increases. The reduction in 
weight fraction of 3C-SrIrO3 is not directly consistent with the increase in weight 
fraction of iridium, as the weight fraction of NaCl and neon in the PXRD patterns 
also play a role, but as seen in Figure 3.5b the general trend indicates that the fraction 
of 3C-SrIrO3 decreases while the fraction of iridium increases. As some of the sample 
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reduces to iridium metal, the corresponding amount of strontium and oxygen must 
also decompose, but no new diffraction peaks are observed appearing in the PXRD 
patterns upon heating. One plausible explanation would be that they form amorphous 
compounds whose diffraction would be hidden behind the large background.  
 

 
 
Figure 3.5: (a) PXRD patterns obtained during continuous laser heating of 3C-SrIrO3 at 60 GPa. Blue 
ticks indicate the diffraction peaks of 3C-SrIrO3, red tick indicates the peaks from iridium metal (Fm-
3m), green squares indicate the peaks from NaCl B2 (Pm-3m) and the purple triangles indicate the peaks 
from solid Ne (Fm-3m). (b) Phase fraction (weight) of 3C-SrIrO3 and iridium metal as a function of 
measured frames during heating at 60 GPa. (c) PXRD patterns obtained during burst laser heating of 
3C-SrIrO3 at 80 GPa. Blue ticks indicate the diffraction peaks of 3C-SrIrO3, red tick indicates the peaks 
from iridium metal (Fm-3m), green squares indicate the peaks from NaCl B2 (Pm-3m) and the purple 
triangles indicate the peaks from solid Ne (Fm-3m). (d) Phase fraction (weight) of 3C-SrIrO3 and iridium 
metal as a function of measured frames during heating at 80 GPa. 
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The peak shape of the main peak around 7.0 degrees is observed to change as a 
function of the increasing temperature and time, possibly caused by the release of the 
strain build-up in the structure during heating (discussed in section 3.2.2).  
 
A similar laser heating experiment was performed at 80 GPa, but here a different 
heating strategy was chosen. In an effort not to reduce the sample, burst heating was 
performed with short intervals of heating, while measuring both during and between 
heating. The PXRD patterns obtained during heating are shown in Figure 3.5c. 
Despite these efforts, the sample is seen to reduce in the same way as observed at 60 
GPa, with metallic iridium peaks coming up during heating. The obtained weight 
fractions of 3C-SrIrO3 and iridium are shown in Figure 3.5d, presenting the same 
trends as described for the experiment at 60 GPa. Normally, it is assumed that using 
noble gases as the PTM during experiments in the GPa range ensures that heating 
will not lead to chemical changes. This is only true for gentle heating, which is not 
an option when performing laser heating. The very rapid heating, to the very high 
temperatures, clearly results in a reduction of the sample. This suggests that it is 
difficult to keep the high oxidation state of iridium and keeping the oxygen in the 
structure during heating. During these experiments, we got a valuable insight into the 
SrIrO3 perovskite compound. We have used the knowledge gained here to develop a 
new method for obtaining the post-perovskite structure in perovskite oxides, which 
will be presented in the following Chapter. 
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CHAPTER 4 
New in-situ high-pressure, high-temperature 

synthesis method for oxide materials 
 
 
 
This Chapter presents a new method developed for synthesizing oxides materials 
under high-pressure and high-temperature. The Chapter consists of motivation as to 
why we came up with this method, followed by publication I: “C. H. Kronbo, M. 
Ottesen, M. F. Hansen, E. Ehrenreich-Petersen, Y. Meng, M. Bremholm, Discovery 
of Rhombohedral NaIrO3 Polymorph by New Method for In-situ High-Pressure 
Synthesis of High Oxidation State Materials using Laser Heating in Diamond Anvil 
Cells, submitted to Inorganic Chemistry.” Supporting information is included in 
Appendix A. The Chapter concludes with an outlook and further work conducted, 
including a section presenting the new method used on perovskite 3C-SrIrO3. 
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4.1 Motivation 
Based on the results of the high-pressure, laser heating experiments on 3C-SrIrO3 
presented in Chapter 3, we had to think of a new method to obtain the perovskite to 
post-perovskite phase transition for such oxide materials (ABO3) without reducing 
the sample. As described in Chapter 3, using the conventional high-pressure, laser 
heating method, with neon as PTM and NaCl as the insulating layer, lead to a 
reduction of 3C-SrIrO3 into iridium metal during heating. For several of my 
concurrent projects on similar oxide perovskite compounds (NaOsO3, SrRuO3, and 
SrOsO3), similar challenges were encountered when trying to obtain the perovskite 
to post-perovskite phase transition. For some time, our group had been looking for 
the post-perovskite structure in NaOsO3 as my supervisor Martin Bremholm in 2011 
discovered the first pentavalent post-perovskite in NaIrO3 [53]. Before our studies 
succeeded, Crichton et al. [22] published the first findings of post-perovskite NaOsO3 
in 2016, using an in-situ synchrotron LVP. Similar to the 3C-SrIrO3 study, we had 
performed high-pressure, laser heating experiments in a DAC on perovskite NaOsO3 
at 16.3 GPa, at ID-13-D, APS, using neon as PTM. During heating to 1300 K, the 
sample reduced to osmium metal. High-pressure, laser heating experiments 
performed using the conventional method with neon as PTM, on SrRuO3 and SrOsO3 
was likewise unsuccessful in obtaining a perovskite to the post-perovskite phase 
transition. These projects will be described in later Chapters.      
 
We started thinking that perhaps the oxygen in the sample could be difficult to contain 
during the first-order phase transition to the post-perovskite when surrounded by an 
inert non-oxygen containing PTM. A highly oxidizing environment around the 
sample during the laser heating of these oxide perovskite compounds could possibly 
solve the problem of the reduction of the samples. NaClO3 would be a good option 
for this, as NaClO3 or KClO3 salts are known oxygen sources used in LVP 
experiments. At the same time, NaClO3 is insulating, thereby working both as 
insulation of the sample during heating and as an oxygen source. We decided to use 
a mixture of NaCl and NaClO3, giving both an oxygen source and keeping the well-
known pressure standard NaCl for in-situ pressure determination inside the DACs.     
 
To proof the concept of this new method, for in-situ high-pressure, laser heating 
experiments in DACs, we chose the two high-oxidation state compounds NaOsO3 
and NaIrO3. NaOsO3 was ideal to test this method for obtaining the perovskite to 
post-perovskite phase-transition since both the perovskite and post-perovskite is 
known in NaOsO3. NaIrO3 is known in the post-perovskite structure but, so far, not 
known in the perovskite structure. Therefore, this compound was ideal to test the 
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synthesis directly from a precursor mixture to the post-perovskite in a DAC. To 
perform the above-mentioned experiments we were granted beamtime at ID-16-B in 
2019, a state-of-the-art high-pressure beamline at APS.   
 
4.1.1 Contribution 
My contribution, to this project and publication I, was to synthesize all samples 
except perovskite NaOsO3, which was synthesized by a fellow student (Steffan 
Schmidt). I drafted the idea for the new method with my supervisor Martin 
Bremholm. I developed and tested the experiments and I wrote the proposal for the 
high-pressure, laser heating experiments performed at ID-16-B, APS, and conducted 
the experiments together with the fellow co-authors. Afterward, I analyzed and 
interpreted the results. Lastly, I wrote the manuscript. The following section presents 
the publication: C. H. Kronbo, M. Ottesen, M. F. Hansen, E. Ehrenreich-Petersen, 
Y. Meng, M. Bremholm, Discovery of Rhombohedral NaIrO3 Polymorph by New 
Method for In-situ High-Pressure Synthesis of High Oxidation State Materials using 
Laser Heating in Diamond Anvil Cells, submitted to Inorganic Chemistry. 
Reproduced with only minor formatting changes to fit in the format of this thesis. 
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4.2 Publication I 
 

Discovery of Rhombohedral NaIrO3 
Polymorph by a New Method for In-situ 

High-Pressure Synthesis of High Oxidation 
State Materials Using Laser Heating in 

Diamond Anvil Cells 
Camilla H. Kronbo1, Martin Ottesen1 Mads F. Hansen1†, Emma Ehrenreich-

Petersen1, Yue Meng2, Martin Bremholm1* 

1Department of Chemistry and iNANO, Aarhus University, Langelandsgade 140, 
8000 Aarhus C, Denmark. 2HPCAT, X-ray Science Division, Argonne National Lab, 

Lemont, IL 50439, USA. 

*bremholm@chem.au.dk  

ABSTRACT  
We report a new in-situ synthesis method effective for discovery of high oxidation 
state materials using laser heated diamond anvil cells. The issue of chemical 
reduction during thermally induced phase transitions that occur spontaneously in a 
noble gas pressure transmitting media (PTM) can be overcome by thermal 
decomposition of an oxygen-rich solid PTM. To illustrate the technical challenges 
the method overcomes, we applied this new method for two known phase transitions 
from pentavalent A(I)B(V)O3 perovskites to the post-perovskite structure. We tested 
the method for NaOsO3 and NaIrO3, which are both known to form the post-
perovskite structure at high pressure and high temperature, using a mixture of NaCl 
and NaClO3 as the PTM. We successfully synthesized the two post-perovskites and 
furthermore, report the discovery of a new low-pressure polymorph of NaIrO3, 
illustrating the high potential for new materials discovery. This new method will 
enable realization of new high oxidation state post-perovskites and can be applied for 
many other structure families in a P, T parameter space which is not easily accessible 
using conventional high-pressure synthesis methods. 
 
 

mailto:bremholm@chem.au.dk
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INTRODUCTION 
Laser heating in a diamond anvil cell (DAC) is an excellent method for the synthesis 
and exploration of solid-state systems and materials over a large range of pressures 
and temperatures [57]. The wide interplay between pressure and temperature 
achievable in laser-heated DACs provides control of reaction pathways that have led 
to a number of new compounds [58-60]. This has for example been the case in the 
noble metal nitrides, where the synthesis of compounds such as PtN2, IrN2, and OsN2 
[58-60] from the direct reaction of the elements has been successful using the laser-
heated DAC. The laser-heated DAC has for a long time been a critical tool in 
geoscience for studies emulating the extreme PT conditions of the Earth’s interior 
[12]. Silicates with the perovskite structure (Figure 4.1a) make up the bulk of Earth’s 
lower mantle and the discovery of the phase transition to the post-perovskite structure 
(Figure 4.1b) for MgSiO3, above the core-mantle boundary, was made possible with 
the high pressures and high temperatures provided by the laser-heated DAC 
technique [12, 15]. The ability to tune pressure and temperature conditions to 
overcome energy barriers is an important component of the laser-heated DAC 
technique. Combining this technique with in-situ powder X-ray diffraction (PXRD) 
permits structural characterization in real time and removes the limitations of the ex-
situ ‘cook and look’ procedure, revealing metastable and/or intermediate compounds. 
 
The structure and properties of the post-perovskite have been crucial for 
understanding the dynamics of the lowermost part of the Earth’s mantle. Therefore, 
since the discovery of post-perovskite MgSiO3 using a laser-heated DAC [15], vast 
attention has been given to this structure type and the phase transition from perovskite 
to post-perovskite. To transform MgSiO3 from the orthorhombic perovskite (space 
group Pbnm) to the post-perovskite (space group Cmcm), extreme conditions of 120 
GPa and 2500 K are required [15]. The post-perovskite structure reverts to the 
perovskite structure during decompression. In addition to MgSiO3, the transition from 
perovskite to post-perovskite has been found in MgGeO3 and MnGeO3, which both 
still require more than 60 GPa and 2000 K and are unstable at ambient conditions 
[16, 17]. The newest member is CaSnO3, which transforms from the perovskite to the 
post-perovskite above 40 GPa and 2000 K, and most importantly is quenchable to 
ambient conditions [18]. CaIrO3 is known to crystallize in the post-perovskite 
structure at ambient conditions [14] and was discovered long before the MgSiO3 post-
perovskite. Further analogs were found for CaBO3 compounds with B from the 
platinum group of elements (B = Ru, Rh, and Pt) [19-21], which are all quenchable 
to ambient conditions. The phase transition from the perovskite to the post-perovskite 
in the above-mentioned compounds occurs at much lower pressures (below 25 GPa 
[38]), suitable for investigation using a large volume press (LVP). Quenchable post-
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perovskite oxides are of great interest not only in geoscience but also in condensed 
matter physics. Post-perovskites with correlated d electrons in the platinum group 
members are of significant interest, for example, Ohgushi et al. [61] found that hole-
doping of CaIrO3 leads to a metal-insulator transition in combination with a 
destabilization of the long-range antiferromagnetic order. It is therefore desirable to 
search for additional analogs oxides that have the post-perovskite structure.  
 

 
 
Figure 4.1: (a) Structure of the orthorhombic perovskite (Pnma) showing the three tilt angles around the 
ideal cubic axes; Φ[111]p, ϕ[001]p, θ[110]p. (b) Structure of the post-perovskite (Cmcm). For ABO3, the A-
cations are shown as gray atoms between layers of BO6 octahedra. The B-cations are shown as black 
atoms in the center of the BO6 octahedra and oxygen is shown as red atoms forming the BO6 octahedra. 
 
The Goldsmith tolerance factor (t), the overall tilting angle Φ[111]p about the ideal 
cubic axes and the polyhedral volume ratio (VA/VB) are all simple geometrical 
measures that have been used to suggest candidates for the post-perovskite structure 
[19, 21, 53] based on the trends observed in the post-perovskites mentioned above. 
The tolerance factor of previously reported post-perovskites all fall in the range 
0.75 < t < 0.90 and the polyhedral volume ratio is found to be below ~4 for the 
transition from perovskite to post-perovskite to occur. The overall octahedral tilting 
angle tends to be larger than 13° at ambient conditions for the post-perovskite to be 
quenchable and the transformation occurs when the angle reaches approx. 25°. 
However, in recent years, two new post-perovskites with pentavalent B atoms have 
been discovered, NaIrO3 and NaOsO3, both of which do not follow the rules of the 
tetravalent post-perovskites mentioned above [22, 53]. The LVP is a powerful tool 
for the synthesis of post-perovskites but the technique is limited to relatively low 
pressures (typically up to maximum 25 GPa [38]). Therefore, only compounds with 
modest transition pressures can be investigated, as is the case for NaIrO3 and NaOsO3, 
which have shown to transform to the post-perovskite at 4.5 GPa and 16 GPa [22, 
53], respectively. Downsides to using the LVP for in-situ PXRD experiments are that 
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the sample compression process is very time consuming and the diffraction peaks 
from sample holder components often interfere with those from the sample, making 
it difficult to identify crystal structures of novel compounds. DACs can reach much 
higher pressures than the LVP and in a significantly reduced time frame. In PXRD 
experiments with DACs, there is less interference from other components and the 
technique can readily be combined with in-situ laser heating (i.e. temperatures above 
1000 K). When performing experiments on high oxidation state perovskite oxides, 
the challenge is to maintain the metal in the high oxidation state through the first-
order phase transition to the post-perovskite structure. This requires a strongly 
oxidizing sample environment to effectively prevent the perovskite from reduce to 
the metals or lower valence oxides during heating. Experiments in DACs at 
synchrotron facilities are often performed using noble gases as PTM and this is 
possibly one of the reasons why many ABO3 post-perovskites remain undiscovered. 
In the process of synthesizing the geological post-perovskites mentioned above, 
either noble gas or the pure perovskite compound itself is used as PTM. These 
geological compounds are non-metallic white compounds, which couples poorly with 
the lasers used for heating the samples. Therefore, they are usually mixed with a metal 
such as Pt, to be able to heat the sample. A Pt-free layer of the sample can then work 
as the insulation layer and as a buffer for controlling the equilibrium of the oxidation 
states. In contrast, the platinum group perovskites are metallic black compounds, 
which couples well with the lasers used for heating. Therefore, the same method used 
for the geological compounds cannot be used. Instead, noble gases such as helium or 
neon are used as PTM and NaCl is used to insulate the sample from the diamonds. 
This method is problematic when you need a strongly oxidizing environment during 
the synthesis/phase transition. A previously high-pressure, laser heating experiment 
on perovskite NaOsO3 in a DAC using neon as PTM, resulted in decomposition to 
osmium metal during heating (See supporting information (SI), Figure S1). 
Therefore, a new method is needed for platinum group perovskites, which imitates 
the advantages of the LVP method and the buffer method used in geoscience but is 
capable of reaching much higher pressures.   
 
Here, we report the application of a new method using a solid PTM in a DAC 
containing an oxygen source to prevent the decomposition of the perovskite during 
the transformation to the post-perovskite. For the PTM, we use a balanced mixture of 
NaCl and NaClO3 as NaCl protects the diamonds when performing the laser heating, 
and NaClO3 acts as a source of oxygen. We have successfully tested this method for 
NaIrO3 and NaOsO3, which are known to form the post-perovskite structure at high 
pressure. Through three experiments, we show that it is possible to use this method 
to 1) transform perovskite to post-perovskite (NaOsO3), 2) to synthesize a material 
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from two mixed precursors (NaIrO3) and 3) the in-situ discovery of a new quenchable 
high-pressure polymorph of NaIrO3. 
 
EXPERIMENTAL METHODS  
 
Ex-situ high-pressure synthesis of perovskite NaOsO3. The high-pressure 
synthesis of perovskite NaOsO3 was performed in a large volume multi-anvil press 
equipped with a Walker-type module with 32 mm tungsten carbide cubes. The 
synthesis was performed using 14/8 COMPRES octahedral assemblies [38]. The 
starting materials were powders of OsO2 and Na2O2 with a 15% excess of Na2O2, 
which were mixed in a glovebox and sealed in a Pt capsule. The starting materials 
were pressurized to 6 GPa and heated to 1200 °C with a heating rate of 50 °C/h. The 
sample was kept at 1200 °C for 1 h, followed by quenching to room temperature by 
switching off the power to the furnace. PXRD data were measured with a Rigaku 
SmartLab powder diffractometer using a monochromatic Cu Kα1 source 
(λ = 1.54056 Å). Rietveld refinement was performed using the FullProf program [34]  
to check the crystallinity and purity and to determine the lattice parameters which are 
in good agreement with those reported by Shi et al. [62] (SI, Figure S2 and Table S1).  
 
In-situ high-pressure, high-temperature synchrotron setup at ID-16-B. In-
situ high-pressure, high-temperature PXRD experiments on NaOsO3 and precursor 
mixture of Ir + Na2O2 were performed using laser-heated DACs at the 16-ID-B 
beamline at the Advanced Photon Source (APS) using a photon energy of 30.5 keV 
(λ = 0.40663 Å) and an X-ray beam size of 3 x 5 µm2. Raw diffraction data were 
collected with a Pilatus 1M-F detector and the sample to detector distance was 
calibrated using a NIST CeO2 standard and was held constant throughout the 
experiments. Experiments were conducted using Mao-Bell symmetric DACs with 
500 and 300 µm culet diamond anvils. Laser heating was performed using two 100 
W IR (1064 nm) Ytterbium fiber lasers for heating the DAC from both sides 
independently with a spot size of 15 µm. Temperatures were measured on both sides 
of the sample by fitting the Planck function to the thermal radiation [63]. The 
experimental setup is shown in Figure 4.2a. The pressure was determined using the 
offline ruby system at HPCAT and in-situ using the equation of state (EoS) of NaCl 
[64]. The 2D images were integrated using the Dioptas software [31] to 1D diffraction 
patterns. The diffraction patterns were analyzed with the Le Bail and Rietveld 
methods using the FullProf program [34]. 
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Figure 4.2: (a) Schematic of laser heating in a DAC with in-situ PXRD. Pressure is generated between 
the two opposing diamond anvils by forcing them together using screws. The diamonds are separated 
by a metal (Re) gasket with a laser-drilled hole that works as the sample chamber. The sample is loaded 
on a piece of NaClO3, which is used as an oxygen source for the synthesis and it insulates the sample 
from the diamonds. A ruby is placed for pressure determination and the rest of the sample chamber is 
filled with a mixture of NaCl and NaClO3 working as the PTM and an oxygen source. The experiments 
are conducted in transmission mode, where the X-ray beam enters through one of the diamonds, hits the 
sample and diffracts through the opposite diamond. Two IR-lasers are focused (one on each side) on the 
sample at the same spot as the X-rays. The temperature is measured using thermal radiation (TR) [63]. 
(b) Schematic drawing of the sample loading looking down through the diamonds. (c) Photograph of a 
real sample in DAC viewed through one of the diamonds. After pressurizing the cell, the salt PTM 
becomes transparent. 
 
In-situ NaOsO3 high-pressure, high-temperature experiment. We used a 
Mao-Bell symmetric DAC with a 500 µm culet size. The perovskite NaOsO3 powder 
was ground thoroughly to obtain the smallest grain size possible and pressed to a thin 
disc with a thickness of approx. 10 µm between the two diamonds. Similar to the 
sample, a thin disc of dried NaClO3 with a thickness of approx. 20 µm was made 
between the two diamonds. A rhenium gasket with a thickness of 250 µm pre-
indented to a thickness of 70 µm with a laser-cut hole of diameter 300 µm was loaded 
with a 50/50 mixture of NaCl and NaClO3 powder working as PTM and an oxygen 
source. The salt mixture was packed in the gasket hole by pressing it into the hole 
with the two opposing diamonds. A sample piece with an area of approx. 30 x 30 µm2 
was loaded on the opposite diamond than the gasket, on top of a piece of NaClO3 
with an area of approx. 50 x 50 µm2 to ensure an oxidizing environment close to the 
sample. Ruby spheres were used for offline pressure determination. A schematic of 
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the sample loading is shown in Figure 4.2b. The DAC was then closed and 
pressurized by screwing the two opposed diamonds together. As the salt mixture 
PTM is pressurized it becomes transparent and a photograph of a pressurized loading 
is shown in Figure 4.2c. The pressure in the cell was increased to 9 GPa using the 
offline ruby system at HPCAT.  
 
At 9 GPa the DAC was placed in the X-ray beam. NaCl was used to determine the 
pressure during the experiment [64]. The sample was mapped out by absorption 
scans, in addition, several diffraction tests were made to find optimal positions for 
laser heating. The sample was laser heated to 1650 K for 5 min while measuring in-
situ PXRD. After laser heating, the pressure in the DAC was slowly decreased to 
ambient pressure and a diffraction map of 28 x 28 µm2 was measured around the 
heated sample spot.  
 
In-situ NaIrO3 high-pressure, high-temperature experiments. Mao-Bell 
symmetric DACs with 300 µm and 500 µm culet size were used. The starting 
materials were powders of Ir metal and Na2O2 mixed in a 1:1.5 ratio (Ir:Na2O2). The 
50% excess of Na2O2 was added to compensate for the loss of sodium during the 
reaction. All preparations were performed in an argon glovebox. The precursor 
materials were ground together using small glass milling balls to obtain sub-micron 
grain size and afterward pressed between the two diamonds to a disc with a thickness 
of approx. 10 µm. Similar to the NaOsO3 experiment, sheets of NaClO3 were made 
and rhenium gaskets with a thickness of 250 µm indented to a thickness of 70 µm 
with an electrical discharge machining (EDM) drilled hole of diameter 165 µm and 
300 µm, respectively were loaded with a 50/50 mixture of NaCl and NaClO3 powder 
working as the PTM and an oxygen source. For both cells, a precursor piece with an 
area of approx. 40 x 40 µm2 was loaded on the anvil opposite the gasket, on top of a 
piece of NaClO3 with an area of approx. 60 x 60 µm2 along with ruby spheres for 
offline pressure determination (Figure 4.2b and c). The DACs were then closed inside 
the glovebox and pressurized by screwing the two opposed diamonds together. The 
pressure in the cells was increased to 6.5 GPa and 2 GPa, respectively using an in-
house ruby system and transported to ID-16-B at APS.  
 
NaCl was used to determine the pressure during the in-situ experiments [64]. The 
precursor was mapped out by absorption scans and as for the previous experiment, 
several diffraction tests were made to find optimal positions for laser heating. In the 
first experiment at 6.5 GPa the precursor was laser heated at two different spots to 
maximize the amount of reacted precursor. The spots were heated to 1350 K and 1400 



New in-situ high-pressure, high-temperature synthesis method for oxide materials 

Page | 81  

K for 5 min and 35 min, respectively, while PXRD patterns were collected in-situ. 
The pressure was then slowly decreased to ambient and diffraction maps of 28 x 28 
µm2 were measured around the heated sample spots. The same procedure was used 
for the experiment at 2 GPa where the precursor was laser heated to 1300 K for 30 
min while measuring in-situ PXRD. 
 
RESULTS AND DISCUSSION 
 
Post-perovskite NaOsO3. Laser heating experiments and in-situ PXRD were 
carried out on perovskite NaOsO3 at 9 GPa. The starting material for the in-situ 
experiment, perovskite NaOsO3, was confirmed to crystallize in the orthorhombic 
space group Pnma (in-house laboratory PXRD pattern shown in Figure S2 and Table 
S1). The PXRD pattern of the sample at 9 GPa before heating is shown in Figure 
4.3a. Compared to the sample diffraction, the mixture of NaCl and NaClO3 as the 
PTM and oxygen source gives low diffraction intensities, although sufficient to use 
NaCl at ambient temperature as a pressure calibrant [64]. Upon compression, NaClO3 
undergoes a phase transition to a highly strained or amorphous phase that is not 
visible in the PXRD patterns at 9 GPa. This is excellent, as the diffraction signal of 
NaClO3 does not contaminate the PXRD pattern of the sample. The NaCl diffraction 
is weak and overlaps with the diffraction peaks of the perovskite (Figure 4.3a). The 
PXRD pattern at 9 GPa before heating was refined using the Le Bail method, yielding 
the unit cell parameters: a = 5.319(3) Å, b = 7.475(5) Å, c = 5.212(4) Å, slightly 
smaller than the unit cell at ambient pressure. The sample was laser heated to 1650 
K for 5 min while measuring in-situ PXRD. New peaks were observed to grow as 
soon as the laser coupled with the sample and heating could be detected (approx. 
1300 K). After quenching the sample to ambient temperature, the new peaks 
remained and the pressure in the DAC had not decreased noticeably. The pressure 
was slowly decreased to ambient pressure and a diffraction map was measured around 
the heated sample spot. The map consists of 5 x 5 measurements in a 28 x 28 µm2 
square on the sample piece. The PXRD pattern with the highest content of the high-
pressure phase is shown in Figure 4.3b. Le Bail refinement shows an excellent match 
to the post-perovskite unit cell (Figure 4.1b), previously reported by Crichton et al. 
[22] and yielded very similar unit cell parameters: a = 2.847(3) Å, b = 10.36(1) Å, 
c = 7.272(3) Å. A small impurity peak is observed at 10 degrees, indicated with an 
arrow in Figure 4.3b, which was also present in the starting sample (SI, Figure S1). 
A qualitative analysis of the 28 x 28 µm2 map is shown in Figure S5 in SI, revealing 
the relative amounts of perovskite that have transitioned into the post-perovskite.  
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Figure 4.3: (a) Le Bail refinement of a PXRD pattern of perovskite NaOsO3 measured at 9 GPa at room 
temperature before heating (λ = 0.40663 Å). Red dots are the observed data, black lines are the fitted 
model. The first row of Bragg reflections (blue ticks) indicates the orthorhombic perovskite (PV) (Pnma) 
of NaOsO3 and the second row indicates the Bragg reflections (purple ticks) of cubic (Fm-3m) NaCl-
B1. The raw 2D data is shown in Figure S3, SI. (b) Le Bail refinement of a PXRD of post-perovskite 
NaOsO3 measured at ambient pressure and temperature after the phase transition (λ = 0.40663 Å). Red 
dots are the observed data, black lines are the fitted model. The first row of Bragg reflections (green 
ticks) indicates the post-perovskite (PPV) (Cmcm) of NaOsO3 and the second row indicates the Bragg 
reflections (purple ticks) of cubic (Fm-3m) NaCl-B1. The arrow indicates an impurity peak. The raw 2D 
data is shown in Figure S4, SI. 
 
Post-perovskite NaOsO3 was discovered in 2016 by Crichton et al. [22] and was an 
ideal compound to test the new method for observing perovskite to post-perovskite 
phase transitions for high oxidation state oxide perovskites. Crichton et al. [22] report 
the synthesis of post-perovskite NaOsO3 through two different synthesis routes using 
an in-situ synchrotron LVP; as a phase transition from the perovskite structure to the 
post-perovskite structure at 16 GPa and 1135 K and from hexavalent Na2OsO4 and 
nominally pentavalent KSbO3-like NaOsO3 at 6 GPa and 1100 K. In this study, we 
were successful in synthesizing post-perovskite NaOsO3 from the perovskite 
structure at 9 GPa and 1650 K. Our success in obtaining the post-perovskite at 
considerably lower pressure than reported by Crichton et al. could be an effect of the 
higher temperature used in the experiment. The in-situ DAC method is faster than the 
LVP and require less force to pressurize. In addition, the obtained PXRD patterns are 
cleaner, as there is no contaminating diffraction from surrounding sample holder 
elements. As mentioned previously, former high-pressure, laser heating experiments 
performed on perovskite NaOsO3 using neon as the PTM, resulted in decomposition 
of NaOsO3 to osmium metal and no phase transition to the post-perovskite was 
observed (SI, Figure S1). The success of obtaining the post-perovskite using the new 
method reported here, confirms the importance of having a highly oxidizing 
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environment surrounding the sample in the DAC during the transition from the 
perovskite to the post-perovskite in oxide materials.  
 
Post-perovskite NaIrO3. NaIrO3 can be synthesized directly in the post-perovskite 
structure [53] (see Figure 4.1b) and is not known to crystallize in the perovskite 
structure. Post-perovskite NaIrO3 was synthesized from powders of Ir metal and 
Na2O2 mixed in a 1:1.5 ratio with a 50% excess of Na2O2. Laser-heating experiments 
were carried out on the precursor mixture at 6.5 GPa. The precursor mixture was first 
compressed to the target pressure at room temperature and a PXRD pattern measured 
at 6.5 GPa before heating is shown in Figure 4.4a. As seen in Figure 4.4a, iridium 
diffracts strongly, while the diffraction from Na2O2, NaCl, and NaClO3 are of low 
intensity. Iridium crystallizes in the cubic Fm-3m space group, is very incompressible 
and have no phase transition up to 6.5 GPa [65]. Na2O2 crystallizes in the hexagonal 
space group P-62m and shows no phase transitions up to 6.5 GPa [66]. NaCl has the 
cubic Fm-3m B1 phase at 6.5 GPa and is used as a pressure calibrant during the 
experiment [64]. NaClO3 crystallizes in the cubic P213 space group at ambient 
pressure and has been reported to have a phase transition at 5.5 GPa but with a very 
slow transition time (around 7 days) [67]. The crystal structure of the high-pressure 
phase of NaClO3 is very similar to the ambient phase but has not yet been solved in 
the reported literature [67]. We do not observe the reported phase transition for 
NaClO3 in this experiment, either because it is too subtle or because our time scale is 
faster than the transition. The peaks of NaClO3 measured at 6.5 GPa before heating 
have been described with the P213 space group as shown in Figure 4.4a. The PXRD 
pattern at 6.5 GPa before heating was refined using the Le Bail method with the four 
phases described above. The precursor was laser heated to 1350 K for 5 min while 
measuring in-situ PXRD. New peaks were growing during heating and after 
quenching the sample to ambient temperature, the new peaks remained and the 
pressure in the DAC had not decreased noticeable. The precursor sample piece was 
again heated to 1400 K at a different spot and annealed for 35 min, to react a large 
amount of precursor to the new phase. The pressure in the DAC was slowly decreased 
to ambient pressure and a diffraction map of 28 x 28 µm2 was measured around the 
heated sample spots. The map consists of 5 x 5 measurements in a 28 x 28 µm2 square 
on the sample piece including both heated spots. A selected PXRD pattern at ambient 
pressure is shown in Figure 4.4b and was refined using the Le Bail method. The new 
phase fits with the post-perovskite structure (Figure 4.1b) reported by Bremholm et 
al. [53] and the refinement yielded very similar unit cell parameters: a = 3.0384(4) 
Å, b = 10.350(1) Å, c = 7.1773(9) Å. A small amount of unreacted iridium is still 
present in the sample. This was also observed by Bremholm et al., who concluded 
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that the post-perovskite was difficult to obtain phase pure due to the high stability of 
iridium metal. A qualitative analysis of the 28 x 28 µm2 map is shown in Figure S8 
in SI, showing the relative amount of the precursor that have reacted to the post-
perovskite.  

 
Figure 4.4: (a) Le Bail refinement of a PXRD pattern of the precursor mix measured at 6.5 GPa at room 
temperature before heating (λ = 0.40663 Å). Red dots are the observed data, black lines are the fitted 
model. The first row of Bragg reflections (red ticks) indicate Ir metal (Fm-3m), the second row (blue 
ticks) indicate Na2O2 (P-62m), the third row (purple ticks) indicate cubic (Fm-3m) NaCl-B1 and the 
fourth row of Bragg reflections (orange ticks) indicate NaClO3 (P213). The raw 2D data is shown in 
Figure S6, SI. (b) Le Bail refinement of a PXRD of post-perovskite NaIrO3 measured at ambient pressure 
and temperature after the synthesis (λ = 0.40663 Å). Red dots are the observed data, black lines are the 
fitted model. The first row of Bragg reflections (green ticks) indicate the post-perovskite (PPV) (Cmcm) 
of NaIrO3, the second row (purple ticks) indicate the Bragg reflections of cubic (Fm-3m) NaCl-B1 and 
the third row (red ticks) indicate unreacted Ir metal (Fm-3m). The raw 2D data is shown in Figure S7, 
SI. 
 
Post-perovskite NaIrO3 was discovered in 2011 by Bremholm et al. [53] and was 
ideal to test direct synthesis from precursors using the new DAC method. Bremholm 
et al. reported the synthesis of post-perovskite NaIrO3 using a LVP prepared from 
1.5:1:4 ratio of Na2O2, Ir, and NaClO3 at 4.5 GPa and 800 °C. This is lower pressure 
and temperature than was used in the present study. We used a slightly higher 
pressure to ensure being above the synthesis pressure and the temperature used is 
higher as it is difficult to control the temperature of the laser at lower temperatures.   
 
New rhombohedral polymorph of NaIrO3. The formation of post-perovskite 
NaIrO3 suggests that a perovskite polymorph could exist at lower pressure. Therefore, 
we performed a similar experiment at 2 GPa using a procedure similar to the 
experiment at 6.5 GPa. We laser heated the same precursor mixture to 1300 K for 30 
min while measuring in-situ PXRD. A new set of peaks were seen to grow that were 
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clearly different from the post-perovskite. After quenching the sample to ambient 
temperature and lowering the pressure to ambient pressure, the diffraction signal 
remained. A selected PXRD pattern at ambient pressure is shown in Figure 4.5a. We 
identified the unit cell of the new phase by analogy to the results reported for NaOsO3 
by Crichton et al. who observed both a cubic and a rhombohedral phase of NaOsO3 
at lower pressures before the transition to the post-perovskite. Analysis of the new 
peaks shows an excellent fit to a cell with rhombohedral symmetry (R-3) similar to 
the KSbO3-like type structure reported for NaOsO3. The Le Bail refinement shown 
in Figure 4.5a is performed in the hexagonal setting (rH). Together with the new 
phase, we observe a small amount of the post-perovskite, some unreacted iridium, 
and NaCl-B1. The low angle part of the PXRD pattern is shown in Figure 4.5b, 
showing the rhombohedral splitting of the cubic symmetry. Refinement in the R-3H 
setting gave the following unit cell parameters; a = 13.313(3) Å, c = 15.440(7) Å, 
α = β = 90°, γ = 120°. Converted to the rhombohedral setting (R-3R) this gives; 
a = 9.250 Å, α = 92.04°, which is very similar to the cell reported by Crichton et al. 
for rR-NaOsO3. The perovskite structure has not yet been observed for NaIrO3, this 
is likely due to the small A-site cation size of Na+ [68]. The fact that we observe rR-
NaIrO3 together with traces of post-perovskite NaIrO3 suggests that NaIrO3 in the 
perovskite structure is not stable under these conditions and formation perovskite 
NaIrO3 would have to take place through a low-temperature pathway. 

 
Figure 4.5: (a) Le Bail refinement of a PXRD of rH-NaIrO3 measured at ambient pressure and 
temperature after the synthesis (λ = 0.40663 Å). Red dots are the observed data, black lines are the fitted 
model. The first row of Bragg reflections (black ticks) indicate the KSbO3-like type structure (R-3H) of 
NaIrO3, the second row (green ticks) indicate the Bragg reflections of the post-perovskite (PPV) 
(Cmcm), the third row (purple ticks) indicate cubic NaCl-B1 (Fm-3m) and the fourth row (red ticks) 
indicate unreacted Ir metal (Fm-3m). (b) Zoom of the experimental data from 2.3 to 7.5 degrees. The 
cubic splitting into rhombohedral symmetry is shown above the peaks and the arrow indicates the (0 2 
0) reflection of the post-perovskite.  
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CONCLUSION 
The development of next generation high-pressure devices, coupled with state-of-the-
art XRD techniques has revolutionized experimental high-pressure materials 
research. At the same time, advances in computational methods have made it possible 
to predict novel compounds, structures and their properties. The new method reported 
here, using a strongly oxidizing environment as PTM during high-pressure laser 
heating, opens the door for synthesis of novel high-oxidation state compounds, such 
as pentavalent post-perovskites, and in general, provides an effective approach to 
experimental validation of theoretically predicted compounds. We demonstrated the 
successful application for a pressure-induced phase transition (post-perovskite 
NaOsO3), synthesis from mixed precursors (post-perovskite NaIrO3), and discovery-
driven experiments (rhombohedral NaIrO3). The method does not require gas-loading 
and the laser heating could be replaced by resistive heating to greatly expand the 
number of beamlines where such studies can be performed. Combining this method 
with resistive heating would allow for similar experiments looking for low-
temperature pathways. This technique will not only provide knowledge about the 
perovskite to post-perovskite phase transition but will have the possibility to provide 
important insight in all kinds of phase relations between different polymorphs of 
oxygen-rich compounds. The method can easily be extended to other structure 
families such as the spinel [69-71], ilmenite [72-74], and pyrochlore [75-77] for 
experimental search or validation of theoretical predictions. In such oxide 
compounds, a special interest is in looking at compounds with pentavalent and 
hexavalent or even more exotic oxidation states that require special conditions to 
achieve or maintain the high oxidation states. While performed on a microscopic 
scale in a DAC, it will open up for new synthesis routes under high pressure that for 
the pressure range up to approx. 25 GPa can be scaled up using a multi-anvil press 
with a large sample volume. This new method can also be expanded to compounds 
other than oxides by utilizing other anionic constituent containing salts as PTM, as 
nitrogen rich-salts.  
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4.3 Outlook  
We were successful in obtaining the post-perovskite of both NaOsO3 and NaIrO3, 
thereby proving the concept of the new DAC method presented in publication I. 
Simultaneously, a novel low-pressure polymorph of NaIrO3 was discovered. As 
described in publication I, the analysis strongly indicates that the new polymorph has 
a KSbO3-like type structure with rhombohedral symmetry. To further strengthen this 
conclusion, it would be of high interest to perform DFT calculations on this structure 
type. During analysis, several rhombohedral symmetries were tested (e.g. R3, R-3, 
R3m, R-3m, R3c, and R-3c), and R-3 seemed to describe the acquired PXRD pattern 
best. Theoretical calculations would help strengthen or correct the decision of the 
space group and support the work that has been carried out. Another subject of 
interest concerns the variation of sodium content in the Na-Ir-O system. It would be 
interesting to look further into the honeycomb structure of Na2IrO3 [78] and the 
recently reported effects the sodium content has on this compound [79], where a more 
than 50 % reduction in sodium content changes the symmetry from C2/c to P-3. 
NaIrO3 has also been reported in the honeycomb structure with P-1 symmetry [80]. 
The possibility of non-stoichiometric sodium content in our new polymorph exists, 
but we do not at this point have the data to look further into this.  
 
4.4 Looking for novel SrMO3 post-perovskites 
Following the success of the new method, the possibilities of expanding the project 
are extensive. Therefore, we applied for new beamtime at ID-16-B, APS, looking for 
novel post-perovskite phase transitions in strontium perovskites SrMO3 (M = Ir, Ru, 
Os). These compounds have been investigated intensively during my Ph.D. project 
but experiments using the conventional laser heating method in DACs (with neon as 
PTM) have been unsuccessful in obtaining the post-perovskite phase transition in 
these compounds. As described in Chapter 3, we predicted the post-perovskite phase 
to be stable in SrIrO3, based on the compression experiments performed. In February 
2020, we were granted beamtime using the same setup and procedure as described in 
publication I. In the following section, the newly obtained results, using the new DAC 
method for perovskite 3C-SrIrO3 will be presented. The next two Chapters will then 
present the subsequent projects on SrRuO3 and SrOsO3.  
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4.5 High-pressure, laser heating experiments on 3C-SrIrO3 
using the new in-situ DAC method 

 
4.5.1 Experimental method 
High-pressure, high-temperature experiments on orthorhombic 3C-SrIrO3 were 
conducted using a laser-heated DAC at the 16-ID-B beamline at APS. Experiments 
were conducted on the beamtime described in the previous section (4.4), using the 
same procedure and experimental setup as described in publication I (section 4.2). 
We used a Mao-Bell symmetric diamond anvil cell with a 200 µm culet size. 
Perovskite 3C-SrIrO3 powder was thoroughly ground and floated to gain sub-micron 
grain size and pressed to a thin disc with a thickness of approx. 10 µm. Similar to the 
sample, sheets of dried NaClO3 with a thickness of approx. 20 µm was made. A 
rhenium gasket with a thickness of 250 µm pre-indented to a thickness of 50 µm with 
a laser-cut hole with a diameter of 75 µm was loaded with a 50/50 mixture of NaCl 
and NaClO3 powder working as the PTM and an oxygen source. A sample piece with 
an area of approx. 20 x 20 µm2 was loaded on top of a piece of NaClO3 with an area 
of approx. 40 x 40 µm2 together with ruby spheres for offline pressure determination. 
The DAC was then closed and the pressure was increased to 40 GPa using the ruby 
setup at HPCAT. The gasket hole was mapped out by absorption scanning and several 
diffraction tests were made to find several good spots on the sample piece to laser 
heat. The sample was then laser heated to 1300 K for 6 min while measuring in-situ 
PXRD. After quenching the temperature, the pressure in the DAC was slowly 
decreased (over 30 min) to ambient pressure and a diffraction map of 25 x 30 µm2 
was measured around the heated sample spot. All 2D data were integrated using the 
Dioptas software [31] and refined using the Rietveld or Le Bail method using the 
FullProf program [34, 36]. 
 
4.5.2 Results and discussion 
The sample was compressed to the target pressure of 40 GPa at room temperature 
and a PXRD pattern measured before heating is shown in Figure 4.6a, together with 
a Le Bail refined model. NaClO3 is not visible in the PXRD patterns and NaCl 
diffraction is weak and overlapping with the diffraction peaks of the perovskite. The 
PXRD pattern at 40 GPa before heating was refined using the Le Bail method as the 
data quality did not allow for a Rietveld refinement. Interestingly, the unit cell 
parameters obtained from the refinement are very similar to the unit cell parameters 
obtained at similar pressure from the expanded compression study of 3C-SrIrO3 
presented in Chapter 3.2.2. This suggests, that the sample again is under non-



Chapter 4 

 90 | Page 

hydrostatic pressure, which is expected at 40 GPa using a solid PTM. The sample 
was laser heated to 1300 K for 6 minutes while measuring in-situ PXRD. The 
integrated diffraction data are shown in Figure 4.6b and new diffraction peaks are 
observed to grow shortly after heating was initiated. The new diffraction peaks 
(marked with *) grow quickly and at the same time, the 3C-SrIrO3 perovskite phase 
is almost completely gone (6 min of heating) as seen in Figure 4.6b. After quenching 
the sample to ambient temperature, the new diffraction peaks were still present and 
the pressure in the DAC had not decreased noticeably. 

 
Figure 4.6: (a) Le Bail refinement of a PXRD pattern of perovskite 3C-SrIrO3 measured at 40 GPa at 
room temperature (λ = 0.40663 Å). Red dots are observed data and the black line is the fitted model. 
The first row of Bragg reflections (green ticks) indicate the orthorhombic perovskite (Pnma) of 3C-
SrIrO3 and the second row indicates the Bragg reflections (orange ticks) of cubic (Pm-3m) NaCl-B2. (b) 
Waterfall plot of integrated data during heating at 1300 K of the sample. (*) indicates new grown 
diffraction peaks. 
 
The pressure in the DAC was slowly decreased to ambient pressure and a diffraction 
map of 25 x 30 µm2 was measured around the heated sample spot. The map contains 
35 measurements with 5 x 7 measurements in a 25 x 30 µm2 rectangle on the sample 
piece. The diffraction map is shown in Figure 4.7a, indicating the amount of the new 
phase calculated from the diffraction peak at 9.5 degrees. A selected PXRD pattern 
(with a full phase transition of the sample) from the map at ambient conditions is 
shown in Figure 4.7b and was refined using the Rietveld method. The new diffraction 
peaks fit with HP-PdF2 type IrO2 with the cubic Pa-3 space group [81]. The 
refinement yielded the unit cell parameter: a = 4.8927(7) Å, fitting well with the unit 
cell parameters reported by Shirako et al. [81]. A single small broad diffraction peak 
is observed at 6.6 degrees, indicated with an arrow in Figure 4.7b, which could fit 
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with the main peak of strontium in hcp packing with space group P63/mmc. As no 
other broad diffraction peaks are observed it is most likely a semi-amorphous phase. 

 
Figure 4.7: (a) 25 x 30 µm2 diffraction map of the heated sample spot at ambient conditions, indicating 
the amount of new phase (HP-IrO2) from the diffraction peak at 9.5 degrees in arbitrary units. A 
smoothening function has been applied to the plot. (b) Rietveld refinement of a PXRD pattern of the 
HP-IrO2 phase measured at ambient conditions after the phase transition (λ = 0.40663 Å). Red dots are 
observed data and the black line is the fitted model. The first row of Bragg reflections (green ticks) 
indicate HP-IrO2 (Pa-3) and the second row indicates the Bragg reflections (red ticks) of cubic (Fm-3m) 
NaCl-B1. The black arrow indicates amorphous strontium (Sr in hcp packing with space group 
P63/mmc). 
 

4.5.3 Conclusion and outlook 
Unfortunately, the resulting HP-IrO2 phase was not the target of this experiment. 
Thereby, the result presented here indicates that the post-perovskite cannot be 
stabilized in SrIrO3 at 40 GPa. On the positive side, the sample does not reduce to 
iridium metal as observed in the high-pressure, laser-heating experiments with neon 
as PTM (Chapter 3.2.3). This shows the progress that has been made with the new 
method. NaCl/NaClO3 creates a highly oxidizing environment and effectively 
prevents the perovskite from reducing to metal. The result obtained in this experiment 
indicates that a pressure of 40 GPa is not high enough to stabilize the post-perovskite 
structure. This correlates with the results from the compression studies of 3C-SrIrO3 
(Chapter 3.2.2), which indicate that the pressure for stabilization of the post-
perovskite should be larger than 60 GPa. Unfortunately, I did not have the time to 
expand the study to higher pressures during my Ph.D., but it will be of great interest 
to perform laser heating experiments with our new method at pressures above 60 
GPa.  
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CHAPTER 5 
High pressure and temperature behavior of 

perovskite SrRuO3 
 
 
 
This Chapter presents the work conducted on perovskite SrRuO3. The Chapter 
consists of an introduction and context section describing the project and the 
motivation for the study, followed by publication II: “C. H. Kronbo, L. R. Jensen, F. 
Menescardi, D. Ceresoli, M. Bremholm, High-pressure, low-temperature studies of 
phase transitions in SrRuO3 – Absence of volume collapse, J. of Solid State Chem., 
287, 121360 (2020).” Supporting information is included in Appendix B. In the end, 
a section presenting work conducted after publication II.  
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5.1 Introduction and context 
In 2013 my supervisor Martin Bremholm and a previous Ph.D. student in the group 
Morten B. Nielsen started this project. High-pressure PXRD was measured on 
perovskite SrRuO3 (Pbnm) at ambient temperature in two different DACs up to 24 
and 88 GPa (A1 and A2) and laser heating experiments were performed above 40 
GPa at ID-13-D, APS. In 2017, I guided Louise Ring Jensen in the analysis of the 
data as part of her bachelor project. We found that the high-pressure literature on 
perovskite SrRuO3 was very aberrant, as the literature was reporting different unit 
cell relations during compression and pressure-induced phase transitions [82-84]. 
The hope was that our consistent high-pressure study with high-quality PXRD data 
could provide a solid conclusion about the differences observed in the literature. Our 
study revealed a continuous phase transition to monoclinic symmetry (P21/n) near 25 
GPa, in agreement with the study by Zernenkov et al. [84], but not a higher-pressure 
phase transition to triclinic symmetry at 38 GPa, contrary to the study by Zernenkov 
et al.. In our compression study, we observed a new compression trend of the unit 
cell parameters not similar to any of the reported literature.  
 
DFT calculations have predicted SrRuO3 to have a transition to the post-perovskite 
structure above 32 and 40 GPa [85, 86]. First-order phase transitions, like the one 
from perovskite to post-perovskite, often have an energy barrier to overcome, and 
therefore, Martin Bremholm and Morten B. Nielsen performed laser heating 
experiments at different pressures above 40 GPa (43, 68, 83 GPa), looking for the 
phase transition to post-perovskite in SrRuO3. The laser heating experiments were 
performed using the conventional method described in Chapter 2.2. using neon as 
PTM. SrRuO3 was heated to temperatures of 1500 - 2000 K. Louise and I analyzed 
the data but did not observe a phase transition to the post-perovskite.  
 
As our results did not clarify the deviations reported in the existing literature, we 
decided to apply for new beamtime at ID-16-B, APS (received in 2018) to measure 
the compression of SrRuO3 at low temperatures (similar to Zernenkov et al.). At the 
same time, collaboration with Davide Ceresoli and Francesca Menescardi was 
initiated, who performed DFT calculations on SrRuO3 to compare with the 
experimental results. Four experiments (LT1 – LT4) were performed, testing how 
temperatures down to 6 K affected the compression of the unit cell and reported phase 
transitions. In three out of the four low-temperature experiments, a smooth 
compression of the unit cell parameters was observed, with no crossing of the unit 
cell axes. However, in the fourth experiment, a crossing similar to our ambient 
temperature experiment was detected. In all the low-temperature experiments above 
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25 GPa (LT2 – LT4), the continuous phase transition to the P21/n symmetry was 
detected, but no trace of other phase transitions was discovered. This observation 
agreed with the results obtained from the DFT calculations.  
 
5.1.1 Contribution 
My contribution to this project and publication II was to guide and help Louise Ring 
Jensen with the synthesis of perovskite SrRuO3. I taught her how to integrate, refine, 
and analyze the high-pressure data. I wrote the proposal for the high-pressure, low-
temperature beamtime at ID-16-B, APS, and conducted the experiments together with 
Martin Bremholm and Louise Ring Jensen. I helped analyze and interpret the results, 
from both the experiments and the DFT calculations performed by Davide Ceresoli 
and Francesca Menescardi. Lastly, I wrote the manuscript. The following section 
presents the publication: C. H. Kronbo, L. R. Jensen, F. Menescardi, D. Ceresoli, M. 
Bremholm, High-pressure, low-temperature studies of phase transitions in SrRuO3 – 
Absence of volume collapse, J. of Solid State Chem., 287, 121360 (2020). 
Reproduced in accordance with Elsevier guidelines, with only minor formatting 
changes to fit in the format of this thesis.     
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ABSTRACT 
We report powder diffraction data measured on SrRuO3 to pressures of 88 GPa at 
ambient temperature. The perovskite structure is found to persist up to the highest 
pressure measured, but the system undergoes a continuous transition consistent with 
a 2nd order phase transition to the monoclinic space group P21/n near 25 GPa. Fitting 
the P-V data with the 2nd order Birch-Murnaghan EoS yielded a bulk modulus of 
K0 = 177.4(10) GPa. Four high-pressure low-temperature experiments have been 
performed to resolve discrepancies in previous studies. SrRuO3 cooled to 6 K at near-
constant pressures of 10 GPa and 40 GPa showed no volume collapse during cooling. 
A compression experiment conducted at 6 K up to 65 GPa, showed a structural 
transition to the P21/n space group at 28 GPa, and fitting the P-V data with a 3rd order 
Birch-Murnaghan EoS yielded a bulk modulus of K0 = 154(6) GPa. The experimental 
data have been compared to DFT calculations. In good agreement with experiments, 
calculations including ferromagnetic interactions show a structural transition to the 
P21/n space group at 30-40 GPa. Surprisingly, calculations show that the SrRuO3 
returns to Pbnm symmetry above 90 GPa. The magnetic moment on Ru was predicted 
to disappear above 70 GPa and at the same time the RuO6 octahedra was found to 
become distorted. The present studies provide a solid ground for further studies of 
phase relations of SrRuO3 and related perovskites. 
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INTRODUCTION 
Perovskites with 4d transition metals have received growing attention in recent years 
because of their interesting electronic and magnetic properties, which are highly 
sensitive to variations in the crystal structure. The alkaline earth ruthenates, ARuO3 
(A = Ca, Sr, Ba), show a variety of interesting physical properties, which are strongly 
dependent on the A-cation. The Goldsmith tolerance factor, t, is commonly used as 
an indicator for distortion and stability of perovskites for a given set of ionic radii [6]. 
CaRuO3 and SrRuO3 both have orthorhombic perovskite structures, which is in good 
agreement with them having t < 1 (0.937 and 0.991, respectively). SrRuO3 is an 
itinerant ferromagnet, which is unusual for a perovskite with a 4d-element on the B-
site of the structure [87]. It has a rather large Curie temperature of 160-165 K and a 
magnetic moment 1.63(6) µB/Ru at 10 K [88]. Along with its resistance to many 
chemical solutions and ease of epitaxial growth on many substrates, these properties 
has led to a wide interest in using thin-film SrRuO3 as a conductor in multilayer oxide 
electronics [89]. At ambient conditions, SrRuO3 adopts the orthorhombic perovskite 
structure with Pbnm symmetry as shown in Figure 5.1 [90], but it shows an unusual 
relationship of the unit cell parameters. Most Pbnm perovskites follow the 
relationship a < b < c as is expected from a-a-c+ rotations of non-distorted octahedra 
(Glazer notation). For SrRuO3, the observed relationship is b < a < c [91].  
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Figure 5.1: Structure of orthorhombic perovskite SrRuO3 (Pbnm). Strontium is shown as pink atoms 
between layers of RuO6 octahedra, ruthenium is shown as black atoms in the center of the RuO6 

octahedra, and oxygen is shown as purple atoms forming the RuO6 octahedra [90]. The three tilt angles 
about the ideal cubic axes are shown on the structure. 
 
The largest A-cation, BaRuO3, results in a tolerance factor t > 1 (1.052) and at 
ambient conditions, it crystallizes in the hexagonal 9R polytype structure [92]. It is 
however possible to obtain other hexagonal polytypes through high-pressure 
synthesis and Jin et al. [93] obtained a quenchable cubic perovskite BaRuO3 at 18 
GPa and 1000°C, completing the perovskite series. The cubic perovskite BaRuO3 is 
also found to be ferromagnetic, but with a Curie temperature of TC = 60 K. CaRuO3 
is isostructural with SrRuO3, but it remains paramagnetic down to the lowest 
temperature. The smaller ionic radius of the Ca ion compared to Sr ion (1.00 Å and 
1.18 Å, respectively [94]) leads to a smaller tolerance factor. As expected the 
perovskite structure of CaRuO3 shows a high octahedral tilt angle about the cubic 
[111]p of Φ = 16.21° [19], more than twice the value found for SrRuO3 in the present 
study. The purpose of the study by Kojitani et al. was to investigate whether CaRuO3 
transitions to the post-perovskite structure. They report a transition from the 
perovskite to the post-perovskite structure at around 23 GPa and 1000 °C. The post-
perovskite structure was found to be quenchable to ambient conditions. This suggests 
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that a perovskite to post-perovskite transition could exist at higher pressure for 
SrRuO3. 
 
For SrRuO3, two independent studies have predicted a perovskite to post-perovskite 
transition in SrRuO3 at 32 GPa [85] and 40 GPa [86], respectively, using density 
functional theory (DFT) calculations. High-pressure studies of SrRuO3 have 
previously been reported up to a pressure of 34 GPa by Hamlin et al. and Jacobsen et 
al. [82, 83] and to 54 GPa by Zhernenkov et al. [84]. Neither of these observed the 
perovskite to post-perovskite transition and their conclusions on the development of 
the SrRuO3 structure during compression were contradictory. Hamlin et al. observed 
an unusual minimum in the O-Ru-O angle at 15 GPa, but no phase transitions, while 
Zhernenkov et al. observed two structural transitions to perovskite structures of lower 
symmetry at 21 GPa and 38 GPa. The present study reinvestigates the compression 
behavior through analysis of powder X-ray diffraction (PXRD) for pressures up to 
65-88 GPa at both room temperature and at 6 K and add complementary theoretical 
analysis for the structural symmetries observed in the experiments. 
 
EXPERIMENTAL METHODS  
Polycrystalline SrRuO3 was synthesized by a conventional solid state reaction of 
stoichiometric amounts of Ru and SrCO3 in an alumina crucible for 10 h at 950 °C. 
The sample was ground, pressed to a pellet and heated twice for 10 h at 1200 °C. 
PXRD data was measured after each treatment on a Rigaku SmartLab powder 
diffractometer using a monochromatic Cu Kα1 source (λ = 1.54056 Å). Rietveld 
refinement was employed to check the crystallinity and purity (Supporting 
information (SI), Figure S1 and S2). All refinements were performed using the 
FullProf program [34].  
 
High-pressure PXRD experiments at room temperature were performed at the 13-ID-
D beamline [95] at the Advanced Photon Source (APS) using a photon energy of 37 
keV (λ = 0.3344 Å) and an X-ray beam size of 3x5 µm2. SrRuO3 powder was ground 
and filtered to sub-micron grain size and pressed to a thin disc with a thickness of 
approx. 10 µm. A sample piece with an area of approx. 20x20 µm2 was loaded in a 
Mao-Bell symmetric diamond anvil cell (DAC) with a 200 µm culet together with a 
small piece of gold and a ruby sphere for pressure determination. Another DAC with 
200 µm culet was loaded in the same manner. Rhenium gaskets with a thickness of 
250 µm indented to a thickness of 35 µm with a laser cut hole of diameter 100 µm 
was used and neon was loaded as the pressure transmitting medium using the gas-
loading system at GSECARS. The detector geometry was calibrated using a LaB6 
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standard (NIST SRM 660b). For each pressure point the fluorescence of the ruby was 
measured to monitor the pressure, then diffraction from the sample was measured, 
and after that diffraction of a gold standard was measured. Two experiments were 
performed using membrane driven DACs. The first DAC was pressurized to 24 GPa 
in 38 steps, while the second DAC was pressurized to 88 GPa in 21 steps. 
 
High-pressure low-temperature PXRD experiments were performed at the 16-ID-B 
beamline at APS using a photon energy of 30.5 keV (λ = 0.40663 Å) and an X-ray 
beam size of 4x6 µm2. Four experiments were conducted varying both temperature 
and pressure using Mao-Bell symmetric DACs with 200 µm culet diamonds loaded 
into a cryostat. Two experiments were conducted at nearly constant pressures of 
10 GPa and 40 GPa, respectively. During the two experiments the samples were 
cooled from 300 to 6 K. Measurements were conducted at 6 K from 5 to 65 GPa and 
finally, an experiment varying both pressure and temperature on the same time was 
conducted. The DACs were prepared in the same way as for the room temperature 
compression experiments using the facilities at 16-ID-B [96]. A summary of all the 
experiments performed is summed up in Table 5.1. 
 

Table 5.1: List of experiments performed in this study including experimental conditions. 

Experiment P (GPa) T (K) 
A1 0-25 RT 
A2 0-88 RT 

LT1 7-16 300-6 
LT2 38-44 300-6 
LT3 5-65 6 
LT4 22-57 300-15 

 
We performed DFT variable-cell structure relaxations as a function of pressure using 
Quantum Espresso [97, 98] with the PBEsol [99] exchange-correlation functional. 
We used double-projector, norm-conserving ONCV [100, 101] pseudopotentials 
including semicore states (i.e. 4s24p65s2 for Sr and 4s24p65s24d6 for Ru). We used a 
plane-wave cutoff of 80 Ry and up to 6×6×4 k-points. As SrRuO3 is a weakly-
correlated ferromagnetic metal at ambient pressure, we set up a spin-polarized 
ferromagnetic (FM) state. We also calculated the non-magnetic (NM) state, in order 
to see the effects of magnetism on the lattice spacings. We choose the PBEsol 
functional because it has been shown to describe the structural parameters of oxygen 
perovskites better than LDA and PBE. The symmetry of the relaxed structures were 
determined using the FINDSYM utility [102]. 
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RESULTS AND DISCUSSION  
 
High-pressure study at room temperature 
The PXRD data from the first experiment (A1) up to 24 GPa were all refined using 
the Rietveld method in the orthorhombic space group Pbnm (No. 62). For all pressure 
points, the atomic positions of strontium were refined giving small variations in the 
values and a slight improvement in the agreement factors. It was not possible to refine 
the positions of the light oxygen atoms so these were fixed in all the refinements to 
the refined values obtained from the ambient pressure measurement (SI, Table S2). 
A selection of refined PXRD patterns at pressures from 0.4 GPa to 24 GPa are shown 
in SI Figure S3. In the second experiment (A2), the compression of SrRuO3 was 
measured up to 88 GPa. A selection of refined PXRD patterns from 1.2 GPa to 87.8 
GPa are shown in Figure 5.2a and a zoom of the second peak is shown in Figure 5.2b, 
showing the peak splitting of the (2 2 0) and (0 0 4) hkl reflections.  
 

 
Figure 5.2: (a) Selected PXRD patterns (λ = 0.3344 Å) and refinements of SrRuO3 from experiment A2. 
Red dots are the observed data, black lines are the fitted data and blue ticks are the Bragg reflections for 
the respective space groups. Dashed line serves a guide to highlight peak shift. (b) Zoom of the second 
peak, including Brag reflections for the Pbnm and P21/n space groups. 
 
To start out, the refinement of the PXRD data was carried out using the Rietveld 
method in the space group Pbnm. The model fit well until 25 GPa after which the 
peaks shifts indicates the symmetry is lowered. Rietveld refinement to higher 
pressure points gave worse fits and an unphysical increase in the volume of the unit 
cell indicating that the Pbnm space group no longer describe the structure well. The 
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Le Bail method were used instead of the Rietveld method from 25 GPa. Following 
the group-subgroup relationships reported by Howard and Stokes [7] Le Bail 
refinements in the space group P21/n was carried out from 25 GPa and onwards. This 
gave better fits and the large increases in the unit cell volume were no longer seen.  
 
To illustrate the improvement of the fit, Figure 5.3 shows a zoom of the major Bragg 
peak for the Le Bail refinements done in space group Pbnm and in P21/n for the data 
set measured at 34.8 GPa. It is seen that in the monoclinic phase, the (1 1 2)o peak 
splits into two peaks (1 1 2)m and (-1 1 2)m and that this describes the measured data 
much better and fit good with the peak broadening observed. Also the splitting of the 
(0 0 4) and (2 2 0) reflections, which are found between 9.6 and 10.4° (Figure 2b) is 
in agreement with the P21/n symmetry. These results indicates that a transition to the 
lower symmetry is indeed found in SrRuO3, which is also in agreement with the study 
by Zhernenkov et al.. 

 
Figure 5.3: Zoom in on the major peak of the Le Bail refinements in space groups Pbnm and P21/n at 
34.8 GPa. Data from experiment A2. 
 
Figure 5.4a shows the refined unit cell parameters for SrRuO3 obtained from the first 
experiment (A1) up to 24 GPa (values listed in SI Table S3). For easy comparison, 
the c-parameter is shown as c/√2.  
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Figure 5.4: (a) Refined unit cell parameters for SrRuO3 from the first experiment (A1) up to 24 GPa. (b) 
P-V relation for SrRuO3 fitted with the BM2 EoS. Except for the first point, error bars are smaller than 
the symbols. 
 
It is seen that the relationship between the unit cell parameters, where b < a < c, holds 
for all pressures measured and that the values all decreases in a relative smooth 
manner. This is a contradiction to what is seen in similar high-pressure studies by 
Jacobsen et al. [83], where a crossover of the a and c/√2 parameters was found at 
about 15 GPa, and by Zhernenkov et al. [84], where it was found that the relationship 
changed to the more commonly observed a < b at 21 GPa. In the study by Jacobsen 
et al., the differences may be explained by the quality of data and limited number of 
pressure points. Consequently, the refined cell parameters shows some scatter, 
whereas the values in the present study decreases smoothly. Zhernenkov et al. argues 
that the change in the relationship of the cell parameters is a result of the transition to 
the monoclinic space group P21/n, which were found to happen between 10 GPa and 
21 GPa. This transition was not found in the data measured in our first experiment 
below 24 GPa. In this case the differences may also be a result of the different 
temperatures used, as the experiment by Zhernenkov et al. was performed at 6 K and 
it has been shown that low temperatures affects the structure of SrRuO3 [91]. PXRD 
is a limited technique to resolve super-lattice reflections and refining atomic positions 
of the light oxygen atoms, which makes it challenging to resolve crossings of the unit 
cell axes and these can easily shift during refinements. The refined unit cell volumes 
from the first experiment (A1) up to 24 GPa are shown in Figure 5.4b. The bulk 
modulus (K0) was determined using the 2nd order Birch-Murnaghan (BM2) EoS and 
the fit is shown in Figure 5.4b. The Birch-Murnaghan EoS is chosen, as it is the most 
commonly used in materials science and since the maximum compression in this 
experiment is V/V0 = 0.89, the finite strain EoS is a good description. Birch-
Murnaghan EoS of 2nd, 3rd and 4th order (BM2, BM3, BM4) were compared to find 
the best description of the data. The obtained values and fits are reported in SI Table 
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S5 and Figure S4. Based on the fitted values and the f-F plot (SI, Figure S4), the BM2 
EoS is the best model to describe the data up to 24 GPa. We obtain a bulk modulus 
K0 = 177.4(10) GPa this value is slightly lower than the value reported by Jacobsen 
et al. of K0 = 192(3) GPa obtained from a fit of the BM3 EoS. 
 
For the second experiment (A2) up to 88 GPa, our refinements and analysis shows a 
transition to monoclinic symmetry between 22.7 GPa and 27.8 GPa, which is in 
agreement but at slightly higher pressure than that found at 6 K by Zhernenkov et al. 
[84]. Figure 5.5 shows the obtained unit cell parameters and the unit cell volume as 
a function of pressure up to 88 GPa (values are listed in SI, Table S4). Above the 
phase transition at 25 GPa, the b-axis contracts the most as the β increases towards 
93.5 deg. The c-axis is the least compressible and this leads to a crossing of a and 
c/√2 at about 48 GPa. In the study by Zhernenkov et al., the a-axis crossed both the 
b and c/√2 between 10 and 21 GPa upon transition to the structure with P21/n 
symmetry. 
 

 
Figure 5.5: (a) Refined unit cell parameters for SrRuO3 from the second experiment (A2) to 88 GPa. 
Insert shows the monoclinic angle, β. Error bars are smaller than symbols. (b) P-V relation for SrRuO3 

fitted with the BM3 EoS. Error bars are smaller than symbols. 
 
The bulk modulus (K0) was determined using the 3rd order Birch-Murnaghan (BM3) 
EoS and the fit is shown in Figure 5.5b. Based on the fitted values and the f-F plot 
(see SI, Table S6 and Figure S5) the BM3 EoS is the best model to describe the data 
up to 88 GPa. This shows symmetry change at 25 GPa has little impact on the volume 
compressibility despite changes in the axial compressibilities. Using this we obtain a 
bulk modulus K0 = 168(14) GPa and a first derivative K0

’ = 6.7(8) in good agreement 
with the bulk modulus obtained modeling the compression data to 24 GPa. 
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Zhernenkov et al. also found a 1st order transition to triclinic symmetry (space group 
P-1) at 38 GPa accompanied by a volume collapse of 3.5%. In the data presented 
above, abrupt changes in unit cell parameters are absent. It is therefore concluded that 
the monoclinic phase persist to the highest pressure of 88 GPa at room temperature. 
The study by Zhernenkov et al. was performed at 6 K suggesting that the volume 
collapse could have an electronic origin and we therefore performed similar high-
pressure experiments at 6 K. 
 
High-pressure studies at low-temperature  
Refinement of the PXRD data from the experiment at 6 K from 5 to 65 GPa (LT3) 
was carried out using the Rietveld refinement method. However, it was not possible 
to refine the atomic positions, so several refinement methods were tested (Rietveld 
with fixed atomic positions, Rietveld with atomic positions relaxed with DFT and the 
Le Bail method) and atomic positions relaxed by DFT showed to give the most robust 
refinement of the unit cell and was therefore used in the refinements reported here. A 
selection of PXRD patterns and refined intensities are for pressures from 5 to 65 GPa 
shown in Figure 5.6a.  
 

 
Figure 5.6: (a) Selected PXRD patterns (λ = 0.40663 Å) and refinements of SrRuO3 at 6 K from 
experiment LT3. Red dots are the observed data, black lines are the fitted data, blue ticks are the Bragg 
reflections for the respective space groups and red ticks are the Bragg reflections for Re. Dashed line 
serves a guide to highlight peak shift. (b) Zoom of the main peak, including Brag reflections for the 
Pbnm and P21/n space groups. 
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The refinements using Pbnm space group describe the data very well at low pressures, 
but becomes steadily worse at higher pressures. A continuous transition consistent 
with a 2nd order structural phase transition to the P21/n space group is observed at 28 
GPa, in the same pressure range as observed in the ambient temperature data. To 
determine the transition pressure refinements were carried out in the P21/n space 
group from the highest pressure point (65 GPa) towards lower pressure to clarify 
where the monoclinic cell assume pseudo-orthorhombic symmetry. The value of β-
angle decreases with decreasing pressure (Figure 5.7a, inset)). At 28 GPa and above 
the β-angle refines to values significantly above 90° and extrapolation of the trend 
cross the axis at approx. 21 GPa and therefore it is concluded that the continuous 
transition consistent with a 2nd order phase transition from Pbnm to P21/n occurs 
between 21 and 28 GPa. This is slightly above the 21 GPa where Zhernenkov et al. 
observed the transition in their high- pressure, low-temperature experiment. It should 
be noted, that the monoclinic distortion is small. The zoom showed in Figure 5.6b 
highlights the splitting of the (1 1 2) reflection in the main peak into the (1 1 2) and 
(-1 1 2) reflections in the monoclinic phase. The splitting of the second peak found 
between 12° and 13° (reflections (0 0 4) and (2 2 0)) is not as predominant as observed 
for the ambient temperature compression to 88 GPa. 
 
The unit cell parameters obtained from the refinements are shown in Figure 5.7a and 
listed in SI, Table S8 together with the parameters calculated with DFT. It is seen that 
the cell parameters decrease rather smoothly as the pressure increases and no 
crossover in the parameters are observed at any point. The experimental result are in 
fair agreement with the calculated for the a- and b-parameters, but deviates a bit for 
the c-parameter. No crossings for the calculated parameters are observed either. This 
is in contrast with the results of the experiment at ambient temperature, as well as 
with what was found by Zhernenkov et al. at 6 K, who saw a crossing of the a- and 
b-parameters at 10-21 GPa. The compressibility of the b- and c/√2-parameters are 
about the same through the entire pressure range, while the a-parameter is less 
compressible. Looking at the monoclinic β-angle, we see that it generally increases 
from about 90.5° to 91° as the pressure is raised up to about 51 GPa, indicating a 
further distortion form the orthorhombic cell. Interestingly though, above 51 GPa the 
angle decreases again, suggesting that the structure returns to an orthorhombic 
symmetry at even higher pressures. This trend is confirmed by the DFT results, which 
predict the structure to go back to orthorhombic above 90 GPa. 
 
The volume decreases steadily as a function of pressure, with no indication of a 
volume collapse like the one observed by Zhernenkov et al. at 38 GPa as shown in 
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Figure 5.7b. The volume from the experiment at 6 K decreases more quickly than the 
refined volume from the ambient temperature experiment. This could be related to 
the differences in the patterns, as the low-temperature experiment is the only one 
where we see no evidence of a splitting of the second peak found between 12° and 
13° (reflections (0 0 4) and (2 2 0)).  
 

 
Figure 5.7: (a) Refined unit cell parameters for SrRuO3 at 6 K to 65 GPa experiment LT3 (symbols) 
compared to calculated unit cell parameters up to a 100 GPa using the PBESol functional (lines). Insert 
shows the monoclinic β angle. (b) P-V relation for SrRuO3 at 6 K (LT3) fitted with the BM3 EoS 
compared to calculated P-V relation up to 100 GPa. Error bars are smaller than symbols. 
 
We see no sudden change in the volume for these refinements that would indicate a 
1st order transition like what was found by Zhernenkov et al. We therefore conclude 
that the structure remains monoclinic up to the highest pressure measured (65 GPa). 
The bulk modulus (K0) was determined using the BM3 EoS and the fit is shown in 
Figure 5.7b. Based on the fitted values and the f-F plot (see SI, Table S9 and Figure 
S6) the BM3 EoS is the best model to describe the data up to 65 GPa. We obtain a 
bulk modulus K0 = 154(6) GPa and K0

’ = 3.6(2), slightly lower than the value 
obtained from the data at ambient temperature to 88 GPa. 
 
Comparison of high-pressure studies  
Some obvious differences in the diffraction patterns obtained in the high-pressure, 
low-temperature experiments are observed. The most prominent difference is the 
splitting of the 2nd peak, which we see for the experiment varying both pressure and 
temperature at the same time (LT4), but not for the experiment at 6 K at similar 
conditions (LT3). As mentioned earlier, four experiments were conducted at low-
temperature to gain more insight in the high-pressure transitions. 
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In the first experiment, SrRuO3 was pressurized to 10 GPa and PXRD collected 
during cooling from 300 to 6 K (LT1). The data refined well in orthorhombic Pbnm 
space group, as the pressure is well below the pressure for the transition to P21/n. The 
measured PXRD patterns, together with a list of the obtained unit cell parameters is 
included in SI, Table S10, Figure S7. A slight shift of the peaks to higher angles are 
observed, because the pressure rises slightly as the cell is cooled down and the 
pressure was adjusted to stay near 10 GPa. Comparing data at the same pressure, the 
temperature contraction is barely detectable even for differences of 50 K. This fits 
well with SrRuO3 showing zero thermal expansion below TC at ambient pressure 
[103]. As expected, at a pressure of 10 GPa, the crystal structure of SrRuO3 stays 
orthorhombic to the lowest temperature. 
 
Our experiment at ambient temperature (A2) showed that the structure of SrRuO3 
remained monoclinic up to the highest pressure of 88 GPa, but Zhernenkov et al. 
reported a 1st order transition to the triclinic space group P-1 at 38 GPa and 6 K. We 
therefore designed an experiment to test whether SrRuO3 has a temperature driven 
structural transition from the orthorhombic or monoclinic symmetry to the triclinic 
symmetry. In this experiment, SrRuO3 was pressurized to 40 GPa and PXRD was 
measured while cooling from 300 to 6 K (LT2). The data was all refined in the 
monoclinic P21/n space group, as the pressure is well above the continuous transition 
consistent with a 2nd order phase transition. The measured PXRD patterns, together 
with a list of the obtained unit cell parameters is included in SI, Table S11, Figure 
S8. The refined β-angle of the unit cell have values in the range from 90.7° to 91.3°, 
further indicating that the structure is in fact monoclinic. As the temperature lowers, 
no sudden shift in the peak positions are observed. We therefore conclude that our 
data does not show any indications of a temperature-induced transition upon cooling 
to 6 K at 40 GPa. 
 
The last experiment was a combination of raising the pressure while lowering the 
temperature (LT4) starting at a pressure of 22 GPa. The continuous transition 
consistent with a 2nd order phase transition from Pbnm to P21/n was observed 
gradually from 22 to 35 GPa. The measured PXRD patterns, together with a list of 
the obtained unit cell parameters is included in SI, Table S12, Figure S9. The 
expected shift of the peaks to higher angles as the pressure increases is observed, as 
well as a broadening of the peaks. It is worth noting the obvious splitting of the second 
peak (2θ = 12°) into two, starting at about 30 GPa and becoming more pronounced 
as the pressure increases. This splitting was not seen in the compression data 
measured at a fixed temperature of 6 K and only slightly in data from the experiment 
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at 40 GPa, despite the similar temperatures and pressures. In conclusion, we observe 
different results for the same type of sample under similar conditions.  
 

 
Figure 5.8: Plot of the octahedral tilt angle Φ calculated from unit cell parameters as a function of 
pressure. 
 
The octahedral tilt angles can be calculated for orthorhombic perovskites in space 
group Pbnm. The octahedral tilting is expressed in terms of three tilt angles θ, ϕ and 
Φ, which represent rotations of octahedra about the cubic cell axes [110]p, [001]p and 
[111]p, respectively (see Figure 5.1). However, if the octahedra are approximated to 
be regular (O-Ru-O angles are equal to 90° or 180° and all Ru-O bond lengths are 
equivalent within the octahedra) the distortion of the perovskite structure can be 
described by a single tilt angle Φ. Most precisely, the tilting angles are expressed by 
the in-phase and out-of-phase angles (a-a-c+), which are calculated from the atomic 
positions (primarily the displacement of the oxygen positions), but as the data quality 
did not allow for refinement of the oxygen positions they can be estimated from the 
unit cell parameters. The octahedral angle Φ is calculated using Φ = cos-1(√2b2/ac) 
[104, 105], which has been adjusted to the observed unit cell relationship b < a < c 
for SrRuO3. The calculated Φ  angles are listed in SI, Table S7 and plotted as a 
function of pressure in Figure 5.8. For the 3rd experiment at 6 K (LT3) we have 
estimated the tilt angle for the monoclinic space group using the equation for the 
orthorhombic space group as the β-angle is fairly close to 90°. It is seen that the angle 
increase linearly with pressure up to 24 GPa where the system has a continuous 
transition consistent with a 2nd order phase transition to monoclinic symmetry and the 
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measured data fit well with the theoretical calculations. Perovskites which are known 
to transform to the post-perovskite structure often have values of Φ larger than 16° 
[19] at ambient conditions. When subjected to pressure angles above 25° could 
indicate that the post-perovskite will be more stable at this point, but often an energy 
barrier has to be overcome. We do not observe a sudden drop in the tilt angle as 
reported by Jacobsen et al. [83]. As the tilt angle is calculated from the unit cell 
parameters we contribute their drop to the crossing of the c/√2 with the b-parameter 
they observe as we do not observe this crossing. 
 
Discussion of differences in literature and experiments   
Some obvious differences in the diffraction patterns obtained in the high-pressure, 
low-temperature experiments are observed. The most prominent difference is the 
splitting of the 2nd peak between 12 and 13° with hkl (2 2 0) and (0 0 4), which is 
observed in the experiment where varying pressure and temperature simultaneously 
(LT4), but not for the experiment at 6 K at up to 65 GPa (LT3) (similar conditions). 
To find out if there is a pattern for when the peak splitting is observed, a comparison 
of high-pressure experiments from both literature and those presented here are given 
in Table 5.2.  
 
Table 5.2: Experimental conditions of the experiments reported in this study and the literature, indicating 
splitting of the 2nd peak with hkl (2 2 0) and (0 0 4) and the crossing of the unit cell parameters as a 
function of pressure.  

 
It should be noted that for the experiment at 40 GPa (LT2) the peak-splitting is hardly 
noticeable, as the lower-angle peak has very little intensity, and that the refinements 
does not place a Bragg-reflection there. It is also worth noting that the pressure noted 

Study Exp. P 
(GPa) 

T 
(K) 

PTM Peak split 
(2nd peak) 

Crossing 
abc 

Cross P 
(GPa) 

present A1 0-25 RT Ne No No - 

present A2 0-88 RT Ne Yes  
(30 GPa) 

a with c/√2 48 

present LT1 7-16 300-6 Ne No No - 

present LT2 38-44 300-6 Ne Small  
(38 GPa) 

No (if 
forced yes) 

- 

present LT3 5-65 6 Ne No No - 

present LT4 22-57 300-15 Ne Yes  
(35 GPa) 

a with c/√2 35 

Hamlin 
/Jacobsen 

- 0-35 RT Silicone 
oil/Ar 

/Methanol
: ethanol 

- c/√2 with b 15 

Zhernenkov - 0-55 6 Ne/He Yes  
(21 GPa) 

a with both 
b and c/√2 

10-20 
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in the table, where Zhernenkov et al. found the peak splitting, is the pressure where 
they first refine the (0 0 4) reflection to lie at a lower 2θ angle than the “main” 2nd 
peak. This peak, however, has much less intensity than the “main” peak until 38 GPa, 
where they found the transition to the P-1 symmetry, and the intensities becomes 
more similar. From Table 5.2, it is seen that the peak splitting is not dependent on the 
temperature. All experiments were performed using Ne as the PTM, but Zhernenkov 
et al. reported experiments using neon and helium and found the peak splitting in 
both cases, means it is not dependent on the PTM. The pressure where the peak 
splitting is found vary between the experiments, but the splitting does require a rather 
high pressure. In all cases, the transition to the monoclinic structure occurs as the 
peak splitting of the 2nd peak is first observed, but a transition to the P21/n symmetry 
was also found for LT3, where no peak splitting is observed. However, for LT3 Pbnm 
and P21/n are quite close, in terms of the refined cell parameters even at higher 
pressures, while for LT4, as soon as the peak splitting becomes prominent, the P21/n 
model provide an obvious better fit and the cell parameters refines to different values. 
This also fits with the fact that in Zhernenkov et al. the pattern with the peak splitting 
was described best with the monoclinic model, and then as it became more prominent 
with the triclinic model. This could all indicate that the peak splitting and other 
differences in the patterns is a result of a large distortion away from the orthorhombic 
cell to an increasingly more monoclinic cell. The data presented in this study do not 
indicate a lowering of the symmetry to triclinic.  
 
Theoretical calculations  
The calculated magnetic moment for SrRuO3 is ~2 µB per formula unit (~1.4 µB on 
the Ru ion, and ~0.2 µB on the oxygen ions, determined using Bader’s QTAIM [106]), 
in good agreement with previous calculations [107] as well as with recent polarized 
neutron diffraction experiments [108]. The moment decreases as a function of 
pressure, but it almost plateaus between 40 and 60 GPa. The magnetic moment then 
vanishes at higher pressure, larger than 75 GPa as shown in Figure 5.9a (and Table 
S13 in SI). 
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Figure 5.9: (a) Calculated magnetic moment of the Ru atoms as a function of pressure. (b) Ru-O bond 
lengths from the relaxed atomic positions of the FM DFT calculation as a function of pressure. (c) Ru-
O-Ru bond-angles from the relaxed atomic positions of the FM DFT calculation as a function of 
pressure. (d) Octahedra showing labeling of atoms.  
 
Interestingly, the absence of magnetic moment above 50 GPa is accompanied by an 
increase in distortion of the RuO6 octahedra: the Ru-O bond lengths in the plane 
indicated with O1 and O1* become different, as shown in Figure 5.9b,d (Table S14 
in SI) and the Ru-O2-Ru angle decrease strongly (Table S15 in SI), as shown in 
Figure 5.9c. The angle between lattice parameters (β) deviates slightly from 90° 
between 40 and 80 GPa (Table S13 in SI) fitting with the P21/n space group. The β-
angle becomes exactly 90° again above 90 GPa, i.e. the symmetry return to the Pbnm 
space group. The space groups of the relaxed structures were determined using the 
FINDSYM utility [24]. Even though the structure goes back to Pbnm after 90 GPa 
the octahedra remains distorted. The total energy gain due to the distortion from the 
Pbnm to the P21/n symmetry is smaller than 1 meV/formula unit. To assess the 
accuracy of the DFT calculated lattice parameters, we generated 8 randomly distorted 
structures at 60 GPa and performed a variable-cell relaxation. Then we extracted the 
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lattice spacing, bond lengths and angles and computed their standard deviation to 
estimate the accuracy of our DFT machinery. In the present case, the uncertainties on 
the lattice spacings are about ~0.002 Å and on the bond lengths about ~0.005 Å, 
whereas the uncertainties on the cell angles are ~0.05°. Our results are also in good 
agreement with the calculations reported in Refs. [86, 109] The calculated bulk 
modulus (according to the BM3 EoS) is 182 GPa in the FM state, and slightly larger, 
194 GPa, in the NM state. 
 
CONCLUSION  
PXRD data obtained from two high-pressure, ambient-temperature experiments on 
SrRuO3, carried out in diamond anvil cells at APS, have been analyzed. The first 
experiment (A1) was performed up to 24 GPa and the second experiment (A2) up to 
88 GPa. The data from the first experiment (A1) was refined using the Rietveld 
method in space group Pbnm. The refined cell parameters decreased monotonically 
with increased pressure, showing no crossovers. No indication of structural 
transitions was found in this pressure range. The tilt angle Φ of the RuO6 octahedra 
was calculated from the unit cell parameters and these increase monotonically. The 
obtained volume data was fitted with the BM2 EoS, which yielded a bulk modulus of 
K0 = 177.4(10) GPa. The data from the second experiment (A2) was initially Rietveld 
refined in the space group Pbnm, but due to the quality of data only the Le Bail 
method was used from 22.7 GPa and onwards. A continuous transition consistent 
with a 2nd order phase transition to the monoclinic space group P21/n was found to 
occur at a pressure between 22.7 GPa and 27.8 GPa. No other transitions were 
observed. A crossover was seen in the a and c/√2 parameters, but the unusual b < a 
< c relationship persisted up to the highest pressure.  
 
Four high-pressure, low-temperature PXRD experiments was performed on SrRuO3. 
Two experiments, where the sample was cooled to 6 K at a fixed pressure (~10 GPa 
and ~40 GPa), showed that there are no structural transitions introduced in SrRuO3 
as a function of low-temperature. In the experiment, where the sample was 
compressed to 65 GPa at 6 K (LT3), a continuous transition consistent with a 2nd 
order structural phase transition to the P21/n space group was found at 28 GPa, and 
this structure was concluded to persist to the highest pressure (65 GPa), contrary to 
what was found by Zhernenkov et al. The unit cell parameters were found to decrease 
steadily with no crossover. A BM3 EoS fit to the low-temperature compression data 
gave a bulk modulus of 𝐾𝐾0 = 154(6) GPa. This is smaller than what was found in both 
the ambient temperature experiment to 88 GPa (A2), and in the high-pressure, low-
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temperature experiment by Zhernenkov et al., indicating a larger degree of 
compressibility. 
 
Theoretical calculations were performed for SrRuO3 using DFT and compared to the 
experimental results. Variable cell relaxations were done both including the 
ferromagnetic state of SrRuO3 and for the non-magnetic state. There was found to be 
very little difference between the two types of calculations. The ferromagnetic 
calculations predicted a transition from the Pbnm to the P21/n symmetry at 30-40 
GPa, which is slightly higher pressure than what was observed experimentally, and 
another transition back to the Pbnm symmetry at 90 GPa. As the calculated tilt angle 
Φ is around 25° at these pressures, this could also be an indication that the post-
perovskite should be stable here, but that an energy barrier have to be overcome. The 
calculations were found to underestimate the cell parameters at low pressures, but 
also showed a lesser rate of compression than what was found in the high-pressure, 
low-temperature experiment (LT3). The magnetic moment on Ru was predicted to 
disappear above 70 GPa and at the same time the RuO6 octahedra was found to 
become irregular.  
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5.3 High-pressure, laser heating experiments on SrRuO3 
using the new in-situ DAC method 

The laser heating experiments performed on SrRuO3 in 2013 using the conventional 
laser heating method (Chapter 2.2) with neon as the PTM, did not result in a phase 
transition from the perovskite to the post-perovskite as mentioned earlier. The lack 
of any sign of a phase transition was part of the motivation for developing the new 
method described in Chapter 4.   
 
Davide Ceresoli and Francesca Menescardi calculated the stability of the perovskite 
SrRuO3 structure in both Pbnm and P21/n space group symmetry and the post-
perovskite in the Cmcm space group symmetry. From the DFT determined 
parameters, the enthalpy H0 was calculated and a plot of H0 as a function of pressure 
is shown in Figure 5.10. As displayed in Figure 5.10 the enthalpy of the perovskite 
in Pbnm and P21/n symmetry is superimposed. At 40 GPa the post-perovskite 
enthalpy crosses the perovskite enthalpy and becomes the most favorable structure 
above 40 GPa. This agrees with previously reported DFT calculations [86]. 
 
Beamtime was granted in 2020 to perform the high-pressure laser heating 
experiments on, among others, SrRuO3 using the newly developed method, described 
previously.  

 
Figure 5.10: Enthalpies H0 calculated using H0 = E + P(V-V0) from the parameters obtained from DFT 
calculations on the perovskite of SrRuO3 in both Pbnm and P21/n space group symmetry and the post-
perovskite in Cmcm space group symmetry, as a function of pressure. The volume V0 is set to 50 Å3. 
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5.3.1 Experimental 
High-pressure, high-temperature experiments on perovskite SrRuO3 were conducted 
in a laser-heated DAC at 16-ID-B, APS. The experiments were performed on the 
beamtime described in Chapter 4.4, using the same procedure and experimental setup 
as described in publication I (Chapter 4.2). For this experiment, we used a DAC with 
a 200 µm culet size. SrRuO3 powder was thoroughly ground and floated to gain sub-
micron grain size and pressed to a thin disc with a thickness of approx. 10 µm. A 
rhenium gasket with a thickness of 250 µm pre-indented to a thickness of 50 µm with 
a laser-cut hole with a diameter of 75 µm was loaded with a 50/50 mixture of NaCl 
and NaClO3 powder. A sample piece with an area of approx. 20 x 20 µm2 was loaded 
on top of a sheet of NaClO3 with an area of approx. 40 x 40 µm2 together with ruby 
spheres for offline pressure determination. The DAC was closed and pressurized to 
35 GPa. After finding a good sample spot, the sample was laser heated to 1900 K for 
15 min while measuring in-situ PXRD. After quenching the temperature, the pressure 
was decreased to ambient pressure and a diffraction map of 25 x 30 µm2 was 
measured around the heated sample spot.  
 
5.3.2 Results and discussion 
After the experiment, a PXRD pattern from the ambient pressure/temperature map 
was selected for analysis. As mentioned above, we had the post-perovskite structure 
of SrRuO3 calculated using DFT, which yielded the unit cell parameters at ambient 
condition: a = 3.20563 Å, b = 10.00697 Å, c = 7.37549 Å, V = 236.5 Å3. Using the 
crystallographic information file (Cif) provided by the DFT calculation (Appendix 
C), Rietveld and Le Bail refinements were tested. The refined Rietveld model is 
shown in Figure 5.11a and the refined Le Bail model in Figure 5.11b. During the 
Rietveld refinement, the atomic positions were fixed to the ones calculated by DFT 
and only the unit cell parameters and scale factor were refined. The positions of the 
Bragg reflections for the post-perovskite are displayed as the green ticks in Figure 
5.11. Diffraction from NaCl-B1 is also observed and the Bragg reflections are 
indicated with red ticks. Lastly, peaks fitting with the HP-PdF2 type RuO2 with the 
cubic space group Pa-3 [81] were observed and are indicated with the purple ticks in 
the figures. Two broad diffraction peaks are observed at 11.5 degrees and 13.3 
degrees, indicated with blue arrows in both figures. These do not fit with any of the 
above-mentioned phases, even though the post-perovskite has a small diffraction 
peak at 11.5 degrees. The Rietveld refinement yielded the unit cell parameters: a = 
3.137(7) Å, b = 9.74(3) Å, c = 7.45(1) Å, V = 227.9(1) Å3, which is a smaller sized 
cell than calculated by DFT.  
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Figure 5.11: Red dots are observed data and black lines are the fitted models. (a) Rietveld refinement of 
a selected PXRD pattern measured at ambient pressure and temperature after the laser heating 
experiment at 35 GPa (λ = 0.40663 Å). The first row of Bragg reflections (green ticks) indicate post-
perovskite SrRuO3 (Cmcm), the second row indicates the Bragg reflections (red ticks) of cubic (Fm-3m) 
NaCl-B1, and the third row of Bragg reflections (purple ticks) indicates HP-RuO2 (Pa-3). (b) Le Bail 
refinement of the same PXRD shown in (a), phases are indicated the same way. 
 
The Le Bail method was used, trying to obtain a better fit and determine the unit cell 
parameters more precisely, as have been shown before by this method for high-
pressure data. The Le Bail model gives intensity to the broad diffraction peaks at 11.5 
and 13.3 degrees, but I think this is incorrect and that in reality, these diffraction 
peaks are from a so-far unknown phase. This conclusion is based on the different 
peak shapes of these two peaks, which are not similar to the shapes of the peaks from 
the post-perovskite. The Le Bail refinement yielded the unit cell parameters: a = 
3.138(2) Å, b = 9.680(9) Å, c = 7.476(8) Å, V = 227.1(3) Å3. Which is very similar 
to the ones obtained from the Rietveld refinement.  
 
The refinements are of poor quality, but the position of the post-perovskite reflections 
fits with the observed diffraction peaks, especially in the low angle region. A zoom 
of the low angle region of both the Rietveld and the Le Bail refinement is presented 
in Figure 5.12. The position of the calculated post-perovskite reflections are fitting 
well with the observed diffraction peaks at lower diffraction angles, strongly 
indicating that the post-perovskite is stable in SrRuO3. The obtained unit cell 
parameters are similar to the unit cell parameters reported for post-perovskite 
CaRuO3 [19], but with a slightly, shorter b-axis, and longer c-axis. The change in 
volume associated with the transition from perovskite to post-perovskite is -5.6% 
based on the obtained parameters from the Le Bail refinement, which is a larger 
volume decrease than reported for CaRuO3 (-1.7%). No SrBO3 post-perovskites have 
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been reported to date, so it is difficult to predict the trends for such strontium 
containing post-perovskites. The phase transition detected at 35 GPa is 5 GPa lower 
than predicted by DFT calculations. This is not an unusual observation, as DFT does 
not consider the temperature and therefore often overestimates transition pressures.  
 

 
Figure 5.12: Red dots are observed data and black lines are the fitted models. (a) Zoom of low angle 
region of the Rietveld refinement of a selected PXRD pattern measured at ambient pressure and 
temperature after the laser heating experiment at 35 GPa (λ = 0.40663 Å). The first row of Bragg 
reflections (green ticks) indicate post-perovskite SrRuO3 (Cmcm), the second row indicates the Bragg 
reflections (red ticks) of cubic (Fm-3m) NaCl-B1, and the third row of Bragg reflections (purple ticks) 
indicates HP-RuO2 (Pa-3). (b) Zoom of the low angle region of the Le Bail refinement of the same 
PXRD shown in (a). 
 
5.3.3 Conclusion and outlook 
Based on the above-presented refinements and peak fitting, I am confident that we 
have observed the post-perovskite for SrRuO3, which have been predicted several 
times by DFT calculations, but so far not been reported in the literature. A manuscript 
has not yet been written on these newly produced results, as there is a need for a better 
model refinement of the data. It is also in our interest to confirm if the two broad 
diffraction peaks at 11.5 and 13.3 degrees are part of the post-perovskite or some 
other undescribed phase. Considering this preliminary analysis, the existence of the 
SrRuO3 post-perovskite looks very promising.  
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CHAPTER 6 
High pressure and high temperature behavior 

of perovskite SrOsO3 
 
 
 
This Chapter presents the work conducted on SrOsO3. The Chapter consists of an 
introduction and context section describing the project and the motivation for the 
study, followed by publication III: “C. H. Kronbo, E. Ehrenreich-Petersen, M. 
Ottesen, F. Menescardi, D. Ceresoli, M. Bremholm, High-Pressure, High-
Temperature Studies of Phase Transitions in SrOsO3 – Discovery of a Novel 
Post-Perovskite, manuscript in preparation.” Supporting information is included in 
Appendix D. 
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6.1 Introduction and context 
High-pressure PXRD was measured on perovskite SrOsO3 at ambient temperature in 
a DAC up to 66 GPa and laser heating experiments were performed at low pressures 
of 2 GPa and 6 GPa in 2017 at ID-13-D, APS. Only a few studies have been reported 
on SrOsO3 and no high-pressure studies have been reported to date. Similar to the 
studies on SrIrO3 and SrRuO3, we were looking at the hypothesis that the post-
perovskite structure could be stabilized in SrBO3 perovskites. Our collaborators 
Davide Ceresoli and Francesca Menescardi performed DFT calculations on SrOsO3, 
which indicated that the post-perovskite structure in SrOsO3 is more favorable than 
the perovskite structure even at ambient pressure. SrOsO3 was in 1973 reported to 
stabilize in a cubic body-centered and orthorhombic perovskite structure when 
synthesized from complex hydroxides at high temperatures [110]. The orthorhombic 
perovskite SrOsO3 can be obtained phase pure when synthesized under high pressure 
and high temperature (6 GPa, 1500 °C) [111]. SrOsO3 does not stabilize in the post-
perovskite structure when synthesized from precursor mixtures at ambient or high 
pressure. Therefore, we decided to perform laser heating experiments on 
orthorhombic perovskite SrOsO3 at fairly low pressures of 2 GPa and 6 GPa using 
the conventional laser heating method, with neon as PTM, investigating if the 
orthorhombic perovskite could be transformed to the post-perovskite. Similar to the 
results of using the conventional laser heating method on SrIrO3, we observed 
perovskite SrOsO3 to reduce to osmium metal during heating at both 2 GPa and 6 
GPa. A selected PXRD pattern, during heating to 1600 K at 2 GPa is shown in Figure 
6.1.  

 
Figure 6.1: Integrated PXRD pattern (red line) during heating at 1600 K of perovskite SrOsO3 at 2 GPa. 
The first row of Bragg reflections (green ticks) indicate the orthorhombic perovskite (Pbnm) of SrOsO3, 
the second row indicates the Bragg reflections (blue ticks) of new grown diffraction peaks of osmium 
metal (P63/mmc) and (*) indicates cubic (Fm-3m) NaCl-B1. 
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The low angle diffraction region is shadowed by the laser heating mirror. The strong 
diffraction peaks of osmium metal (P63/mmc) are indicated with blue ticks under the 
PXRD pattern. Performing similar experiments at 6 GPa gave the same results. These 
results (and the projects on SrIrO3 and SrRuO3 reported in earlier Chapters) motivated 
the development of a new method for inducing the perovskite to post-perovskite 
phase transition for oxide perovskites. We performed high-pressure, laser heating 
experiments on perovskite SrOsO3 using the newly developed method, described in 
Chapter 4, at a pressure of 44 GPa. The experiments were performed at ID-16-B, APS 
on the beamtime granted in February 2020 described in Chapter 4.4. The pressure 
used in the new experiment is much higher than the pressure used in the experiments 
using the conventional method (2 GPa and 6 GPa). The reason we chose a much 
higher pressure was that even though the performed DFT calculations showed the 
post-perovskite to be more favorable in the entire pressure range (0 - 100 GPa), only 
above 40 GPa the post-perovskite had a significantly lower enthalpy than the 
perovskite.  
 
6.1.1 Contribution 
My contribution, to this project and publication III, was to synthesize the perovskite 
SrOsO3 sample. I wrote the proposal for the high-pressure experiments performed at 
ID-13-D, APS, and conducted the experiments together with Martin Bremholm. I 
analyzed and interpreted the compression data and the low-pressure laser heating 
experiments. I wrote the proposal for beamtime at ID-16-B, APS, looking for novel 
post-perovskites phase transitions in strontium perovskites SrMO3 (M = Ir, Ru, Os). I 
analyzed and interpreted the high-pressure, laser heating results, and the DFT 
calculations performed by Davide Ceresoli and Francesca Menescardi. Lastly, I wrote 
the manuscript. The following section presents the publication: C. H. Kronbo, E. 
Ehrenreich-Petersen, M. Ottesen, F. Menescardi, D. Ceresoli, M. Bremholm, High-
Pressure, High-Temperature Studies of Phase Transitions in SrOsO3 – Discovery 
of a Novel Post-Perovskite, manuscript in preparation. 
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6.2 Publication III 
 

High-Pressure, High-Temperature 
Studies of Phase Transitions in SrOsO3 – 

Discovery of a Novel Post-Perovskite 
Camilla Hjort Kronbo1, Emma Ehrenreich-Petersen1, Martin Ottesen1, Francesca 

Menescardi2, Davide Ceresoli3, Martin Bremholm1* 

1Center for Materials Crystallography (CMC), Department of Chemistry and 
iNANO, Aarhus University, Langelandsgade 140, 8000 Aarhus C, Denmark. 

2Dipartimento di Chimica, Università degli Studi di Milano, via Golgi 19, 20133, 
Milano. 3Consiglio Nazionale delle Ricerche - Istituto di Scienze e Tecnologie 

Molecolari, via Golgi 19, 20133 Milano, Italy. 
 

*Corresponding author: bremholm@chem.au.dk 

Abstract 
Using a newly developed method for in-situ high-pressure, laser heating experiments 
in diamond anvil cells, we obtained the novel post-perovskite SrOsO3. The phase 
transition from perovskite SrOsO3 to the CaIrO3-type post-perovskite was induced at 
44 GPa and 1350 K in a diamond anvil cell and measured with synchrotron powder 
X-ray diffraction. The newly obtained post-perovskite is quenchable to ambient 
conditions and Le Bail refinements yielded the unit cell parameters; a = 3.152(9) Å, 
b = 10.82(2) Å, c = 7.27(1) Å, V = 248.1(1) Å3. This work suggests that the post-
perovskite structure can be obtained in compounds where generalized rules based on 
the perovskite structure may not apply. In addition, the high-pressure behavior of 
perovskite SrOsO3 was investigated up to 66 GPa in a diamond anvil cell using 
synchrotron powder X-ray diffraction. The compression results showed that pressure 
alone is not enough to induce the first-order phase transition to the post-perovskite. 
At 36 GPa a continuous phase transition to monoclinic (P21/n) symmetry was 
detected, stable up to 58 GPa where the perovskite transitioned back to orthorhombic 
(Pbnm) symmetry. Theoretical density functional theory calculations were performed 
and supported the experimental findings in the compression study at ambient 
temperature. Fitting the third-order Birch-Murnaghan equation of state to the 
obtained P-V data yielded a bulk modulus of K0 = 187.4(15) GPa. 
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Introduction 
Oxide perovskites (ABO3) containing 4d and 5d transition metals are receiving 
growing attention. The 5d orbitals are considerably more extended than the 3d 
analogs, giving rise to strong hybridization with the 2p orbitals of oxygen, leading to 
novel and interesting physical properties [49, 51, 112-114]. Mismatching of ionic 
sizes and bond covalence in perovskites, give rise to distortion from the ideal cubic 
perovskite structure. The most common distortion is to the orthorhombic GdFeO3-
type perovskite. Distortion from the ideal cubic structure occurs when the A-site 
cation is too small to achieve optimal bonding for the 12-coordinated site, leading to 
tilting of the corner-linked BO6 octahedra. Orthorhombic perovskite (space group 
Pbnm, #62) SrOsO3 can be stabilized by high pressure and high temperature. The 
ionic radii of the ions can, to some extent, predict the structure type of ABO3 
perovskites, using the Goldschmidt tolerance factor, t = (rA + rO)/√2(rB + rO) [6]. 
When t is unity the ideal cubic structure is favored. If t < 1 the structure often favors 
orthorhombic distortion and if t > 1 often hexagonal structures are encountered [115]. 
However, even though SrOsO3 have t = 0.9893 (calculated using ionic radii reported 
by Shannon et al. [94]), which is very close to unity, it crystallizes in the 
orthorhombic structure. Some structures distort even further when subjected to high 
pressure and transform into the post-perovskite structure (space group Cmcm, #63). 
The post-perovskite structure has layers of edge-sharing and corner-sharing BO6 
octahedra separated by the A-cations and were first discovered in CaIrO3 [14]. The 
distortion from the ideal cubic perovskite by tilting of the BO6 octahedra can be 
described by the single tilt angle (Ф) from the ideal cubic cell axis [111]p, which can 
be calculated from the lattice parameters as Ф = cos-1(√2a2/bc) for Pbnm perovskites, 
as the BO6 octahedra are assumed to be regular [56]. The post-perovskite structure 
type has been of high interest since it was discovered that MgSiO3 (a major 
component of Earth’s lower mantle) undergoes a transition from the orthorhombic 
perovskite to the post-perovskite at 125 GPa and 2500 K [15]. Since then, several 
other ABO3 perovskites have been found to undergo this phase transition (MgGeO3, 
MnGeO3, CaBO3 (B = Sn, Ru, Rh, Pt) [16-21]). In contrast to silicate and germinate 
post-perovskites, CaBO3 post-perovskites are formed at relatively low pressures and 
are quenchable to ambient conditions. The literature on post-perovskites indicates 
that the octahedral tilting angle of perovskites become more enhanced with increasing 
pressure when Ф > 13° at ambient conditions and that if Ф is lower than 13° at 
ambient conditions the perovskite becomes less distorted with increasing pressure 
and a phase transition to the post-perovskite structure is unlikely. However, in recent 
years, two new post-perovskites with pentavalent B atoms have been discovered, 
NaIrO3 and NaOsO3, both of which do not follow the rules of the tetravalent post-
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perovskites mentioned above [22, 53]. Perovskite SrOsO3 has Ф = 8.2° [111] 
indicating that a phase transition to the post-perovskite structure appears unlikely 
when considering the literature for other perovskites with tetravalent B atoms.  
 
Here we report the discovery of the post-perovskite structure in SrOsO3. Using a 
newly developed method for in-situ laser heating in DACs [116], we transformed the 
orthorhombic perovskite of SrOsO3 to the post-perovskite structure at 44 GPa and 
1350 K. In addition, we report the first compression study of perovskite SrOsO3 up 
to 66 GPa at ambient temperature. This study revealed a continuous phase transition 
to the monoclinic P21/n symmetry at 36 GPa and going back to orthorhombic Pbnm 
symmetry above 58 GPa. 
 
Experimental methods 
 
High-pressure synthesis of SrOsO3 
Polycrystalline SrOsO3 was synthesized using a large volume multi-anvil press 
equipped with a Walker-type module with 32 mm tungsten carbide cubes. The 
synthesis was performed using 14/8 COMPRES octahedral assemblies [38]. SrOsO3 
was synthesized from a precursor mixture of stoichiometric amounts of SrO and 
OsO2. The precursor mixture was packed in a platinum foil capsule inside an argon 
glove box. The pressure was ramped to 6.8 GPa at room temperature (using the 
calibration by Leinenweber et al. [38], press load 200 tons). The sample was heated 
at a rate of 50 °C/min to 1500 °C and quenched to room temperature after 1 hour by 
switching off the power to the furnace. SrOsO3 were characterized at ambient 
conditions by powder X-ray diffraction (PXRD) on a Rigaku SmartLab 
diffractometer equipped with a rotating Cu-anode in Bragg-Brentano geometry using 
monochromatic Cu Kα1 radiation (λ = 1.54056 Å). Rietveld refinement was 
employed to verify the crystallinity and purity of the sample (Supporting information 
(SI), Figure S1). Refinements were performed using the FullProf program [34]. 
 
High-pressure, laser heating experiments at ID-16-B 
In-situ high-pressure, high-temperature PXRD experiments on perovskite SrOsO3 
was performed using a laser-heated DAC at ID-16-B at the Advanced Photon Source 
(APS) using a photon energy of 30.5 keV (λ = 0.40663 Å) and an X-ray beam size of 
3 x 5 µm2. A newly developed high-pressure, laser heating method was used for the 
experiment, described in detail in [116]. A Mao-Bell symmetric DAC with a 200 µm 
culet was used for the experiment. SrOsO3 powder was ground and filtered to sub-
micron grain size and pressed to a thin disc with a thickness of approx. 10 µm. A 
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rhenium gasket with a thickness of 250 µm was pre-indented to a thickness of 50 µm. 
In a laser-cut hole of diameter 75 µm a 50/50 mixture of NaCl and NaClO3 powder 
was loaded, working both as the pressure transmitting media (PTM) and an oxygen 
source. A sample piece with an area of approx. 20 x 20 µm2 was loaded on top of a 
piece of NaClO3 with an area of approx. 40 x 40 µm2 to ensure an oxidizing 
environment close to the sample. Ruby spheres were used for offline pressure 
determination. The DAC was closed and pressurized to about 40 GPa using the 
offline ruby system at HPCAT. NaCl was used to determine the pressure during the 
experiment [64]. The diffraction data were collected with a Pilatus 1M-F detector and 
the sample to detector distance was calibrated using a NIST CeO2 standard. Laser 
heating was performed using two 100 W IR (1064 nm) Ytterbium fiber lasers with a 
spot size of 15 µm. Temperatures were measured by fitting the Planck function to the 
thermal radiation [63]. At the beginning of the experiment, the pressure was 
determined to be 44 GPa. The sample was mapped by absorption scans, and 
diffraction tests were made to find optimal positions for laser heating. The sample 
was laser-heated at 1350 K for 30 min while measuring in-situ PXRD. After laser 
heating, the pressure in the DAC was slowly decreased to ambient pressure and a 
diffraction map of 28 x 28 µm2 was measured around the heated sample spot. The 2D 
images were integrated using the Dioptas software [31] to 1D diffraction patterns. 
The diffraction patterns were analyzed with the Le Bail method using the FullProf 
program [34, 36]. 
 
Compression study to 66 GPa at ID-13-D 
High-pressure PXRD data were measured to 66 GPa in a Mao-Bell type DAC with a 
200 µm culet size at APS, ID-13-D [54] (λ = 0.3344 Å, beam size ~ 5 × 3 µm2). 
Ground powder of the SrOsO3 was suspended in ethanol several times to achieve sub-
micron grain size. The floated powder was pressed to a thin sheet (~ 10 µm). A 250 
µm thick rhenium gasket was pre-indented to a thickness of 40 µm and a hole of 100 
µm was laser-drilled in the middle. A sample piece with approx. size of 20 × 30 µm2 
was loaded together with a small piece of gold used as an internal pressure calibrant. 
A ruby sphere was used during gas-loading with neon as the PTM, using the gas-
loading system at GSECARS. Raw diffraction data were collected with a MAR-165 
CCD detector and the sample to detector distance was calibrated using a LaB6 
standard. PXRD data were collected during compression for every 1-2 GPa increase 
of pressure up to 66 GPa with a 5 degrees ω-angle rotation of the DAC and 10 s 
exposure time on the sample. The diffraction pattern from gold was measured 
immediately before and after the sample measurements in order to estimate the drift 
in pressure during the sample measurements (5-10 s exposure times). The uncertainty 
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caused by the small drift (< 0.1 GPa) and the pressure uncertainty from the calibrant’s 
equation of state (EoS) were propagated to obtain realistic uncertainties for each 
pressure point. The EoS for gold reported by Fei et al. [44] was used. All 2D data 
were integrated using Dioptas [31] and refinements were performed using the 
FullProf program [34]. The obtained unit cell volumes were fitted to EoS models 
using the Eosfit-7 program [25]. An ambient PXRD pattern measured before the 
experiments are shown in SI, Figure S2. 
 
DFT calculations 
Theoretical DFT calculations were performed with the PBEsol [99], an exchange 
correlation functional fitted for solids, which is known to yield good agreement with 
experiments in terms of cell parameters and lattice spacings for various oxygen 
perovskites. We used the Quantum Espresso code [97, 98], employing standard ultra-
soft pseudopotentials, with a plane wave cutoff of 45 Ry and a density cutoff of 450 
Ry. The structures were fully relaxed, optimizing both coordinates and cell 
parameters at constant pressure. Subsequently, the atomic coordinates were extracted 
and the space group determined using the FINDSYM code [102].  
 
Results and discussion 
 
High-pressure, laser heating experiment at 44 GPa 
The starting material, perovskite SrOsO3, used for the in-situ high-pressure, laser 
heating experiment was confirmed to crystallize in the orthorhombic space group 
Pbnm (in-house laboratory PXRD pattern shown in Figure S1). A PXRD pattern 
measured at 44 GPa before heating the sample is displayed in the bottom part of 
Figure 6.2, showing the broad diffraction peaks of perovskite SrOsO3 and NaCl-B2 
(Pm-3m) indicated with (*). The sample was then heated to 1350 K for 30 min, where 
new diffraction peaks appeared and simultaneous the diffraction peaks of perovskite 
SrOsO3 were disappearing. A PXRD pattern measured at 44 GPa after quenching the 
temperature is displayed in the top part of Figure 6.2, showing the new sharp 
diffraction peaks together with NaCl-B2 (Pm-3m) indicated with (*). Upon 
compression, NaClO3 undergoes a phase transition to a highly strained or amorphous 
phase that is not visible in the PXRD patterns at 44 GPa. 
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Figure 6.2: PXRD data measured at ID-16-D, APS (λ = 0.4066 Å) at 44 GPa. The bottom PXRD pattern 
is before heating the sample and the top PXRD pattern is after heating the sample to 1350 K. (*) indicate 
NaCl B2 (Pm-3m) diffraction peaks. 
 
The pressure in the DAC was slowly decreased to ambient pressure and a diffraction 
map was measured around the heated sample spot, consisting of 5 x 5 measurements 
in a 28 x 28 µm2 square on the sample piece. The PXRD pattern with the highest 
content of the new high-pressure phase is shown in Figure 6.3a. The new diffraction 
peaks were assigned to the CaIrO3-type post-perovskite (Cmcm). The PXRD pattern 
was refined using the Le Bail method and a zoom of the model fit in the low angle 
region is shown in Figure 6.3b. The Le Bail refinement yielded the unit cell 
parameters: a = 3.152(9) Å, b = 10.82(2) Å, c = 7.27(1) Å, V = 248.1(1) Å3. The 
change in volume associated with the phase transition from perovskite to post-
perovskite is 0.82%. Theoretical DFT calculations yielded unit cell parameters for 
post-perovskite SrOsO3 at ambient pressure and 0 K: a = 3.266 Å, b = 9.988 Å, c = 
7.400 Å, V = 241.4 Å3. The theoretical values do not fit great with the ones obtained 
experimentally. This is the first reported transformation to the post-perovskite 
structure at high pressure and high temperature for an ABO3 perovskite compound 
containing strontium on the A-site. The novel SrOsO3 post-perovskite is quenchable 
to ambient conditions similar to the known CaBO3 post-perovskites (B = Ru, Rh, Ir, 
and Pt) [19-21, 117]. The a and c unit cell parameters for post-perovskite SrOsO3 are 
very similar to the ones reported for post-perovskite CaIrO3 and CaPtO3, while the b 
parameter is larger, and more similar to the b unit cell parameter reported for 
pentavalent post-perovskite NaOsO3 [22]. Perovskite SrOsO3 does like perovskite 
NaOsO3 have structural indicators that are against the formation of the post-
perovskite. For example, perovskite SrOsO3 have a tolerance factor higher than the 
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expected t = 0.9 (namely, t = 0.9893) and an overall tilting angle Ф lower than 13° 
(Ф = 8.2°) at ambient conditions. 
 

 
Figure 6.3: (a) Le Bail refinement of a PXRD of post-perovskite (PPV) SrOsO3 measured at ambient 
pressure and temperature after the phase transition (λ = 0.4066 Å). Red dots are the observed data, the 
black line is the fitted model. The first row of Bragg reflections (green ticks) indicates the post-
perovskite (Cmcm) of SrOsO3 and the second row indicates the Bragg reflections (red ticks) of cubic 
(Fm-3m) NaCl-B1. (b) Zoom of the low angle region of (a). 
 
Theoretical DFT calculations 
The stability of the perovskite SrOsO3 structure in both Pbnm and P21/n space group 
symmetry and the post-perovskite structure in the Cmcm space group symmetry were 
calculated as a function of pressure using DFT. The monoclinic space group 
symmetry (P21/n) is included since a pressure-induced continuous phase transition to 
the P21/n space group has been found in a similar perovskite compound, SrRuO3 
[118]. From the parameters obtained through the DFT calculations, the enthalpy H0 
was calculated and a plot of H0 as a function of pressure is shown in Figure 6.4. The 
enthalpy of the perovskite in Pbnm and P21/n symmetry are superimposed as shown 
in Figure 6.4, a similar result to the study on SrRuO3. The enthalpy of the post-
perovskite is lower than the perovskite at all pressures, indicating the post-perovskite 
structure of SrOsO3 is the most favorable. Even though the DFT calculation predicts 
the post-perovskite structure to be more favorable than the perovskite structure at 
ambient pressure, SrOsO3 crystalizes in the perovskite structure at ambient 
conditions. The performed DFT calculations do not consider temperature and the 
energy barriers that often have to be overcome to achieve a first-order phase 
transition, this could explain why the post-perovskite is not stable at ambient 
conditions. As described above we observed the first-order phase transition to the 
post-perovskite in SrOsO3 at 44 GPa using a newly developed in-situ high-pressure, 



High pressure and high temperature behavior of perovskite SrOsO3 

Page | 129  

laser heating method in a DAC. The enthalpy of the post-perovskite is very close to 
the enthalpy of the perovskite in the pressure range from 0 to 35 GPa and only above 
40 GPa the enthalpy of the post-perovskite structure becomes considerably lower 
than the enthalpy of the perovskite structure. The following section will present a 
compression study of perovskite SrOsO3 up to 66 GPa, showing that pressure alone 
is not enough to induce the first-order phase transition to the post-perovskite. 

 
Figure 6.4: Enthalpies H0 calculated using H0 = E + P(V-V0) from the parameters obtained from DFT 
calculations on the perovskite of SrOsO3 in both Pbnm and P21/n space group symmetry and the post-
perovskite in Cmcm space group symmetry, as a function of pressure. The volume V0 is set to 200 Å3. 
 
High-pressure study at room temperature 
The PXRD data measured for perovskite SrOsO3 at ambient temperature from 0 - 66 
GPa are displayed in Figure 6.5a. The main diffraction peak observed at around 6.8 
degrees consists of three hkl reflections ((2 0 0), (1 1 2), and (0 2 0)). The main 
diffraction peak and the diffraction peaks observed at around 12.0 degrees and 15.4 
degrees undergo significant changes upon compression. A zoom of the main 
diffraction peak (6.5 - 8.8 degrees) is shown in Figure 6.5b. Around 12 GPa the main 
diffraction peak starts to become broader and gradually splits into three as a function 
of increasing pressure (see the middle part of Figure 6.5b). At 38 GPa the visually 
splitting of the main diffraction peak goes from three to two, indicated with the shift 
from black to red in Figure 6.5. 
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Figure 6.5: (a) PXRD patterns for perovskite SrOsO3, measured at ambient temperature in the pressure 
range 0 to 66 GPa (λ = 0.3344 Å). PXRD patterns obtained from 0 to 36 GPa are black and PXRD 
patterns from 38 to 66 GPa are red. (b) Zoom showing the main peak in the 2θ range from 6.5 to 8 
degrees for 0 - 66 GPa. PXRD patterns have the same color distribution as in (a). 
 
The PXRD data were first refined using the Rietveld method, with the atomic 
positions fixed at those reported by Kennedy et al. [119], ICSD#239451. After the 
onset of peak broadening at 12 GPa, the Rietveld refinement model started having 
trouble describing the peak shape and broadening. This problem became increasingly 
pronounced with pressure and the model could not fit the splitting of the three hkl 
reflections ((2 0 0), (1 1 2), and (0 2 0)) of the main diffraction peak. Selected Rietveld 
refinements, zoomed in at the main diffraction peak is shown in Figure 6.6a. The 
refinement at 31 GPa shows the trouble with refining the splitting of the peak into 
three. After 38 GPa the splitting of the main diffraction peak goes from three to two 
visually, but as seen in Figure 6.6a the model still has trouble describing the peak.  
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Figure 6.6: Red dots are the observed PXRD data (λ = 0.3344 Å) and black lines are the fitted models. 
(a) Zoom of the main diffraction peak for selected PXRD patterns and Rietveld refinements of perovskite 
SrOsO3 (Pbnm). Green ticks indicate the Bragg reflections for the Pbnm space group. (b) Zoom of the 
main diffraction peak for selected PXRD patterns and Le Bail refinements of perovskite SrOsO3 (Pbnm). 
Green ticks indicate the Bragg reflections for the Pbnm space group. 
 
Le Bail refinement was employed to obtain a better model fit for the whole pressure 
range. The Le Bail refinements gave better model fits, but there were still problems 
with describing the peak broadening. Comparing the model fits of the Rietveld and 
Le Bail refinements show that Le Bail is better at describing the splitting of the three 
hkl reflections (Figure 6.6, 31 GPa). The obtained unit cell parameters and the strain 
parameter (X) from the Rietveld and LeBail refinements are plotted in Figure 6.7. 
The obtained values for the a- and b-axis from Rietveld refinements are seen to 
compress smoothly until 38 GPa (Figure 6.7a,b), where a very small drop is observed. 
The c-axis shows a much larger drop at 38 GPa (Figure 6.7c) as the model moves the 
(0 0 2) reflection to compensate for the change in the peak shape of the main 
diffraction peak. The obtained unit cell parameters from the Le Bail refinements show 
stronger changes at 38 GPa (Figure 6.7) for all three unit cell axes.  
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Figure 6.7: Pressure dependence of the unit cell parameters of SrOsO3, obtained from Rietveld and Le 
bail refinements of the fully integrated data and Le Bail refinements of the selected azimuthal angle slice 
integrated data. (a) The unit cell a-axis as a function of pressure (error bars are smaller than the symbols). 
(b) The unit cell b-axis as a function of pressure (error bars are smaller than the symbols). (c) The unit 
cell c-axis as a function of pressure (error bars are smaller than the symbols). (d) The strain parameter 
X as a function of pressure. 
 
A close look at the raw diffraction data revealed a sinusoidal oscillation of the peak 
positions along the azimuthal angle of the Debye-Scherrer cones. This phenomenon 
arises when the sample is subjected to uniaxial stress. The onset of the uniaxial stress 
starts already around 4 GPa and increases with increasing pressure. In Figure S3 in 
SI, a selected 2θ-region of the raw 2D data at 53 GPa is shown, where the slices of 
azimuthal angle are shown as a function of the 2θ scattering angle. Integrating data 
with non-hydrostatic strain leads to an increased peak broadening, which in many 
cases is asymmetric, in the 1D diffraction patterns. This effect can be difficult to 
describe using a standard Rietveld or Le Bail model and can lead to discrepancies in 
the peak positions as well as peak broadening. To handle this problem we integrated 
a selected azimuthal angle slice (53-74°) of the raw 2D data (shown in Figure S4, SI) 
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for all pressure points. Selected PXRD patterns of the azimuthally integrated slices 
zoomed in on the main diffraction peak are shown in Figure 6.8a together with the 
refined Le Bail models. The sliced integration of the diffraction data revealed that in 
the pressure range from 36 GPa to 58 GPa the main peak is actually split into four 
peaks and not the two broad peaks observed in the fully integrated data. The Le Bail 
method was used to refine the selected azimuthally sliced data and the obtained unit 
cell parameters from the refinement in the Pbnm space group are shown in Figure 6.7 
compared to the data obtained from the fully azimuthal integrated data. The obtained 
values for the a- and b-axis deviate slightly from the values obtained from the fully 
integrated data. The c-axis shows a large deviation from the fully integrated data as 
no drop in the values are observed, but instead a smooth compression trend. Also, the 
strain parameter X is an order of magnitude smaller compared to the fully integrated 
data as seen in Figure 6.7d. This all indicates that Rietveld and Le Bail cannot 
describe and obtain reliable values when refining the strained fully integrated data.  

 
Figure 6.8: Red dots are the azimuthal sliced integrated PXRD data (λ = 0.3344 Å) and black lines are 
the fitted models. (a) Zoom of the main diffraction peak for selected PXRD patterns and Le Bail 
refinements of perovskite SrOsO3 in the Pbnm space group. Green ticks indicate the Bragg reflections 
for the Pbnm space group. (b) Zoom of the main diffraction peak for selected PXRD patterns and Le 
Bail refinements of perovskite SrOsO3 in the P21/n space group. Green ticks indicate the Bragg 
reflections for the P21/n space group. 
 
The splitting of the three hkl reflection of the main diffraction peak into four 
reflections observed in the azimuthal sliced integrated data indicate a continuous 
phase transition to monoclinic symmetry (P21/n), following the group-subgroup 
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relationships reported by Howard and Stokes [7] for space groups associated with 
octahedral tilting in perovskites. Le Bail refinements were carried out in P21/n 
symmetry from 36 GPa to 66 GPa on the azimuthal sliced data and the model fits of 
selected PXRD patterns are shown in Figure 6.8b. Going from Pbnm to P21/n 
symmetry, the (1 1 2) hkl reflection split into two (1 1 2) and (-1 1 2), giving a total 
of four hkl reflections describing the main diffraction peak. The Le Bail refinement 
in P21/n symmetry fits well in the pressure range from 36 GPa to 58 GPa, where the 
main diffraction peak is composed of four reflections. After 58 GPa the main 
diffraction peak goes back to showing three reflections, indicating orthorhombic 
Pbnm symmetry. The phase transition to the monoclinic symmetry is further 
indicated by the β angle refining to a value considerably lower than 90° starting at 36 
GPa as shown in Figure 6.9. At 58 GPa, where the splitting of the main diffraction 
peak returns to three, the β angle also refines close to 90°, indicating that the structure 
goes back to orthorhombic symmetry. As mentioned earlier DFT calculations showed 
that the Pbnm and P21/n calculated enthalpies are equal, but the calculated β angle 
for the P21/n symmetry deviates from 90° between 30 GPa and 60 GPa, also 
indicating that the structure is monoclinic. The DFT calculated β values are compared 
to the ones obtained from the Le Bail refinement in Figure 6.9. The obtained unit cell 
parameters and strain parameter (X) are shown in Figure 6.7. Deviations from the Le 
Bail refinement in Pbnm of the selected azimuthal slice integrated data are observed 
in the pressure range from 36 GPa to 58 GPa and follow again above 58 GPa. This 
again indicates a continuous phase transition to P21/n at 36 GPa and a continuous 
phase transition back to Pbnm above 58 GPa. 

 
Figure 6.9: Monoclinic β angle obtained through Le Bail refinement (P21/n) of the azimuthal slice 
integrated PXRD data in the pressure range from 36 to 66 GPa. Monoclinic β angle calculated by DFT 
(P21/n) in the pressure range from 0 to 65 GPa. 
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The obtained volume for all the above-mentioned refinements is shown in Figure 
6.10a, compared to the volume calculated by DFT. It is clearly seen that the volume 
obtained from the Le Bail refinements of the selected azimuthal slice integrated 
PXRD data show a smooth compression trend compared to the Rietveld and Le Bail 
refinements of the fully integrated PXRD data, which both show a volume drop at 38 
GPa. The DFT calculated volumes are lower than the experimental data in the 
pressure region from 0 GPa to 36 GPa, whereafter it fit well with the volume obtained 
from the Le Bail refinements of the selected azimuthal slice integrated PXRD data. 
The third-order Birch-Murnaghan (BM3) EoS was used to determine the bulk 
modulus (K0) and its derivative (K0’). Fitting the BM3 EoS to the P-V data obtained 
from Le Bail refinement of the fully integrated PXRD data in Pbnm in the pressure 
range from 0 GPa to 36 GPa yielded the bulk modulus K0 = 151(5) GPa and its 
derivative K0’ = 4.7(4) (see fit in Figure 6.10b). Fitting the BM3 EoS to the P-V data 
obtained from Le Bail refinement of the selected azimuthal slice integrated PXRD 
data in Pbnm yielded the bulk modulus K0 = 187.4(15) GPa and its derivative K0’ = 
2.82(7) (see fit in Figure 6.8b). The bulk modulus obtained from the latter is almost 
identical to the bulk modulus reported for orthorhombic perovskite SrIrO3 (K0 = 
187.1(9) GPa) [52]. The phase transition to P21/n is a continuous phase transition 
with no associated volume drop. As seen in Figure 6.10a the obtained volume from 
refining in P21/n is identical to the volume obtained from refining in Pbnm. 
 

 
Figure 6.10: (a) P-V relation for perovskite SrOsO3 at ambient temperature obtained from Rietveld and 
Le Bail refinements of the fully integrated PXRD data and Le Bail refinements in Pbnm and P21/n 
symmetry of the selected azimuthal slice integrated data. Error bars are smaller than symbols. The DFT 
calculated volumes are compared to the experimental data. (b) P-V relation obtained from Le Bail 
refinements of the fully integrated PXRD data, fitted with the BM3 EoS up to 36 GPa and P-V relation 
obtained from Le Bail refinements in Pbnm of the azimuthal slice integrated data, fitted with the BM3 
EoS up to 66 GPa. Error bars are smaller than symbols. 
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Conclusion  
A novel post-perovskite was obtained in SrOsO3 at 44 GPa and 1350 K, using a new 
in-situ high-pressure, laser heating method in DACs, starting from the perovskite 
structure of SrOsO3. The CaIrO3-type post-perovskite was found to be quenchable to 
ambient conditions and Le Bail refinements yielded the unit cell parameters: a = 
3.152(9) Å, b = 10.82(2) Å, c = 7.27(1) Å, V = 248.1(1) Å3. Comparing the unit cell 
to similarly reported post-perovskites showed that the a and c unit cell parameters are 
very similar to the ones reported for post-perovskite CaIrO3 and CaPtO3, while the b 
parameter is similar to the b unit cell parameter reported for pentavalent post-
perovskite NaOsO3. Even though perovskite SrOsO3 have structural indicators at 
ambient conditions that are against the formation of the post-perovskite (t = 0.9893, 
e.g. too high, and Ф = 8.2°, e.g. too low), we here report the phase transition from the 
perovskite to the post-perovskite at elevated pressure and temperature. This suggests 
that the post-perovskite structure can be obtained in compounds where the 
generalized rules based on the perovskite literature do not apply. The discovery of a 
SrOsO3 post-perovskite expands the chemical variation of the post-perovskite family 
and suggests that a number of SrBO3 compounds, mainly with B as platinum group 
metals, are still to be found. Orthorhombic perovskite SrOsO3 was investigated by 
high-pressure PXRD to 66 GPa. Unfortunately, an onset of uniaxial stress was 
discovered during the analysis of the compression data at around 4 GPa. To handle 
the problem of the asymmetric peak broadening, the data were integrated using a 
single azimuthal slice. Le Bail refinements revealed a continuous phase transition to 
P21/n symmetry at 36 GPa. The P21/n structure was stable up to 58 GPa, where the 
perovskite transitioned back to Pbnm symmetry. This phase transition was supported 
by theoretical DFT calculations. The obtained P-V relation was fitted with the third-
order Birch-Murnaghan EoS yielding a bulk modulus of K0 = 187.4(15) GPa. 
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CHAPTER 7 
Looking for novel Sr2IrMO6 compounds 

 
 
 
This Chapter presents the project that I worked on during my three-month stay at the 
ESRF in Grenoble. Using Sr2IrO4 and MO2 (M = Ru, Os, Pt, and Pb), I conducted 
several high-pressure, high-temperature experiments using the Large Volume Press 
at ID06, in the search for novel double perovskites Sr2IrMO6 (M = Ru, Os, Pt, and 
Pb). The project is still in a working stage and no manuscript draft has been written 
yet.  
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7.1 Introduction 
Despite that the perovskite structure of SrIrO3 was described 47 years ago [120], the 
effects of cation substitution on its magnetic and electronic properties remain 
relatively unexplored. In contrast, the isostructural 4d analog SrRuO3 has been 
studied thoroughly and numerous cation substituted variants are known [121-123]. 
Iridium oxides are expected to exhibit metallic behavior, due to their extended 5d 
orbitals, and this is true for SrIrO3 [124], but it is not always fulfilled in Sr-Ir-O 
compounds as seen in the Ruddlesden-Popper series Srn+1IrnO3n+1. The n = 1 and n = 
2 members, Sr2IrO4 and Sr3Ir2O7, are insulators as a consequence of the large spin-
orbit interaction of iridium [49, 50, 125]. Considerable effort has been directed 
towards understanding the intriguing electronic interactions in these highly correlated 
5d transition metal systems. Recently, chemical substitution with 3d metals has 
shown to destabilize the monoclinic structure of SrIrO3 and stabilize the 
orthorhombic perovskite, which is related to the partial oxidation of Ir from +4 to +5 
[126, 127]. For the majority of 3d metals, the orthorhombic structure can only be 
obtained for specific x values in SrIr1-xMxO3 compositions [128]. For some 3d metals 
as Fe and Co, it is possible to form compounds with a 50% substitution of iridium 
with transition metals [129]. This results in a rock-salt like ordering of the iridium 
and transition metal cations and such an ordering is better described with the double 
perovskite composition Sr2IrMO6. Writing SrIr0.5M0.5O3 instead implies that the 
iridium and metal cations are occupying the same site. Iridium based double 
perovskites are expected to have the highest Curie temperatures among all double 
perovskites [130] and high spin polarization at room temperature as a consequence 
of their extended 5d orbitals. Iridium based oxides are an interesting playground for 
the development of functional electronic and magnetic materials, as the magnetic and 
transport properties can be tailored by slight alterations in the crystal structure, which 
can be driven by chemical pressure caused by substitution. This makes these 
compounds potential candidates for realization of novel electronic states and 
spintronic applications [130-132]. 
 
No doping or substitution studies of SrIrO3 with 5d metals have to our knowledge 
been reported to date. We set out to explore the possibility of synthesizing novel 
Sr2IrMO6 double perovskites, by reacting Sr2IrO4 with metal oxides MO2 (M = Ru, 
Os, Pt, Pb) at high pressure. The reaction mechanism of the high-pressure, high-
temperature experiments was followed with in-situ PXRD using the LVP at ID06, 
ESRF. The first experiment, reacting Sr2IrO4 and PtO2, was performed during a 
beamtime in 2017 and is presented in detail below. In 2018 I spent three months at 
ID06, ESRF expanding the studies to other 5d and 4d metals (M = Ru, Os, Pb). A 
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great number of experiments were performed during my stay at the ESRF and only a 
selection will be presented here. The analysis of the data is still in a working process 
and the results presented are preliminary.  
 
7.2 Reacting Sr2IrO4 and PtO2 at high pressure and high 

temperature  
 
7.2.1 Experimental  
Sr2IrO4 was synthesized using a conventional solid-state reaction. Stoichiometric 
quantities of SrCO3 and iridium metal powder were ground together and cold-pressed 
into a small pellet, using a small force of 1.5 tons. The pellet was placed in an alumina 
crucible and sintered for 24 h at 900 °C. The pellet was re-ground and pressed into a 
new pellet, similar to the first, and sintered for 60 h at 1100 °C. The sample was 
characterized at ambient conditions by PXRD on a Rigaku Smart Lab diffractometer 
equipped with a rotating Cu-anode in Bragg-Brentano geometry using 
monochromatic Cu Kα1 radiation (λ = 1.54056 Å). The PXRD pattern was refined 
using the Rietveld method in the FullProf program [55]. Sr2IrO4 was refined in a 
tetragonal structure with I41/acd symmetry and showed a high crystallinity (see 
Figure 7.1a). 
 
The synthesized Sr2IrO4 sample and commercially bought PtO2 powder were brought 
to the ESRF to perform high-pressure, high-temperature experiments using the LVP 
at ID06. The Sr2IrO4 and PtO2 powders were mixed in stoichiometric quantities, 
aiming at double perovskite Sr2IrPtO6 with a 50/50 ratio of iridium and platinum. The 
sample powder was pressed into a very small pellet, using hand force (1 x 3 mm2), 
which was packed in a boron nitride (hBN) sample holder with a graphite furnace in 
a 10/5 Cr2O3-doped MgO octahedron. Thermocouples were inserted into the sample 
assembly to follow the temperature. The assembly procedure and technical 
information are described in Chapter 2.1. The sample was pressurized to 10 GPa 
while measuring in-situ PXRD during compression with an acquisition time of 1 s. 
When the pressure had stabilized at 10 GPa, several heating cycles were performed, 
by sending an electrical power through the assembly, measuring in-situ PXRD during 
the heating cycles. The diffraction data were measured using a DT linear detector and 
a 2D Pixirad detector. Unfortunately, the thermocouple broke during compression 
and no connection could be established. Instead, a power/temperature calibration 
available at the beamline was used to convert the power used to heat the sample into 
approximate temperatures using a conversion factor of 3.2. During the heating 
experiments, the power was noted down, when changes in the PXRD patterns were 
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observed. These types of in-situ heating experiments are performed “on the fly”, 
meaning that we heat/cool/quench depending on the results we observe during the 
experiment. 
 
7.2.2 Results and discussion 
The PXRD pattern of Sr2IrO4 measured at ambient conditions was refined using the 
Rietveld method in the tetragonal space group I4/acd (#142) as shown in Figure 7.1a. 
A PXRD pattern was measured after assembling the setup (Sr2IrO4 and PtO2 mixture) 
in the 10/5 octahedra before compression of the sample was performed. The PXRD 
pattern of the precursor mixture at ambient conditions can be seen in Figure 7.1b. The 
Sr2IrO4 phase is easily identified and refined. However, it was more difficult to refine 
the PtO2 phase (as it consists of nano-sized particles), but broad diffraction peaks 
with the hkl reflections (0 0 1), (1 0 0) and (1 1 0) can be seen at 2.9, 4.8 and 8.4 
degrees, respectively. Diffraction from the hBN sample sleeve is also refined in the 
PXRD pattern. Some undescribed peaks are seen in the low angle region between 2.4 
and 3.2 degrees, which we expect comes from the assembly.  
 

 
Figure 7.1: Red dots are the observed data and black lines are the fitted models. (a) Rietveld refinement 
of the PXRD pattern of Sr2IrO4 measured at the Rigaku SmartLab diffractometer (λ=1.54056 Å). The 
Bragg reflections are indicated with green ticks. (b) Rietveld refinement of the PXRD pattern for the 
assembly at ambient conditions measured at ID06, ESRF (λ= 0.22542 Å). The first row of Bragg 
reflections (green ticks) indicates Sr2IrO4 (I4/acd), the second row indicates the Bragg reflections 
(orange ticks) of hBN (P63/mmc) and the third row indicates the Bragg reflections (purple ticks) of PtO2 
(P-3m). 
 
The pressure was increased by 1 bar/minute to 122 bar, which corresponds to 10.1 
GPa, calibrated by the diffraction peak positions of the hBN sample sleeve. When the 
pressure was stabilized the temperature was increased by sending an electrical current 
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through the assembly. The in-situ PXRD patterns measured during the entire heating 
experiment are shown in Figure 7.2a as a 2D plot with the measured frame number 
as a function of the 2θ diffraction angle. The power input and approximate 
temperatures are given to the right in Figure 7.2a.  
 

 
Figure 7.2: (a) PXRD patterns measured during heating cycles, which is indicated to the right of the 
figure, at 10.1 GPa. The PXRD data are plotted in 2D with the measured frames as a function of the 
diffraction angle. The metallic fcc (1 1 1) diffraction peak is indicated with a green square. (b) Cubic 
unit cell axis a, obtained by fitting the position of the main (1 1 1) reflection of the metallic fcc peak, as 
a function of frame number during the heating cycles. 
 
First, the power was increased from 0 to 500 W in about 15 minutes, corresponding 
to a final temperature of around 1600 °C. New diffraction peaks are seen emerging 
at 5.8, 6.6, and 9.4 degrees from frame 35, where the power input has reached 350 
W, corresponding to around 1000 °C. The new diffraction peaks are fitting with a 
cubic (Fm-3m) metallic fcc phase. The metallic phase can be of either platinum or 
iridium metal, or an alloy of the two. At frame 80, as the power input reaches 500 W 
(corresponding to about 1600 °C), a first-order phase transition is observed (phase I). 
The new diffraction peaks can be fitted with the orthorhombic (Pnma) perovskite 
structure known for SrIrO3 at high pressure. The temperature was fixed at this point, 
annealing the sample to allow platinum to go into the structure. The power was then 
raised to 600 W (corresponding to about 1900 °C). As the temperature is raised new 
diffraction peaks (phase II) are seen coming up in between the main peaks. Upon 
cooling down again to 1600 °C most of the new diffraction peaks from phase II 
disappear again. They are reappearing when heating back up to 1900 °C, indicating 
that the occurrence of the phase is temperature-dependent and reversible. Quenching 
the sample from 1900 °C results in the loss of the temperature-dependent phase but 
retains the orthorhombic phase (phase I). When heating back up from room 
temperature, the temperature-dependent diffraction peaks reappear.  
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The peak position of the metallic fcc phase was followed as a function of the heating 
cycles in the obtained PXRD frames. The position of the main (1 1 1) diffraction peak 
was obtained by fitting the peak to a Gaussian function and the cubic unit cell axis 
was calculated from the obtained d-spacing. The values obtained for the unit cell is 
shown in Figure 7.2b as a function of the measured PXRD frames. The power input 
is indicated in the figure, so the temperature dependence can be followed. It is clearly 
seen that the unit cell expands with increasing temperature and decrease with 
decreasing temperature. However, it is difficult to determine whether it consists of 
platinum, iridium, or an alloy of the two. It is also worth noticing that when the 
sample is quenched the unit cell does not go all the way back to the starting value 
obtained as the phase first appeared, but only decreases to half the value. The unit 
cell parameter for iridium metal and platinum metal at ambient conditions is a = 3.839 
Å and a = 3.923 Å, respectively [133]. The unit cell values obtained from the main 
diffraction peak (1 1 1) of the metallic fcc phase in the PXRD patterns vary from 
3.890 Å as the phase is initially observed (around 1000 °C) to 3.915 Å (around 1900 
°C). These values lie in between the values for iridium metal and platinum metal at 
ambient conditions, but as we are not at ambient conditions both the pressure and the 
temperature need to be taken into account. Figure 7.3a shows the temperature 
dependence of the cubic platinum metal unit cell both at ambient pressure and at the 
P-V-T EoS relation [134]. Using the reported P-V-T EoS, a rough estimate of the unit 
cell value for platinum at 25, 1000, 1400, and 1600 °C at 10 GPa was made. The 
estimated values are seen plotted with the obtained values from the experimental data 
in Figure 7.3b. It is clearly seen that the experimentally obtained values for the 
metallic fcc peak do not fit with the reported values for platinum at 10 GPa and 
elevated temperatures. At diffraction frame 80, where the temperature is around 1600 
°C, the obtained unit cell value is 0.02 Å smaller than the one estimated with the P-
V-T EoS data. The difference in itself is not big, but the difference between the size 
of iridium and platinum is not big either, as they are neighbors in the periodic table. 
From the PXRD data obtained here and the studies reported in the literature, it is hard 
to conclude whether the metallic fcc peaks belong to platinum, iridium, or an alloy 
of the two. There is also a possibility that the power/temperature calibration of the 
setup is not precise enough, making the task of determining the content of the metallic 
phase very difficult. From the trends observed in our data compared with the 
accessible literature, the obtained unit cell values indicate an alloy between iridium 
and platinum in the metallic phase.  
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Figure 7.3: (a) Temperature dependence of the cubic platinum unit cell at ambient pressure plotted with 
pink stars as a function of the temperature (top x-axis) and the P-V-T EoS obtained at different 
temperatures as a function of pressure (bottom x-axis). (b) Cubic unit cell axis a, obtained by fitting the 
position of the main (1 1 1) reflection of the experimental metallic fcc diffraction peak. Red triangles 
indicate the unit cell value for platinum at the different temperatures in the heating run at 10 GPa, 
estimated from the P-V-T  EoS [134].  
 
Taking a closer look at the different phases obtained during the different heating 
cycles, a zoom of the first temperature run, up to 600 W is shown in Figure 7.4a. 
Three PXRD patterns, which include the three phases observed during the heating 
cycle, has been refined using the Rietveld method (Figure 7.4b). In the first PXRD 
pattern (frame 55) diffraction from the tetragonal phase, Sr2IrO4 is observed together 
with the cubic metallic fcc phase and hBN from the sample sleeve. In the second 
PXRD pattern (frame 125), after the first phase transition (phase I), the new phase 
can be fitted with the orthorhombic (Pnma) structure of SrIrO3. A low angle 
diffraction peak is visible at 1.8 degrees, which is not described by any of the refined 
phases and indicates a large unit cell. The obtained unit cell parameters for the SrIrO3 
phase is comparable with the parameters obtained in DAC studies of SrIrO3 at 10 
GPa [52]. In the third PXRD pattern (frame 185) a set of new diffraction peaks has 
appeared and the small undescribed low angle peak observed in the second PXRD 
pattern at 1.8 degrees has gained intensity. All these diffraction peaks are believed to 
belong to a yet unknown phase as they are undescribed by the refined model (marked 
with (*) in Figure 7.4b).  
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Figure 7.4: (a) PXRD patterns measured during the first heating cycle (0 - 600 W). Data are plotted in 
2D with the measured frames as a function of the diffraction angle. (b) Rietveld refined PXRD patterns 
for three selected patterns (indicated with red dashed lines in (a)), showing the patterns of the three main 
phases observed during the in-situ experiment. Red dots are the observed data and black lines are the 
fitted models. The first row of Bragg reflections (green ticks) indicates Sr2IrO4 (I4/acd), the second row 
indicates the Bragg reflections (blue ticks) of orthorhombic SrIrO3 (Pnma), the third row indicates the 
Bragg reflections (red ticks) of metallic fcc (Fm-3m) and the fourth row indicates the Bragg reflections 
(orange ticks) of hBN (P63/mmc).  
 
The undescribed high-temperature phase could be a result of a change in the 
stoichiometry of the sample, but the diffraction pattern does not seem to fit with any 
known compounds in the Sr-Ir-O system, Sr3Ir2O7, Sr5Ir3O11 or the only known 
stoichiometry for Sr-Pt-O compounds, Sr2PtO6. Even though the results of the in-situ 
high-pressure, high-temperature experiments presented here are not conclusive on the 
new phases observed, it opens up for discussion and further experiments to 
investigate the substitution of 5d metals into the Sr-Ir-O system and the synthesis of 
novel iridium double perovskites.  
 
Unfortunately, the sample was melted during heating performed during the 
decompression of the sample, so further experiments on the recovered sample were 
not possible. In collaboration with the beamline scientist, Wilson Crichton, at ID06, 
ESRF a new Sr2IrO4/PtO2 sample was sent to the ESRF and a similar experiment was 
conducted, aiming to recover the sample after synthesizing the orthorhombic phase. 
The PXRD pattern measured after the new experiment, at ambient condition, but still 
inside the assembly, is shown in Figure 7.5a. The PXRD pattern measured after 
taking the sample out of the assembly is shown in Figure 7.5b. Both PXRD patterns 
have been refined using the Rietveld method with the orthorhombic structure of 
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SrIrO3 and a cubic fcc metallic structure. The obtained unit cell value for the metallic 
fcc structure is indicated in both Figure 7.5a and b. They clearly fit best with the unit 
cell parameter for platinum at ambient conditions (iridium: a = 3.839 Å and platinum: 
a = 3.923 Å). Refinement of the orthorhombic phase in Pnma after the sample had 
been separated from the assembly yielded the unit cell parameters: a = 5.573(7) Å, b 
= 7.906(1) Å, c = 5.602(7) Å.  The unit cell parameters obtained for orthorhombic 
SrIrO3 fit very well with the ones obtained earlier at ambient conditions (a = 
5.5723(2) Å, b = 7.8994(4) Å, c = 5.6035(2) Å) [52]. Both indicate that platinum 
is probably not in the orthorhombic perovskite phase, obtained in the second 
experiment, performed by the beamline scientist.  
 

 
Figure 7.5: Red dots are the observed data and black lines are the fitted models. (a) Rietveld refinement 
of the PXRD pattern obtained after the second experiment, when the sample was still in the assembly at 
ambient conditions measured at ID06, ESRF (λ= 0.22542 Å). The first row of Bragg reflections (green 
ticks) indicates SrIrO3 (Pnma) and the second indicates the Bragg reflections (red ticks) of metallic fcc 
(Fm-3m). (b) Rietveld refinement of the PXRD pattern obtained after the second experiment, after the 
sample had been separated from the assembly at ambient conditions measured at ID06, ESRF (λ= 
0.22542 Å). The first row of Bragg reflections (green ticks) indicates SrIrO3 (Pnma) and the second 
indicates the Bragg reflections (red ticks) of metallic fcc (Fm-3m). 
 
The undescribed peak seen at 6.4 degrees in the PXRD pattern obtained when the 
sample is still in the assembly (Figure 7.5a) is seen to disappear when the sample is 
taken out of the assembly (Figure 7.5b) and must, therefore, be diffraction from the 
assembly. Unfortunately, the two PXRD patterns were measured at different angle 
span, so we cannot conclude that the undescribed low angle peak just below 2 degrees 
is from the assembly. The observed low angle peak resembles the peak observed in 
the in-situ data. 
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Later during my stay at the ESRF, we measured the recovered sample again, this time 
to lower diffraction angle (Figure 7.6), so we could determine if the low-angle 
diffraction peak observed in Figure 7.5a is part of the sample or the assembly. The 
low angle diffraction peak at 1.8 degrees is observed and must, therefore, be part of 
the sample and not the assembly. The PXRD pattern was refined using the Rietveld 
method and the model was again described by the orthorhombic structure of SrIrO3 

(Pnma) and a cubic fcc metallic structure (Fm-3m). The refinement of the SrIrO3 
structure yielded the unit cell parameters; a = 5.570(4) Å, b = 7.900(8) Å, c = 5.599(4) 
Å, and refinement of the metallic phase yielded, a = 3.925(1) Å. Testing a lot of 
known structures revealed that the undescribed low-angle diffraction peak could fit 
with the KSbO3-type structure (Pn-3) with a unit cell close to that reported for 
KSbO3-type KIrO3 (a = 9.48(7) Å). The amount of the new phase is not big enough 
to make a reliable refinement, but several very small diffraction peaks fitting with the 
KSbO3-type structure is observed in the PXRD pattern.  
 

 
Figure 7.6: Rietveld refinement of the PXRD pattern obtained after the second experiment, after the 
sample had been separated from the assembly at ambient conditions measured at ID06, ESRF (λ= 
0.22542 Å) in 2018. Red dots are the observed data and the black line is the fitted model. The first row 
of Bragg reflections (green ticks) indicates SrIrO3 (Pnma), the second indicates the Bragg reflections 
(red ticks) of metallic fcc (Fm-3m) and the third row indicate the Bragg reflections (purple ticks) of 
KSbO3-type structure (Pn-3). 
 
7.2.3 Conclusion 
Based on the analysis of the in-situ high-pressure, high-temperature experiment we 
can conclude that we observe a reaction or phase transition from the starting sample 
of Sr2IrO4 and PtO2 at 10 GPa and temperatures above 1500 °C fitting with the 
orthorhombic SrIrO3 structure and a cubic metallic fcc phase, with a mixture of 
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iridium and platinum. Analysis of the in-situ data could indicate that both iridium and 
platinum are part of the orthorhombic perovskite structure. The unknown high-
temperature phase (phase II) is at this point still unknown. The recovered sample 
from the second experiment measured at ambient condition does, on the other hand, 
indicate an orthorhombic perovskite (SrIrO3, Pnma) including only iridium, a 
metallic phase of platinum and diffraction peaks which could fit with a KSbO3-type 
phase.  
 
7.3 High-pressure, high-temperature experiment on Sr2IrO4 
In the current literature, there are no reports on high-pressure, high-temperature 
experiments on Sr2IrO4. After we started looking for novel double perovskites using 
Sr2IrO4 and MO2 (M = Ru, Os, Pt, Pb), it came to our mind that investigating how 
Sr2IrO4 alone reacts at the synthesis conditions used in the experiments above, would 
be interesting and might shed some light on some of the undescribed peaks we 
observe.  
 
A high-pressure, laser heating experiment was performed on Sr2IrO4 in a DAC at 16-
ID-B, APS. The experiment was performed on the beamtime described in section 4.4, 
using the same procedure and experimental setup as described in publication I 
(section 4.2). Sr2IrO4 was loaded in a DAC with a 500 µm culet size, using a rhenium 
gasket with a 300 µm laser-cut hole. A 50/50 mixture of NaCl and NaClO3 was used 
as PTM. The DAC was pressurized to 10 GPa and the sample was laser heated to 
1200 K for 5 min while measuring in-situ PXRD. After quenching the temperature, 
the pressure was decreased to ambient pressure and a diffraction map of 25 x 30 µm2 
was measured around the heated sample spot.  
 
A Le Bail refinement of a PXRD pattern measured at 10 GPa before heating the 
sample is shown in Figure 7.7a. After only short heating to 1200 K, new diffraction 
peaks emerged as the ones from Sr2IrO4 (I4/acd) disappeared.  
 
After the experiment, a PXRD pattern from the ambient pressure/temperature map 
was selected for analysis. The PXRD pattern was refined using the Rietveld method 
in the cubic structure of SrIrO3 (Im-3) reported by Schmalle et al. [135] 
(ICSD#33738) and is shown in Figure 7.7b. The cubic SrIrO3 (Im-3) structure fits the 
observed diffraction peaks very well. In addition, the model contains the cubic NaCl-
B1 (Fm-3m) phase and two small undescribed diffraction peaks are indicated with 
(*). 
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Figure 7.7: Red dots are observed data and black lines are the fitted models. (a) Le Bail refinement of 
Sr2IrO4 at 10 GPa before heating measured at ID-16-B, APS (λ = 0.40663 Å). The first row of Bragg 
reflections (green ticks) indicates Sr2IrO4 (I4/acd), the second row indicates the Bragg reflections (red 
ticks) of cubic (Fm-3m) NaCl-B1 (b) Rietveld refinement of a selected PXRD pattern measured at 
ambient pressure and temperature after the laser heating experiment at 10 GPa (λ = 0.40663 Å). The 
first row of Bragg reflections (purple ticks) indicate SrIrO3 (Im-3), the second row indicates the Bragg 
reflections (red ticks) of cubic (Fm-3m) NaCl-B1. 
 
The Rietveld refinement yielded the cubic unit cell parameter a = 9.492(2) Å for 
SrIrO3 (Im-3). This is a considerably larger unit cell than reported by Schmalle et al. 
(a = 9.340(2) Å). The size of the unit cell reported here is much more like the one 
reported for cubic KSbO3-type KIrO3 (Pn-3, a = 9.48(7) Å). This is the first time 
since 1990, where Schmalle et al. published the cubic (Im-3) structure for SrIrO3, that 
a similar cubic SrIrO3 (Im-3) has been reported again, although with a larger unit cell. 
The fact that Sr2IrO4 transitions into the cubic SrIrO3 phase when heated to 1200 K 
at 10 GPa, indicates that the unknown phase that we see traces of in the recovered 
sample from the experiment mentioned above, when reacting Sr2IrO4 with PtO2, 
might be this cubic SrIrO3 (Im-3) phase. This phase can easily be mistaken for the 
cubic KSbO3-type structure, but testing the results reported here for the experiment 
on Sr2IrO4 alone, in both the cubic Im-3 and the KSbO3-type (Pn-3) structures, shows 
that the cubic Im-3 SrIrO3 structure fits the observed data best.  
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7.4 Selected experiments from my stay at ESRF  
As mentioned earlier several experiments were performed during my stay at the 
ESRF. During the stay, I obtained valuable technical skills in performing high-
pressure, high-temperature experiments using an LVP for in-situ PXRD 
measurements. Many of the assembly components for the octahedron are machined 
by the beamline scientist or the users themselves at the ESRF, contrary to the 
assembly parts we buy for the in-house LVP at Aarhus University and, therefore, I 
used a lot of time on machining the components for my experiments. The experiments 
presented in this section were performed similarly to the experiment described in 
section 7.2.1, but with the sample mixture contained in a platinum capsule inside a 
MgO sample sleeve. The capsule was used to prevent the sample mixture from 
reacting with the sample sleeve and for keeping air-sensitive reaction materials from 
exposure. The technical details are described in Chapter 2.1. The same 
power/temperature conversion factor of 3.2 was used and only the corresponding 
temperatures are mentioned in the following analysis. All starting sample mixtures 
of Sr2IrO4 and MO2 (M = Os, Pb, Ru) was mixed in a stoichiometric ratio aiming at 
the Sr2IrMO6. Some of the recovered samples from the experiments were 
characterized using EDX (Energy-Dispersive X-ray spectroscopy). This section 
presents preliminary results on selected experiments.  
 
7.4.1 Reacting Sr2IrO4 and OsO2 at high pressure and high 

temperature  
Two experiments were conducted using Sr2IrO4 and OsO2 as the starting sample. In 
the first experiment (E1), the starting sample mixture was compressed to 10.9 GPa. 
As the pressure had stabilized the sample was heated to 1700 °C. The in-situ PXRD 
patterns measured during the entire heating experiment are shown in Figure 7.8. At 
around 1700 °C the starting sample mixture is seen to react and a new set of 
diffraction peaks emerge as most of the ones from the starting sample mixture 
disappear.  
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Figure 7.8: (E1) PXRD patterns measured during heating cycles (indicated to the right of the figure) at 
10.9 GPa for Sr2IrO4 and OsO2 at ID06, ESRF (λ= 0.22542 Å). The PXRD data are plotted in 2D with 
the measured frames as a function of the diffraction angle.  
 
Most of the new diffraction peaks can visually be indexed by a cubic perovskite at 
high temperatures. When cooling down the sample, several of the new diffraction 
peaks are seen to split up, indicating a lowering of the symmetry to orthorhombic. 
After cooling down, the sample was reheated to 2500 °C and the split diffraction 
peaks were seen to merge back to the cubic symmetry. When quenching the 
temperature, the diffraction peaks split again. A similar experiment was performed at 
12.5 GPa (E2) heating up to 2800 °C. The recovered sample from both the 
experiments was extracted from the assemblies and measured at ambient conditions 
(Figure 7.9).  
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Figure 7.9: Red dots are observed data and black lines are the fitted models. (a) Rietveld refinement of 
the recovered sample from E1 (10.9 GPa, 2500 °C), measured at ID06, ESRF (λ= 0.2542 Å). The first 
row of Bragg reflections (green ticks) indicates SrIrO3 (Pnma), the second row indicates the Bragg 
reflections (purple ticks) of OsO2 (P42/mnm) and the third row indicates the Bragg reflections (red ticks) 
of iridium metal (Fm-3m). (*) indicates undescribed diffraction peaks. (b) Rietveld refinement of the 
recovered sample from E2 (12.5 GPa, 2800 °C), measured at ID06, ESRF (λ= 0.2296 Å). The first row 
of Bragg reflections (green ticks) indicates SrIrO3 (Pnma), the second row indicates the Bragg 
reflections (purple ticks) of OsO2 (P42/mnm) and the third row indicates the Bragg reflections (red ticks) 
of iridium metal (Fm-3m). 
 
The PXRD pattern from the recovered sample from E1 is shown in Figure 7.9a 
together with the Rietveld refined model. The main diffraction peaks could be fitted 
with orthorhombic perovskite SrIrO3 (same as observed for the platinum experiment) 
yielding the unit cell parameters; a =5.565(4) Å, b = 7.899(7) Å, c = 5.603(4) Å, 
similar to the once reported earlier for SrIrO3 [52]. Together with the new 
orthorhombic perovskite, OsO2 was still observed in the sample, and iridium metal 
was also seen. Additionally, several diffraction peaks from an undescribed phase 
were observed, indicated with (*) in Figure 7.9a. The PXRD pattern from the 
recovered sample from E2 is shown in Figure 7.9b together with the Rietveld refined 
model. The main diffraction peaks could also here be fitted with orthorhombic 
perovskite SrIrO3 yielding the unit cell parameters; a = 5.547(3) Å, b = 7.864(7) Å, 
c = 5.577(3) Å. These parameters are generally smaller than the once obtain from E1. 
This could indicate we succeeded in synthesizing a perovskite or double perovskite 
with both iridium and osmium, but both OsO2 and iridium metal is also observed in 
this sample. Long-range double-perovskite type ordering of the B-site atoms cannot 
be described in the Pnma space group, because all the B-sites are equivalent in this 
space group. EDX was measured on the recovered sample from E2 and the result 
from the measurements on some parts of the sample could indicate something 
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resembling a 50/50 mixture of iridium and osmium. However, the results were not 
conclusive and not a lot of weight has been given to them. 
 
7.4.2 Reacting Sr2IrO4 and PbO2 at high pressure and high 

temperature  
A high-pressure, high-temperature experiment was conducted on a mixture of Sr2IrO4 
and PbO2. The starting sample mixture was pressurized to 10.7 GPa and after the 
pressure had stabilized the sample was heated to 2500 °C. The in-situ PXRD patterns 
measured during the entire heating experiment are shown in Figure 7.10a.     
 

 
Figure 7.10: (a) PXRD patterns measured during heating and cooling (indicated to the right of the figure) 
at 10.9 GPa for Sr2IrO4 and PbO2 at ID06, ESRF (λ= 0.2296 Å). The PXRD data are plotted in 2D with 
the measured frames as a function of the diffraction angle. (b) Rietveld refinement of the recovered 
sample, measured at ID06, ESRF (λ= 0.2296 Å). Red dots are observed data and the black line is the 
fitted model. The first row of Bragg reflections (green ticks) indicates SrIrO3 (Pnma) and the second 
row indicates the Bragg reflections (purple ticks) of PbO (Pbcm). 
 
During heating, several phase transitions are observed. Between 600 °C and 1900 °C, 
three different phase transitions are observed, the first two can be attributed to phase 
transitions reported for PbO2 at high pressure [136] (observed at frame 75 and 250, 
respectively), the third is at this point unknown (observed at frame 375). At 2000 °C 
(frame 525) a transition to the orthorhombic perovskite (SrIrO3) is observed, 
indicated with a red line in Figure 7.10a. After cooling the sample down the 
orthorhombic phase was still stable. The recovered sample was extracted from the 
assembly and measured at ambient conditions. The PXRD pattern was refined using 
the Rietveld method and is displayed in Figure 7.10b. The main diffraction peaks 
were refined in the orthorhombic perovskite SrIrO3 yielding the unit cell parameters; 
a = 5.662(5) Å, b = 8.006(8) Å, c = 5.687(3) Å. The unit cell parameters obtained 
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here are larger than the once reported for perovskite SrIrO3 [52] but lower than the 
once reported for SrPbO3 [137], indicating we have obtained a mixture of iridium and 
lead. In the PXRD pattern, we also observe a small amount of PbO. EDX was 
measured on the recovered sample and several measurements were made on the 
sample. the result varies depending on where on the sample the measurement is 
performed. Most results indicate a mixture of iridium and lead, some resembling a 
50/50 mixture. Variations in both strontium and oxygen content were also observed 
and no conclusions based on this data have been made yet.  
 
7.4.3 Reacting Sr2IrO4 and RuO2 at high pressure and high 

temperature  
A mixture of Sr2IrO4 and RuO2 was pressurized to 9.5 GPa. After the pressure had 
stabilized two heating cycles were performed. The in-situ PXRD patterns measured 
during the entire heating experiment are shown in Figure 7.11a. First, the sample was 
heated to 2200 °C. At 2000 °C (frame 560) the sample is reacting and a new set of 
diffraction peaks emerge as the diffraction peaks of Sr2IrO4 disappear. The diffraction 
peaks from RuO2 do not disappear and it is difficult to estimate if the intensity of 
these decreases. Similar to the experiments with osmium, the new diffraction peaks 
can visually be indexed by a cubic perovskite at high temperatures and when cooling 
down several of the new diffraction peaks are seen to split up, indicating a lowering 
of the symmetry to orthorhombic. After cooling down, the sample was reheated to 
2000 °C and the split diffraction peaks were seen to merge back again. When 
quenching the temperature, the diffraction peaks split again, indicating that the new 
phase is cubic at high temperatures but orthorhombic at room temperature.   
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Figure 7.11: (a) PXRD patterns measured during heating cycles (indicated to the right of the figure) at 
9.5 GPa for Sr2IrO4 and RuO2 at ID06, ESRF (λ= 0.22542 Å). The PXRD data are plotted in 2D with 
the measured frames as a function of the diffraction angle. (b) Rietveld refinement of the recovered 
sample, measured at ID06, ESRF (λ= 0.22542 Å). Red dots are observed data and the black line is the 
fitted model. The first row of Bragg reflections (green ticks) indicates SrIrO3 (Pnma) and the second 
row indicates the Bragg reflections (purple ticks) of RuO2 (P42/mnm). 
 
The sample was recovered and extracted from the assembly and a PXRD pattern was 
measured at ambient conditions. The PXRD pattern was refined using the Rietveld 
method and is shown in Figure 7.11b. The main diffraction peaks were fitted with 
orthorhombic perovskite SrIrO3 yielding the unit cell parameters; a = 5.540(2) Å, b 
= 7.870(5) Å, c = 5.579(3) Å. The unit cell parameters obtained here are larger than 
the unit cell parameters reported for SrRuO3 [138] and smaller than reported for 
SrIrO3 [52]. Similar to the lead experiment, this indicates a mixture of iridium and 
ruthenium in the structure. RuO2 is still observed in the PXRD pattern of the 
recovered sample.  
 
7.5 Outlook 
The project presented in this Chapter is as mentioned earlier in a working process, 
which is reflected in the results presented for the different experiments. In the future, 
a deeper analysis of the in-situ measured PXRD data would help shed some light on 
the reaction mechanism between Sr2IrO4 and the metal oxides MO2 (M = Ru, Os, Pt, 
Pb). The EDX measurements performed on some of the recovered samples did not 
yield conclusive results and better methods for determining the stoichiometry of the 
samples are needed. This could, for example, be electron microprobe experiments, 
which is a non-destructive method for determining the chemical composition of small 
volumes of solid materials. Additionally, this method is also good for detecting light 
elements. This would be a method that could be used for the very small sample 
volumes obtained in the LVP experiments at ID06, ESRF. It would also be useful to 
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reproduce the experiments with larger sample volumes at the LVP at Aarhus 
University. Obtaining a larger sample would extend the type of experiments feasibly 
to perform on a reacted sample. Neutron diffraction experiments would be of high 
interest since the neutron offers a contrast between the metals, which are neighbors 
in the periodic table (very close scattering factors for X-rays). The contrast will allow 
for refinement of the site occupancy of the metal ion and offer a great insight into 
whether the sample mixtures have reacted to the sought Sr2IrMO6. In addition, 
oxygen is visible with neutrons making it possible to refine the oxygen atomic 
positions. 
 
Looking in the literature reported on iridium based double perovskites, they are often 
reported to crystalize in the monoclinic P21/n space group [139, 140], where the 
Long-range double-perovskite type ordering of the B-site atoms can be described, 
contrary to the Pnma space group, with a random ordering. This suggests that we 
have to take a second look at the orthorhombic space group used in this project to 
describe the obtained phase. These two space groups can be hard to distinguish, 
especially with the very low wavelength (results in strong peak overlap) used in these 
experiments, making the splitting of the diffraction peaks hard to observe. 
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CHAPTER 8 
Three SrGeO3 polymorphs at high pressure 

 
 
 
This Chapter presents the work conducted on three polymorphs of SrGeO3. The 
Chapter consists of an introduction and context section describing the project, 
followed by publication IV: “C. H. Kronbo, F. Menescardi, D. Ceresoli, M. 
Bremholm, High Pressure Structure Studies of Three SrGeO3 Polymorphs – 
Amorphization under Pressure, in review at Journal of Alloys and Compounds.” 
Supporting information is included in Appendix E. The Chapter concludes with a 
short outlook. 
 
 
 
 
 



Chapter 8 

 160 | Page 

8.1 Introduction and context 
The ambient phase of SrGeO3 (monoclinic pseudo-wollastonite) was synthesized by 
a conventional solid-state reaction early in my Ph.D. The pseudo-wollastonite phase 
was subsequently transformed into the high-pressure cubic perovskite polymorph 
using high pressure and high temperature in an LVP. High-pressure PXRD was 
measured at ambient temperature in a DAC on the two polymorphs up to 44.6 GPa 
at ID27, ESRF. Single crystals of pseudo-wollastonite SrGeO3 were synthesized and 
a high-pressure single-crystal study was performed to compare with the data obtained 
from the synchrotron PXRD experiment. Later in my Ph.D., the intermediate high-
pressure polymorph (triclinic walstromite) was synthesized from the pseudo-
wollastonite polymorph using high pressure and high temperature in an LVP. The 
high-pressure behavior of this polymorph was measured at ambient temperature up 
to 49.9 GPa at ID-13-D, APS. Only the perovskite polymorph had previously been 
studied at high pressure, so we set out to make a coherent study of the structural 
properties as a function of pressure for all known polymorphs of SrGeO3. Our 
collaborators Davide Ceresoli and Francesca Menescardi performed DFT 
calculations on all three polymorphs of SrGeO3, to compare with the experimentally 
obtained results.  
 
A lot of different studies have been reported for the perovskite polymorph of SrGeO3, 
which has interesting properties as a wide band gab electronic conductive oxide 
[141]. This property has recently shown perovskite SrGeO3 to be a superior electron-
transporting layer for high-performance perovskite solar cells [11]. The ambient 
pseudo-wollastonite polymorph and the intermediate pressure walstromite 
polymorph have been studied too much less extent and only a few reports on these 
exist in the current literature.   
 
8.1.1 Contribution 
My contribution, to this project and publication IV, was to synthesize all the SrGeO3 
samples using both solid-state reaction and high-pressure synthesis. I conducted the 
high-pressure experiments performed at ID27, ESRF, together with Martin 
Bremholm, Morten B. Nilsen, and Simone M. Kevy, and the high-pressure 
experiment performed at ID-13-D, APS, together with Martin Bremholm. I 
performed the high-pressure single-crystal experiments on pseudo-wollastonite 
SrGeO3. I analyzed and interpreted all the compression data and helped interpret the 
results from the DFT calculations performed by Davide Ceresoli and Francesca 
Menescardi. Lastly, I wrote the manuscript. The following section presents the 
publication: C. H. Kronbo, F. Menescardi, D. Ceresoli, M. Bremholm, High 
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Pressure Structure Studies of Three SrGeO3 Polymorphs – Amorphization under 
Pressure, in review at Journal of Alloys and Compounds. Reproduced with only 
minor formatting changes to fit in the format of this thesis.  
 
Additional experiments have been conducted not presented in publication IV; In 
collaboration with Mads Ry Jørgensen, I measured synchrotron PXRD data at ID22, 
ESRF suitable for PDF (Pair Distribution Function) analysis of the amorphous 
sample of SrGeO3. I have also performed an in-situ high-pressure, high-temperature 
experiment on pseudo-wollastonite SrGeO3 using the LVP at ID06, ESRF. 
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8.2 Publication IV 
 

High Pressure Structure Studies of Three 
SrGeO3 Polymorphs – Amorphization 

under Pressure 
 
Camilla H. Kronbo1, Francesca Menescardi2, Davide Ceresoli3, Martin Bremholm1* 
 

1Center for Materials Crystallography (CMC), Department of Chemistry and 
iNANO, Aarhus University, Langelandsgade 140, 8000 Aarhus C, Denmark. 

2Dipartimento di Chimica, Università degli Studi di Milano, via Golgi 19, 20133, 
Milano. 3Consiglio Nazionale delle Ricerche - Istituto di Scienze e Tecnologie 

Molecolari, via Golgi 19, 20133 Milano, Italy. 
 

*Corresponding author: bremholm@chem.au.dk 
 
Abstract 
We report on the synthesis and high pressure behavior of three polymorphs of 
SrGeO3. At ambient pressure SrGeO3 crystallizes in the monoclinic structure pseudo-
wollastonite. Two high pressure polymorphs, triclinic walstromite and cubic 
perovskite, were synthesized using a large volume multi-anvil press. The crystal 
structures of the three polymorphs were investigated with powder X-ray diffraction 
as a function of pressure using diamond anvil cells. It was found that the pseudo-
wollastonite polymorph becomes amorphous at 10 GPa and equation of state fitting 
of the volume data yielded a bulk modulus of K0 = 47(4) GPa, reported for the first 
time. Compression of the walstromite structure showed the structure to be very 
compressible with two distinct phase transitions at around 10-12 GPa and 35-38 GPa. 
The data suggest that the structure then becomes amorphous although it retains a 
small degree of long-range order to the highest pressure studied. The perovskite 
polymorph was very incompressible and equation of state fitting of the volume data 
yielded a high bulk modulus of K0 = 194(3) GPa. All the experimental data was 
compared to density functional theory calculations, which were observed to fit well 
with the experiments. 
 
Keywords: Polymorphism, Perovskite, Pseudo-wollastonite, Walstromite, High 
pressure, Diamond anvil cell. 
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Introduction 
High pressure techniques are employed in many different research fields such as 
geology, physics and chemistry to study materials under extreme conditions, 
including phase transitions and phase diagrams, or in the search for new crystal 
structures, which are inaccessible at ambient conditions. Perovskite and perovskite-
related structures have been a major research area in both materials science and 
geoscience for many years. The reasons for this is that a significant part of the Earth’s 
mantle consists of silicate (ASiO3) compounds, which form perovskite and 
perovskite-related structures under high pressures. One example is the MgSiO3 
compound, which represents the lowermost part of the Earth's mantle and transforms 
into the orthorhombic (space group Cmcm) post-perovskite structure at about 
120 GPa and 2100 °C [12]. Investigations of this structure type and its physical 
properties have therefore been important to understand the features of the lowermost 
part of the mantle and the search for similar compounds, which undergo a phase 
transition to post-perovskite is ongoing.  
 
SrGeO3 has a Goldschmidt tolerance factor of t = 1.04 (ionic radii from Shannon et 
al. [94]). Following common observation of tolerance factors for ABX3 compounds, 
this value suggests that SrGeO3 would crystallize, at ambient conditions, as a 
hexagonal perovskite structure (e.g. 6H-BaTiO3) with face-sharing octahedra. 
However, at ambient pressure, SrGeO3 crystallizes in the 6-layer polytype pseudo-
wollastonite structure. This structure was first reported to have hexagonal symmetry 
[142, 143], although it was later shown to be monoclinic [144]. Ternary silicates 
(ASiO3) and germanates (AGeO3) have been extensively studied in recent decades 
because of their geophysical interest, and the latter ones are often used as models for 
the former ones, since they undergo similar structural transitions under high pressure 
and high temperature, but at less extreme conditions [145-149]. For example, pseudo-
wollastonite SrGeO3 transforms into a cubic perovskite structure at 6 GPa and 1100 
°C, while SrSiO3 was predicted to transform into the perovskite structure at 38 GPa 
and 1700 °C, even though this phase cannot be quenched to ambient conditions [150, 
151]. SrGeO3 has been considered as a good model for CaSiO3 for many years, 
because the A-site and B-site cations are uniformly larger and consequently their 
Goldschmidt tolerance factors are similar (t = 1.08 for CaSiO3). Polymorphs of 
CaSiO3 are the dominant calcium bearing minerals on the earth and commonly occur 
in slags, cement, and ceramic materials: they are thus crucial for our understanding 
of the physical and chemical characteristics of the Earth’s mantle. Both CaSiO3 and 
SrGeO3 undergo an intermediate phase transition to the walstromite phase before 
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adopting the perovskite structure at elevated pressure and temperature [146, 148, 
152]. 
 
The cubic perovskite of SrGeO3 is a promising new transparent electronic conductor 
[141]. Transparent conducting oxides are necessary for a variety of optoelectronic 
applications and cubic perovskite SrGeO3 is the first Ge-based compound that can be 
classified as such. The stability of the high pressure perovskite polymorph of SrGeO3 
has been studied by both EXAFS and theoretical calculations [153-155]. These 
studies suggest that amorphization occurs at relatively low temperatures in SrGeO3 
perovskite (400-600 K). Perovskites that display elastic and phonon instabilities, 
which result in spontaneous transformation to amorphous forms, often exhibit 
potentially interesting electric properties, such as high dielectric and possibly 
ferroelectric-like behavior. 
 
Here, we report a high pressure study of the three known polymorphs of SrGeO3 in 
order to gather information on the structures and make a coherent study of the 
structural properties as a function of pressure, including the first reported behaviors 
and equation of states. We will give an overview of the three polymorphs, the 
synthesis and their behavior under high pressure.   
 
Experimental methods 
Monoclinic pseudo-wollastonite SrGeO3 (C2/c) was synthesized by a conventional 
solid state reaction. Stoichiometric quantities of SrCO3 and GeO2 powders were 
ground together and pressed to a pellet. The pellet was placed in an alumina crucible 
and sintered at 1100 °C for 10 h, this was repeated twice with intermediate grindings. 
A fraction of the pseudo-wollastonite sample was transformed into the triclinic 
walstromite (P-1) phase in a large volume multi-anvil press equipped with a Walker-
type module. The synthesis was performed using a 14/8 COMPRES G2 octahedral 
assembly [38]. The sample was contained in a gold capsule to avoid contact with the 
MgO sample sleeve. The pressure was increased to 4 GPa at room temperature (using 
the calibration by Leinenweber et al. [38] press load 140 tons) and then heated at a 
rate of 50 °C/min to 1000 °C, and quenched to room temperature after 30 min by 
switching off the power to the furnace. Another fraction of the pseudo-wollastonite 
sample was transformed to the cubic perovskite (Pm-3m) similarly in the large 
volume multi-anvil press using a 14/8 COMPRES G2 octahedral assembly. The 
sample was again contained in a gold capsule to avoid contact with the MgO sample 
sleeve. The pressure was increased to 6 GPa at room temperature (press load 
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180 tons), heated at a rate of 50 °C/min to 1100 °C, and then quenched to room 
temperature after 1 h by switching off the power to the furnace. 
 
High-resolution synchrotron PXRD measurements of all three phases were measured 
at ambient conditions at SPring-8 BL44B2 in Japan (λ = 0.500214 Å). All samples 
were floated several times in ethanol to ensure small crystal sizes and loaded in 
0.1 mm glass capillaries. All PXRD data were fitted with the Rietveld method using 
the FullProf program [34]. 
 
High pressure powder X-ray diffraction data for the pseudo-wollastonite and 
perovskite phases of SrGeO3 were measured at room temperature using a membrane 
driven DAC at The European Synchrotron Radiation Facility (ESRF) ID27 
(λ = 0.3738 Å, beam size ~3 × 3 µm2) and the triclinic walstromite phase was 
measured at the Advanced Photon Source (APS) ID13-D (λ = 0.3344 Å, beam size 
~5 × 7 µm2). Ground powders of the samples were floated several times to achieve 
samples with small particle size. The floated powders were gently pressed to thin 
sheets between two diamond anvils. Pieces with approx. size of 20 × 30 µm 2 were 
chosen for each sample. In these high pressure experiments, gold was used as the 
primary pressure calibrant while ruby spheres were used during gas-loading. The 
pseudo-wollastonite and perovskite polymorphs were packed in a DAC with a culet 
size of 300 µm to follow the compressions of both samples in the same run. A 250 µm 
thick rhenium gasket was indented to 40 µm and a hole of 150 µm was laser-drilled. 
The DAC was gas loaded with helium as the pressure transmitting medium. The 
triclinic walstromite polymorph was packed with the same procedure in a DAC with 
a culet size of 200 µm and neon was used as the pressure transmitting medium. 
 
The detector geometry was calibrated using LaB6 and CeO2 standards. To constrain 
the small drifts in pressure during the data collection on the samples, diffraction of 
the gold pressure calibrant was measured before and after each collection and the 
drift in pressure was propagated into the uncertainty from calibrant equation of state. 
In total, 34 measurements were conducted for the compression between 0 and 45 GPa 
for the pseudo-wollastonite and perovskite polymorphs and 45 measurements were 
conducted between 0 and 50 GPa for the triclinic walstromite polymorph. Some 
measurements were conducted during decompression and the samples were measured 
afterwards at ambient pressure. All 2D data was integrated using the Dioptas software 
[31] and refined using the Rietveld or LeBail method using the FullProf program. 
The obtained unit cell volumes were fitted to Birch-Murnaghan equation of state 
(EoS) models using the EosFit-7 program [25]. 
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Single crystals of pseudo-wollastonite SrGeO3 was grown at 1400 °C, just below the 
melting point of SrGeO3 (~1440 °C [155]). Stoichiometric quantities of SrCO3 and 
GeO2 powders were ground together, pressed to a pellet, and placed in a platinum 
crucible. The sample was heated from 600 °C to 1200 °C with a rate of 200 °C/h, 
from 1200 °C to 1400 °C with a rate of 50 °C/h and sintered for 5 h. After sintering 
the sample was cooled with a rate of 3 °C/h to 1300 °C, from 1300 °C to 1200 °C 
with a rate of 10 °C/h and from 1200 °C to 600 °C with a rate of 200 °C/h. PXRD 
was measured in house on a Rigaku Smart Lab diffractometer equipped with a 
rotating Cu-anode in Bragg-Brentano geometry using monochromatic Cu Kα1 
radiation (λ = 1.54056 Å). A single crystal high pressure experiment was performed 
in the home lab using a four-plate type DAC from Boehler-Almax with 600 µm culet 
size. A steel gasket was indented to 150 µm and a hole of 300 µm was drilled. The 
DAC was loaded with an ethanol:methanol mixture in 1:4 ratio as the pressure 
transmitting medium. Ruby fluorescence was used to follow the pressure during the 
experiment. The high pressure experiment was performed on an APEX II single 
crystal instrument equipped with a Ag source (λ = 0.559407 Å) conducting 14 
measurements between 0 and 10 GPa.  
 
DFT variable-cell structure relaxations as a function of pressure were performed by 
the means of  Quantum Espresso [97, 98] using the PBEsol [99] exchange-correlation 
functional. Double-projector, norm-conserving ONCV [100, 101] pseudopotentials 
were adopted, including semicore states (i.e. 4s24p25s2 for Sr and 4s23d104p2 for Ge). 
A plane-wave cutoff of 45 Ry and up to 6×6×4 k-points were applied to the 
calculation. We choose the PBEsol functional because it has been shown to give a 
better description of the structural parameters of oxygen perovskites better than LDA 
and PBE. The symmetry of the relaxed structures were determined using the 
FINDSYM utility [102]. 
 
Results and discussion  
 
Ambient conditions 
All three polymorphs of SrGeO3 were characterized at ambient conditions at SPring-
8 in Japan and all the obtained data were refined using the Rietveld method. The 
diffraction peaks were modelled with a Thompson-Cox-Hasting pseudo-Voigt 
function and the background was described by linear interpolation. The refined lattice 
parameters and reliability factors are listed in Table S1 in the supporting information 
(SI) and the observed and fitted PXRD patterns for the three polymorphs are shown 
in SI Figure S1. 
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The refined model for the pseudo-wollastonite structure did not describe the observed 
PXRD data well and due to the refined lattice parameters, we obtained cell volumes 
slightly larger than those reported by Nishi et al. [144] in a previous single crystal 
study. The peaks in the low angle region (corresponding to the (1 1 0), (2 0 0), (-1 1 
1) and (1 1 1) (-2 0 2), (-1 1 2) reflections) were not sharp or well-defined and were 
lacking intensity. The reason for this is unclear since the pseudo-wollastonite sample 
has been sintered for a long time as part of the synthesis. Pseudo-wollastonite single 
crystals were therefore later grown to obtain higher quality data (PXRD data 
described in SI Table S2 and Figure S2) and to verify the high pressure trends 
observed in the high pressure PXRD experiment. Parameters for the triclinic 
walstromite structure are consistent with those reported by Nadezhina et al. [156] and 
the parameters for the perovskite structure are consistent with those reported by 
Nakatsuka et al. [157] from a single crystal study. 
 

 
Figure 8.1: Crystal structures of the three SrGeO3 polymorphs. Strontium atoms (green) are located 
between layers of GeO4/GeO6 tetrahedra/octahedra with germanium in the center (black) and oxygen 
(gray) at the corners. (a) Monoclinic pseudo-wollastonite (C2/c), (b) Triclinic walstromite (P-1), (c) 
Cubic perovskite (Pm-3m). 
 
The pseudo-wollastonite structure of SrGeO3 was first reported by Hilmer [142, 143] 
as a hexagonal layered order-disorder structure. The crystal structure was studied 
using a Weissenberg camera giving the hexagonal lattice parameters a = 7.29 Å and 
c = 31.64 Å. Investigations conducted by both Hilmer and Dornberger-Schiff [145] 
showed that pseudo-wollastonite SrGeO3 had hexagonal symmetry and contained 
ternary rings of GeO4 groups. Later, it was shown by Nishi [144] that the structure of 
pseudo-wollastonite SrGeO3 was in fact monoclinic, but had a pseudo-hexagonal cell, 
which corresponded to the one given by Hilmer. The pseudo-wollastonite structure 
consists of an alternate stacking of ternary rings of GeO4 groups and closed-packed 
strontium atoms along [001] in a six-layer polytype structure. The structure reported 
by Nishi is shown in Figure 8.1(a). The triclinic walstromite structure of SrGeO3 was 
first observed by Shimizu et al. [146] and later solved by Nadezhina et al. [156]. The 
walstromite structure is characterized by three membered rings of GeO4 tetrahedra 
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that occur in layers with alternating rings pointing in opposite direction. There are 
three unique Ge sites for both ring types. The structure reported by Nadezhina is 
shown in Figure 8.1(b). The crystal structure of cubic perovskite SrGeO3 consists of 
a network of corner-sharing GeO6 octahedra with the strontium cations in the centers 
of the cavities in the network and surrounded by twelve oxygen anions in a cubo-
octahedral coordination, as shown in Figure 8.1(c). The ideal cubic symmetry 
prohibits tilts and distortions of the GeO6 octahedra. There is no freedom of the 
atomic positions and the Sr, Ge and O atoms are located at the Wyckoff positions; 1a 
(0,0,0), 1b (½,½,½) and 3c (0,½,½), respectively. 
 
High pressure powder diffraction and equation of states 
The obtained in-situ high pressure PXRD patterns for the pseudo-wollastonite 
structure of SrGeO3 are shown in Figure 8.2. It is evident that the structure collapses 
with a short transition between 10 and 12 GPa. We expect the new phase to be an 
amorphous polymorph of SrGeO3 since the diffraction peaks disappear with 
increasing pressure and only a very broad characteristic remains, as seen in Figure 
8.2. PXRD data in the pressure range from 0 to 10 GPa were refined in the space 
group C2/c using the Rietveld method. Throughout the refinements the atomic 
positions were fixed at the values reported by Nishi. After the phase transition, the 
PXRD patterns could no longer be refined. To verify the phase transition to the 
amorphous phase a similar experiment was performed on a single crystal of pseudo-
wollastonite SrGeO3. The single crystal study showed the same result as the PXRD 
study: at around 10 GPa the crystal was no longer diffracting, indicating that the 
crystal had become amorphous. After the phase transition the crystal was still intact 
inside the DAC.  
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Figure 8.2: PXRD patterns for the pseudo-wollastonite SrGeO3, measured at ambient temperature in the 
pressure range 0 to 45 GPa (λ = 0.3738 Å). PXRD patterns obtained from 0 to 12 GPa are black and 
PXRD patterns after the phase transition at 12 GPa are blue. The insert shows the main peaks in the 2θ 
range from 5 to 10 degrees for the pressure range where the phase transition occurs. 
 
To verify and compare the compression of the monoclinic structure DFT calculations 
were performed up to 50 GPa with 2.5-5 GPa steps. The calculations ran fine for low 
pressures up to 25 GPa but above that limit the structure was not stable anymore. 
Convergence problems arose and the amount of mechanical stress on the structure 
drove a phase transition with a consequent drop in volume and discontinuity in the 
cell parameters. DFT cannot predict amorphous polymorphs but the destabilization 
of the calculations are in good agreement with the collapse of the structure we observe 
experimentally. Figure 8.3(a) shows a normalized plot of the cell parameters obtained 
from the refined PXRD data from 0 to 10 GPa together with the parameters obtained 
from the single crystal study from 0 to 10 GPa, so the compression of the three axes 
can be compared. It is clearly seen that the structure is more compressible along the 
a and b axes than along the c axis. The greater compressibility of the a and b axes is 
caused by the topology of the pseudo-wollastonite structure, where there is 
considerable space among the ternary rings of GeO4 groups, which are sandwiched 
between the closed packed layers of Sr. Therefore, the structure is much less densely 
packed along the a and b axes, giving rise to the anisotropic compression of the 
structure [149]. The DFT calculated cell parameters up to 25 GPa are shown in Figure 
8.3(c) for comparison and it is seen that the calculated trend fits very well with the 
experiment. The pressure dependence of the monoclinic angle β is shown in Figure 
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8.3(b) and a clear discontinuity in the PXRD data can be observed at about 1 GPa. At 
that same pressure, a small change in the cell parameters can be noticed, even if it is 
less clear than for the β angle. The discrete changes observed for both the cell axes 
and the monoclinic angle are likely to be caused by the first order phase transition to 
the walstromite structure, the most stable structure at this pressure when temperature 
is also applied. The obtained β angle from the single crystal study is a bit smaller than 
the one obtained from the PXRD study and after 4 GPa, it varies significantly, as seen 
in Figure 8.3(b). Due to the quality of the high pressure data it is hard to determine 
the angle exactly and therefore variations are observed. The overall value and trend 
of the β angle fit with DFT calculated data as shown in Figure 8.3(d), but the 
experimental values appear to decrease faster than theoretically predicted ones.  
 

 
Figure 8.3: Pressure dependence of the unit cell parameters of pseudo-wollastonite SrGeO3. (a) 
Normalized unit cell axes for PXRD and single crystal experiments (error bars are smaller than the 
symbols). (b) The monoclinic angle β for the PXRD and single crystal experiments. (c) Normalized 
DFT calculated unit cell axes up to 25 GPa. (d) DFT calculated β angle up to 25 GPa. 
 
After the DAC in the PXRD experiment at ESRF had been depressurized the sample 
was measured again at ambient pressure, in order to determine if the second order 
phase transition to the amorphous polymorph was reversible. We found that the 
obtained amorphous polymorph was stable at ambient pressure. The third order 
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Birch-Murnaghan (BM3) EoS model was fitted to the volume data obtained in the 
pressure range from 0 to 10 GPa for both the PXRD and the single crystal study and 
a plot of the volume vs. pressure together with the resulting EoS fits are shown in 
Figure 8.4. The experimental volumes are compared to the DFT calculated volumes 
showing that the calculated values lies closest to the values obtained from the single 
crystal experiment. The zoom in Figure 8.4 shows the calculated volume up to 
25 GPa, where the calculation predicts a phase transition. Experimentally the phase 
transition is observed at much lower pressures than predicted by calculations. The 
obtained values for the BM3 fit of the PXRD data are for zero pressure volume 
V0 = 956.2(13) Å3, bulk modulus K0 = 47(4) GPa, first derivative K0’ = 12(2) and 
second derivative K0” = -1.78217 GPa-1 (fixed value by EoS model). The obtained 
values for the BM3 fit of the single crystal data are for zero pressure volume 
V0 = 951.5(5) Å3, bulk modulus K0 = 59(2) GPa, first derivative K0’ = 5.8(7) and 
second derivative K0” = -0.14938 GPa-1 (fixed value by EoS model). The values of 
V0, K0, K0’ and K0’’ for pseudo-wollastonite SrGeO3 obtained here are the first to be 
reported experimentally.  

 
Figure 8.4: P-V relation for pseudo-wollastonite SrGeO3 fitted with the BM3 EoS for both PXRD and 
single crystal data. The error bars for the volume are smaller than the symbols. DFT calculated volumes 
are compared to the experimental data and the zoom shows the calculated trend up to 25 GPa. 
 
The obtained in-situ high pressure PXRD patterns for the walstromite structure of 
SrGeO3 are shown in Figure 8.5. For clarity the background have been subtracted and 
the raw integrated data can be seen in Figure S3 in SI. The changes in the peak 
positions and their broadening clearly enlighten the high compressibility of the 
structure: already at the starting pressure of 3 GPa the PXRD pattern have changed a 
lot compared to the ambient PXRD pattern (Figure S1(b) in SI). The PXRD patterns 
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were all refined using the Le Bail method in the P-1 space group with the atomic 
positions fixed as the positions reported by Nadezhina et al., since the data quality 
does not allow refinement of the positions. The unit cell parameters obtained from 
consistent refinement of all data is shown in Figure 8.6(a) and 8.6(b). Two major 
phase transitions are observed in the PXRD patterns as a function of pressure and the 
three regions are marked with three different colors in Figure 8.5. The first transition 
is observed between 10 and 12 GPa, where the main peaks at 6.0 degrees almost 
disappears and a new peak appears at 6.5 degrees. At this pressure, the unit cell 
parameters are seen to change compression rate (Figure 8.6(a) and 8.6(b)).  

 
Figure 8.5: PXRD patterns for the walstromite SrGeO3, measured at ambient temperature in the pressure 
range 0 to 50 GPa (λ = 0.3344 Å). The background have been subtracted for clarity using DIOPTAS. 
PXRD patterns obtained from 0 to 12 GPa are black, PXRD patterns from 12 to 35 GPa are blue and 
PXRD patterns from 35 to 50 GPa are red. The color division shows the two main phase transitions in 
the data. The main peak from Ne is seen between 9.0 and 9.2 degrees. 
 
It is difficult to make a reliable conclusion about what happens to the structure as the 
triclinic space group has almost no symmetry restrictions and the data quality is not 
good enough to describe the atomic structure. The compression of the unit cell axes 
shows that the c axis is the least compressible axis in the structure, which is in the 
direction where the three membered rings of GeO4 tetrahedra are sandwiched 
between layers of Sr (Figure 8.1(b)). This is similar to the compression mechanism 
observed for the pseudo-wollastonite structure. During compression in the second 
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region (12-35 GPa blue, Figure 8.5) a smaller change in the diffraction pattern is 
observed around 25 GPa, where the small peak at 7.2 degrees disappears and the main 
peak at 6.5 degrees splits into two. In this range of pressure, the unit cell parameters 
are seen to change compression rate again. The last phase transition is observed 
between 34 and 38 GPa, where the peak at 7.9 degrees and 11.1 degrees disappears 
and a new peak appears at 9.0 degrees. During this transition, the unit cell parameters 
are changing compression rate again. 
 

 
Figure 8.6: (a) Pressure dependence of the unit cell axes of walstromite SrGeO3 (error bars are smaller 
than the symbols) compared to DFT calculated axes. (b) Pressure dependence of the unit cell angles for 
walstromite SrGeO3 (the error bars for the volume are smaller than the symbols) compared to DFT 
calculated angles. 
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As the experimental data is difficult to describe, DFT calculations were performed 
on the triclinic walstromite structure and compared with the trends observed in the 
experimental data. As encountered for the pseudo-wollastonite structure, the 
walstromite structure lacks structural stability above 30 GPa, making the calculation 
hard to bring to convergence. Above that high pressure, in fact, the walstromite 
structure stability breaks and the compound undergoes a structural transition. 
Therefore, DFT calculated data is reliable to describe the walstromite structure only 
up to 30 GPa. The calculated DFT unit cell parameters are compared to the 
experimental data in Figure 8.6(a) and 8.6(b). The convergence problem can be seen 
as the jump in the calculated unit cell parameters between 30 and 35 GPa, which 
indicates a phase transition and fits with the experimental phase transition observed 
around 35 GPa. The calculated DFT data are seen to diverge from the experimental 
data already around 10 to 15 GPa, which is understandable: high pressure 
experimental data quality is too low to make a precise refinement. The experimentally 
obtained volume data is shown in Figure 8.7 but the data quality is not high enough 
to fit with EoS. The volume data look fairly smooth and cancel out the changes 
observed in the unit cell parameters. The experimental volume is compared to the 
DFT calculated volume and the two fit well until 25 GPa. The DFT calculated volume 
clearly shows a volume drop between 30 and 35 GPa indicating a first order phase 
transition. The experimental volume do not show any clear volume drops even though 
two phase transitions (at 12 and 35 GPa) are observed in the PXRD patterns. It is very 
difficult to solve the observed phase transitions for the walstromite structure. First of 
all the structure is triclinic giving almost no restrictions to the symmetry; second of 
all there are not many peaks to solve the structure by. When looking at the PXRD 
patterns under pressure it can be seen that the peaks are very broad in the low angle 
area while only a few small peaks are observed at higher angles. This form of 
diffraction pattern could indicate that the structure transforms into a semi-amorphous 
state, since it loses a lot of long range symmetry during compression but keeps some 
translational symmetry in the crystal structure, as few peaks are still present.  
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Figure 8.7: P-V relation for walstromite SrGeO3. The error bars for the volume are smaller than the 
symbols. DFT calculated volumes are compared to the experimental data. 
 
The obtained in-situ high pressure PXRD patterns for the cubic perovskite structure 
of SrGeO3 are shown in Figure 8.8. The dashed vertical lines illustrate the expected 
systematic shift of the peak positions to higher 2θ angles upon increasing pressure, 
as the unit cell becomes smaller. In a previous reported study by Gramsch et al. [158] 
they investigate the possibility of a high pressure phase transition to a lower 
symmetry (tetragonal or orthorhombic) distorted modification of the structure, as 
observed for the ideal perovskite structure of SrTiO3 at 6 GPa [159]. They saw no 
evidence of such a phase transition up to 55 GPa, but concluded that this could be 
due to the poor resolution of their diffraction experiments, which made them unable 
to see the splitting of the diffraction peaks. As seen in Figure 8.8, there is no 
indication of peak splitting up to 45 GPa and we can similar to Gramsch et al. 
conclude that the cubic perovskite structure of SrGeO3 does not distort to a lower 
symmetry upon compression. The phase transition from cubic to tetragonal observed 
in SrTiO3, but not in SrGeO3, can be explained by the covalence of the O-Ti-O and 
O-Ge-O bonding linkage. In ideal cubic perovskite structures the tilting and twisting 
of the octahedra are responsible for the distortions leading to tetragonal or 
orthorhombic structures. Semi-empirical molecular orbital calculations using the 
extended Hückel method where carried out by Gramsch et al. and showed that the 
low potential for the bending of the GeO6 octahedra is caused by the empty 4d orbitals 
of the Ge atoms. The 3d Ti orbitals do not provide an effective overlap with the 2p O 
orbitals, thereby making the compound ionic and the O-Ti-O linkage flexible. The 
empty 4d Ge orbitals are more diffuse than the 3d Ti orbitals, which makes the 
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overlap of Ge and O more covalent and thereby making the O-Ge-O linkage more 
rigid and less susceptible to distortions. 

 
Figure 8.8: PXRD patterns for the cubic perovskite SrGeO3, measured at ambient temperature in the 
pressure range 0 to 45 GPa (λ = 0.3738 Å). The dashed lines serve as a guide to the eye highlighting the 
peak shift.  
 
The high pressure in-situ PXRD data for the perovskite structure of SrGeO3 was 
refined in the space group Pm-3m using the Rietveld method. The cubic cell 
parameter ap (Figure 8.9(a)) have the same trend as the volume (Figure 8.9(b)) as a 
function of pressure. Volumetric experimental data was compared to DFT calculated 
values and is seen to fit very well. The DFT calculated volume do not show any 
indication of a phase transition up to 50 GPa either. The third order Birch-Murnaghan 
EoS was used to determine the bulk modulus (K0) and its derivative (K0’), the BM3 
fit can also be viewed in Figure 8.9(b). The small anomaly around 13 GPa is 
considered an experimental artifact caused by a change in the compression rate. The 
obtained values for the BM3 fit are for zero pressure volume V0 = 54.716(17) Å3, 
bulk modulus K0 = 194(3) GPa, first derivative K0’ = 5.00(19) and second derivative 
K0” = -0.03036 GPa-1 (fixed value by EoS model). The bulk modulus obtained here 
is slightly smaller than the value reported by Gramsch et al. [158], who used the 
second order Birch-Murnaghan EoS for fitting the volume data obtained in their high 
pressure study between 25 to 55 GPa, but with only 6 measurements. The value of V0 
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obtained from our data is in good agreement with the value obtained from Rietveld 
refinement of the PXRD patterns measured at ambient conditions. There are no signs 
of peak splitting, unindexed peaks or volume collapse, showing the perovskite 
structure of SrGeO3 remains cubic up to the highest pressures measured. 

 
Figure 8.9: (a) Pressure dependence of the cubic lattice parameter for the perovskite SrGeO3 polymorph. 
Error bars are smaller than the symbols. (b) P-V relation for perovskite SrGeO3 fitted with the BM3 
EoS. The error bars for the volume are smaller than the symbols.  
 
The DFT calculated enthalpies for the three polymorphs are compared in Figure 8.10. 
The enthalpy is shown relative to the perovskite structure as ∆H. Calculations were 
performed up to 25 GPa with a step size of 2.5-5 GPa. It is clearly seen that the 
pseudo-wollastonite and walstromite structures are more stable at 0 GPa than the 
perovskite structure, since the former structures enthalpy is lower than the latter 
structure enthalpy. The pseudo-wollastonite and walstromite structures, though, are 
so close in energy that DFT cannot distinguish between them. We know from 
experiments and literature that the pseudo-wollastonite structure is the most stable at 
ambient pressure but the walstromite structure can be obtained already at 1 GPa. At 
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5 GPa it is clearly seen from Figure 8.10 that the perovskite structure becomes the 
most stable and continues to be up to the highest pressure. Transition from monoclinic 
and triclinic structures to cubic, though, requires heating, since the energy barrier to 
overcome for the transition to happen is too high. None of the reported experiments 
show either pseudo-wollastonite or walstromite to transform into the perovskite 
without heating, forming instead distorted amorphous polymorphs.  
 

 
Figure 8.10: DFT calculated enthalpies. The enthalpies are shown relative to the perovskite structures 
energy as ∆Η. 
 
Conclusion 
High pressure studies of the three known polymorphs of SrGeO3 were carried out in 
DACs at the ESRF and APS synchrotron facilities. A second order phase transition 
was observed for the pseudo-wollastonite polymorph at 10 GPa, where the structure 
collapsed and became amorphous. The first order phase transition was observed 
around the same pressure for both the PXRD and the single crystal experiments. The 
unit cell volume data measured before the phase transition were fitted with the BM3 
EoS, yielding a bulk modulus of K0 = 47(4) GPa for the PXRD data and 
K0 = 59(2) GPa for the single crystal data. The experimental data were compared to 
DFT calculations, which were observed to fit well with experiments. Compression of 
the walstromite polymorph, showed two distinct phase transitions at around 10-
12 GPa and 35-38 GPa. The quality of the PXRD data was not good enough to solve 
the structures after the phase transitions and the PXRD data suggest that the structure 
goes to a semi-amorphous state but still maintains some long range order. The 
obtained unit cell volume data, both from experiment and DFT calculations, of the 
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cubic perovskite polymorph showed no indications of a phase transition and was 
fitted with the BM3 EoS, yielding a bulk modulus of K0 = 194(3) GPa. The 
compression data and the high bulk modulus obtained for the perovskite polymorphs 
of SrGeO3 indicates that the perovskite structure is much less compressible than the 
pseudo-wollastonite and walstromite structures, which is in good accordance with 
their structures having similar morphology but very different from the perovskite 
structure. The obtained bulk moduli clearly shows the pseudo-wollastonite structure 
to be much more compressible than the perovskite structure and hence the collapse 
of the structure is observed at moderately low pressure. 
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8.3 Outlook  
Besides investigating the compressibility of the three phases in DACs using 
synchrotron PXRD and single-crystal X-ray diffraction, three other techniques have 
been used to analyze SrGeO3 not described in publication IV and not yet analyzed.  
 
The amorphous phase observed when pressurizing pseudo-wollastonite was 
synthesized at 13 GPa using an LVP, so further experiments could be conducted on 
this sample. EXAFS (Extended X-ray Absorption Fine Structure) data and 
synchrotron PXRD data suitable for PDF (Pair Distribution Function) analysis have 
been measured on the obtained amorphous sample. The obtained data has not yet 
been analyzed but will be used to better describe the bonding nature of the amorphous 
polymorph obtained under high pressure. 
 
An in-situ high-pressure, high-temperature experiment was performed with the 
pseudo-wollastonite polymorph of SrGeO3 as the starting sample using the LVP at 
ID06, ESRF. This experiment was performed to obtain deeper knowledge about the 
pressure- and temperature-induced phase transitions in SrGeO3. This data has also 
not yet been analyzed.  
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CHAPTER 9 
Collaborative work 

 
 
 
This Chapter provides a brief overview of some of the collaborative projects I have 
been part of during my Ph.D.. A short description of each project together with my 
role in them is given.  
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9.1 High-pressure phase transition in the oxide perovskite 
HgPbO3 

HgPbO3 was synthesized for the first time in 1973 together with HgTiO3 [160]. High-
pressure XRD experiments have been reported for HgTiO3, showing a phase 
transition to the ideal cubic perovskite structure [161, 162]. Later it was shown using 
DFT that a structural phase transition to the cubic (Pm-3m) structure would be 
impossible, as the enthalpy of this was calculated to 1 eV higher than alternative 
calculated phases [163]. Based on the reported calculations, the phase transition was 
determined to be to the orthorhombic (Pnma) structure instead. The high-pressure 
behavior of HgPbO3 has so far only been studied using DFT [164] and a structural 
phase transition to the orthorhombic (Pnma) structure has been predicted around 10 
GPa. Based on these findings we set out to investigate the high-pressure behavior of 
HgPbO3. 
 
A former student in the high-pressure group, Sarah U. S. Mortensen, synthesized the 
HgPbO3 sample, used for the high-pressure study. Martin Ottesen, Mads F. Hansen, 
Justin Jeanneau, and I performed the in-situ high-pressure PXRD experiment at APS, 
ID-13-D. Subsequently, I integrated the obtained 2D PXRD data for the gold standard 
and refined the gold standard PXRD data using the Rietveld method, obtaining the 
pressure points at which the sample had been measured. Emma Ehrenreich-Petersen 
and Sarah U. S. Mortensen have performed the following integration and data 
analysis of the sample, discussed briefly below. DFT calculations have been 
performed by Francesca Menescardi to compare with the experimental results. 
 
During compression of HgPbO3, the diffraction peaks are observed to merge. This 
strongly indicates a phase transition. At pressures between 8.3 GPa and 10.8 GPa, the 
peaks are fully merged, suggesting that a structural phase transition happens in this 
pressure interval. During decompression, the diffraction peaks separate again with 
the presence of hysteresis in the transition pressure. This indicates that the phase 
transition is of the first order. The DFT calculations performed indicate a phase 
transition to the orthorhombic structure at around 12 GPa. The cubic structure of 
HgPbO3 is additionally observed to have a much higher enthalpy than the 
orthorhombic structure, indicating that a transition to cubic symmetry is impossible 
as is also the case for HgTiO3. 
 
To determine the transition pressure for the first-order phase transition, the data has 
been refined using both the ambient structure and the orthorhombic structure over the 
whole pressure interval. A non-uniform behavior of the unit cell parameters was 
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detected between 8.3 and 10.8 GPa, suggesting that the phase transition happens 
within this interval. This is in good agreement with the transition pressure obtained 
from DFT calculations. The Birch-Murnaghan EoS was used to fit the volume data 
obtained for the structures separately. The volume obtained for the orthorhombic 
structure is lower from 8.3 GPa and above, indicating that the atoms in this structure 
can pack more densely, which in term drives the phase transition at high pressures.  
 
The result discussed briefly here is part of the manuscript: E. Ehrenreich-Petersen, S. 
U. S. Mortensen, F. Menescardi, M. Ottesen, C. H. Kronbo, D. Ceresoli, M. 
Bremholm, High pressure phase transition in the oxide perovskite HgPbO3 (working 
title), manuscript in preparation. 
 
9.2 DFT method comparison to benchmark experiments at 

high pressure  
During my Ph.D. I have worked closely together with two theoretical scientists, 
Davide Ceresoli and Francesca Menescadi. Davide and Francesca have performed all 
the DFT calculations presented in this thesis. Through our work together we have 
collected data for several perovskite compounds and their polymorphs (e.g. SrIrO3, 
SrRuO3, SrOsO3, SrGeO3, NaOsO3, and SrMnO3). I have been part of collecting all 
the experimental data, except for the SrMnO3 compound, and have analyzed and 
compared it to the DFT calculations. Davide and Francesca have tested several 
functionals for performing the calculations in order to find the best calculation 
method for describing the experimental data of the perovskite compounds and their 
polymorphs. In this aspect, it is well known that simple local functionals (i.e. LDA) 
tend to underestimate the equilibrium volume of materials by ~3% while some semi-
local functionals (i.e. PBE) tend to overestimate it [99]. Previous studies showed that 
a simple reparameterization of PBE (the PBEsol functional) can reproduce the 
equilibrium volume of most oxide perovskite fairly well, including their elastic 
properties, phonon dispersion, and lattice instabilities, at ambient pressure. 
 
With the numerous DFT calculations performed, they have explored the accuracy of 
the most common DFT functionals towards the structural properties of the perovskite 
compounds mentioned above under pressure, by comparing it to the experimental 
PXRD data obtained at state-of-the-art synchrotron beamlines. In this process, we 
have found that structural properties, such as lattice parameters and octahedral 
distortion/tilting of these materials, both at ambient and high pressure, are well 
described by the PBEsol functional [118].  
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In addition, they also calculated the perovskite to post-perovskite transition pressure. 
In some cases, the transition from perovskite to post-perovskite has not yet been 
observed in experiments, most likely due to kinetic barriers. The PBEsol functional 
for example predicts that SrOsO3 post-perovskite should be the most stable phase at 
ambient pressure, contrary to the experimental evidence. This fact appears to be 
common to other 4d and 5d perovskites and it will be subject to future investigation. 
 
The theoretical results will form a theoretical paper based on the comparison with the 
experimental data: F. Menescardi, C. H. Kronbo, E. Ehrenreich-Petersen, M. 
Bremholm, D. Ceresoli, DFT method comparison to benchmark experiments at high 
pressure (working title), manuscript in preparation. 
 
9.3 High-pressure studies on RMnO3 
Together with a fellow Ph.D. student Martin Ottesen, we started a new project 
investigating a series of RMnO3 (R = Ho, Er, Tm, Yb, Lu) compounds. All 
compounds adopt the hexagonal ferroelectric BaTiO3-type structure (P63cm, #185) 
at ambient conditions, and have been synthesized using a conventional solid-state 
reaction. The hexagonal phases can be transformed into orthorhombic perovskites 
(Pbnm, #62) under high pressure and high temperature and all the orthorhombic 
perovskites have been synthesized using the LVP at Aarhus University, by 
compressing the samples to 7 GPa and heating to 1100 °C for 1 hour and subsequently 
quenching. As Martin Ottesen was a new student in the high-pressure group at the 
beginning of this project, I guided him in the synthesis of these materials. 
 
After synthesizing the samples, I wrote a proposal for measuring high-pressure 
PXRD data on the series of RMnO3 polymorphs in both the hexagonal and 
orthorhombic structures. Beamtime was allocated at BM-13-D, APS, and a 
systematic structural study of the eight compounds at high pressure using DACs was 
initiated. The high-pressure studies of these compounds were performed to compare 
the compression mechanisms of the two types of polymorphs (hexagonal and 
orthorhombic) and investigate the effects of the decreasing cation size and the number 
of f-electrons through the series. During several beamtimes, we have now collected 
high-pressure data for all the compounds. 
 
RMnO3 compounds have been studied extensively at ambient conditions but only a 
few high-pressure studies have been reported. These reported studies display varying 
data quality and the structural details are thus quite limited. The reported studies have 
been performed to modest pressures (typically max. pressures of 25-50 GPa) and 
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using different pressure transmitting media [165-167]. Some of the existing studies 
have only been performed on the hexagonal polymorph (R = Er, Tm), while others 
focus only on the orthorhombic polymorphs (R = Ho, Lu). A high-pressure study of 
YbMnO3 has not yet been reported for either polymorph. We, therefore, set out to 
perform a coherent study of both polymorphs in the series to high pressures of 80-
100 GPa. The plan is that the results will be compared to theoretical DFT calculations 
and property measurements. In addition, we have studied some of the compounds 
with Raman spectroscopy at both ambient conditions and as a function of pressure 
using DACs at the Raman setup at GSECARS, APS. 
 
In combination with this project, I have also guided a bachelor’s project aiming at 
synthesizing DyMnO3 in both the orthorhombic and hexagonal polymorph. For this 
project substitution experiments have been performed by Anne Keolee Eriksen 
synthesizing Dy1-xRxO3 (R = Ho, Er) with substitution from x = 0.1 - 0.5. I have 
guided Anne during the analysis of the PXRD data measured at ambient conditions.     
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Concluding remarks 
 
 
 
The work presented in this Ph.D. thesis focus on structural studies under extreme 
conditions. A range of materials with perovskite and perovskite-related structures 
have been studied, mainly using PXRD at state-of-the-art synchrotron beamlines.  
 
Chapter 3 presented a high-pressure PXRD study on perovskite SrIrO3 up to 100 GPa. 
During the analysis of the high-pressure data, uniaxial strain was detected. Due to 
this, the results on the compression of the unit cell parameters obtained through 
refinements of the PXRD data deviated from the results obtained in a previous study 
on perovskite SrIrO3. Additionally, laser-heating experiments were performed at 60 
GPa and 80 GPa, heating the sample to temperatures of 2000 K. Both laser-heating 
experiments resulted in a reduction of the sample to iridium metal during heating. 
 
Chapter 4 presented a new method developed for in-situ synthesis and phase 
transformations of oxide perovskites at high pressure and high temperature in DACs. 
The method uses a highly oxidizing environment as PTM, preventing the perovskite 
oxides from reducing during heating. The method was tested for two compounds 
known to crystallize in the post-perovskite structure, e.g. NaOsO3 and NaIrO3. Using 
synchrotron PXRD the method was successfully shown to work for both direct 
synthesis of post-perovskite NaIrO3 and phase transformation in NaOsO3 from the 
perovskite to the post-perovskite and additionally a new rhombohedral polymorph of 
NaIrO3 was discovered at low pressure. 
 
Chapter 5 presented a high-pressure PXRD study, at both ambient and low-
temperature, of perovskite SrRuO3. The perovskite structure was found to persist up 
to the highest pressure measured (88 GPa), but a continuous second-order phase 
transition to monoclinic symmetry was observed near 25 GPa at ambient temperature 
and near 28 GPa at 6 K. the bulk moduli were extracted by fitting the third-order 
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Birch-Murnaghan EoS to the obtained P-V data. No phase transition was observed at 
higher pressures, contrary to the reported literature. Additionally, high-pressure, laser 
heating experiments were performed using the new DAC method developed. The 
results indicated that the post-perovskite structure is stable in SrRuO3. 
 
Chapter 6 presented high-pressure, laser heating PXRD experiments performed on 
perovskite SrOsO3 at 44 GPa using the new in-situ DAC method. Heating perovskite 
SrOsO3 to 1350 K resulted in a phase transition to the post-perovskite structure. The 
novel post-perovskite discovered in SrOsO3 was found to be quenchable to ambient 
conditions and is the first reported SrBO3 perovskite to transform from the perovskite 
to the post-perovskite. Additionally, a high-pressure PXRD study to 66 GPa at 
ambient temperature was performed, which showed that pressure alone was not 
enough to induce the phase transition to the post-perovskite. Instead, during 
compression, a continuous phase transition to monoclinic symmetry was detected at 
36 GPa, stable up to 58 GPa where the perovskite transitioned back to orthorhombic 
symmetry. 
 
Chapter 7 presented a series of experiments performed during my three-month stay 
at ERSF. Using Sr2IrO4 and MO2 (M = Ru, Os, Pt, and Pb) as the starting sample 
mixture several high-pressure, high-temperature experiments were performed using 
the LVP at ID06, in the search for novel double perovskites Sr2IrMO6. Preliminary 
results from selected experiments were presented. In all experiments, the starting 
sample mixture was observed to react when heated at elevated pressure but no 
conclusions to whether novel double perovskites have been synthesized have been 
made yet. 
 
Chapter 8 presented high-pressure PXRD studies of three different polymorphs of 
SrGeO3. The compression studies showed that the pseudo-wollastonite polymorph 
becomes amorphous at 10 GPa. The compression of the walstromite structure showed 
that the structure has two distinct phase transitions at around 10-12 GPa and 35-
38 GPa. The data suggest that the structure then becomes amorphous although it 
retains a small degree of long-range order to the highest pressure studied (50 GPa). 
Finally, the perovskite polymorph was shown to be very incompressible and retained 
the perovskite structure to the highest pressure measured (45 GPa). 
 
The work presented in this thesis shows that high pressure is a useful tool in materials 
science by combining high pressure with high temperatures to aid the discovery of 
new materials.  
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During my time at Aarhus University, I have acquired a set of technical skills for 
performing experiments at extreme conditions. I have been on a countless number of 
beamtimes at highly specialized beamlines at synchrotron facilities around the world 
and perfected the art of preparing experiments using both Diamond Anvil Cells and 
Large Volume Presses. I have performed a large number of experiments and only a 
handful of them is presented in this thesis. When performing science under extreme 
conditions, stuff will break and experiments sometimes do not work as planned. 
However, this is part of a great learning process. Thus, it has been motivating, 
enlightening, and even at times frustrating pushing the limits of the experimental 
high-pressure science. To conclude, performing cutting edge science at extreme 
conditions can be a tedious and very challenging process where every step is a leap 
into unknown territory. However, this is also what makes it so interesting, and if you 
reach your goal and succeed, it is the greatest feeling imaginable. 
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CHAPTER 10 
Appendices 

 
 
 
The Appendices contain: 
 

A. Supporting information for publication I: Discovery of Rhombohedral 
NaIrO3 Polymorph by a New Method for In-situ High-Pressure Synthesis of 
High Oxidation State Materials Using Laser Heating in Diamond Anvil 
Cells.  
 

B. Supporting information for publication II: High-Pressure, Low-
Temperature Studies of Phase Transitions in SrRuO3 – Absence of 
Volume Collapse. 

 
C. Crystallographic information file (Cif) for post-perovskite SrRuO3 at 0 GPa 

calculated using DFT. 
 

D. Supporting information for Publication III: High-Pressure, High-
Temperature Studies of Phase Transitions in SrOsO3 – Discovery of a 
Novel Post-Perovskite. 

 
E. Supporting information for Publication IV: High Pressure Structure Studies 

of Three SrGeO3 Polymorphs – Amorphization under Pressure. 
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Content 
1. High-Pressure, laser heating experiment on NaOsO3 in a DAC using Ne 
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4. Qualitative analysis of heated sample NaOsO3 
5. 2D PXRD patterns of NaIrO3 
6. Qualitative analysis of heated sample NaIrO3 
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1. High-Pressure, laser heating experiment on NaOsO3 in a 
DAC using Ne PTM 
 
High-pressure PXRD data combined with single-sided laser heating at elevated 
pressures were measured on perovskite NaOsO3 in a Mao-Bell type DAC at APS, ID-
13-D (λ = 0.3344 Å, beam size ~ 5 × 3 µm2). The sample powder was ground 
thoroughly to obtain the smallest grain size possible and pressed to a thin disc with a 
thickness of approx. 10 µm between two diamonds. The sample was loaded in a 200 
µm culet size DAC, using the following procedure. A 250 µm thick rhenium gasket 
was pre-indented to a thickness of 40 µm and a hole of 100 µm was laser-drilled in 
the middle. A sample piece with approx. size of 20 × 30 µm2 was loaded on top of a 
thin sheet of NaCl insulating the sample from the diamond culet. A small piece of 
gold was loaded and used as the primary pressure reference during compression, 
while a ruby sphere was used during gas-loading. Neon was used as the PTM. The 
DAC was pressurized to 16.9 GPa and laser heating was performed using a 200-watt 
CO2 laser. PXRD data was measured continuously as the temperature on the sample 
was increased to 1300 K. The integrated PXRD patterns are shown in Figure S1. 
During heating, the laser-heating mirror is shadowing for the diffraction at low 
angles. The diffraction peaks from the perovskite phase NaOsO3 are shown with 
green triangles and the diffraction peaks of NaCl B1 are shown with red squares. 
During heating new diffraction peaks are growing, shown with blue circles, fitting 
with osmium metal (P63/mmc). 

 
Figure S1: PXRD patterns obtained during continuous laser heating to 1300 K of NaOsO3 at 16.9 GPa 
(λ = 0.3344 Å). Black lines are the integrated observed patterns. Green triangles indicate the diffraction 
peaks of perovskite NaOsO3 (Pnma), red squares indicate the diffraction peaks of NaCl-B1 (Fm-3m) 
and blue circles indicate the diffraction peaks of osmium metal (P63/mmc). 
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2. Perovskite NaOsO3 at ambient conditions 
 
PXRD was measured on perovskite NaOsO3 using a Rigaku SmartLab powder 
diffractometer using a monochromatic Cu Kα1 source (λ = 1.54056 Å) and refined 
using the Rietveld method in the program FullProf. The phase was refined in the 
orthorhombic space group Pnma that NaOsO3 adopts at 6 GPa and 1200 °C. The 
obtained unit cell parameters are; a = 5.3898(3) Å, b = 7.5894(4) Å, c = 5.3339(2) Å. 
 

 
Figure S2: PXRD measured on Rigku SmartLab (λ = 1.54056 Å) refined in the Pnma space group using 
the Rietveld method. Red patterns are observed data while black patterns are the fitted model. The blue 
ticks indicate the Bragg reflections for the Pnma space group. A small impurity is indicated with the 
arrow. 
 

Table S1: Atomic positions for perovskite NaOsO3 in Pnma reported by Shi et al. [1]. 

 
x y z 

Na1 0.0328(5) ¼ -0.0065(7) 
Os1 0 0 ½ 
O1 0.4834(10) ¼ 0.0808(8) 
O2 0.2881(5) 0.0394(4) 0.7112(5) 

 
[1] Shi, Y. G.; Guo, Y. F.; Yu, S.; Arai, M.; Belik, A. A.; Sato, A.; Yamaura, K.; Takayama-
Muromachi, E.; Tian, H. F.; Yang, H. X.; Li, J. Q.; Varga, T.; Mitchell, J. F.; Okamoto, S. 
Physical Review B 2009, 80, 161104. 
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3. 2D PXRD patterns of NaOsO3 

 
Figure S3: 2D PXRD pattern of perovskite NaOsO3 and NaCl measured at 9 GPa at room temperature 
(λ = 0.40663 Å). 

 
Figure S4: 2D PXRD pattern of post-perovskite NaOsO3 and NaCl measured at ambient pressure and 
temperature after the phase transition (λ = 0.40663 Å). 
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4. Qualitative analysis of heated sample NaOsO3 
 

 
Figure S5: Ambient pressure/temperature diffraction map of 28 x 28 µm2 measured around the heated 
sample spot as shown in the left of the figure. The map contains 25 measurements with 5 x 5 
measurements with a beam size of 3 x 5 µm2. Squares with a cross indicate that the measurement 
contains more than 94% NaCl from the integrated peak intensity and we therefore discard these 
measurements. The color gradient of the squares indicate the amount of perovskite that has transformed 
to the post-perovskite obtained qualitative from the integrated peak intensity (the darker the color the 
more post-perovskite). 
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5. 2D PXRD patterns of NaIrO3 

 
Figure S6: 2D PXRD pattern of Ir, Na2O2, NaCl and NaClO3 measured at 6.5 GPa at room temperature 
(λ = 0.40663 Å). 

 
Figure S7: 2D PXRD pattern of post-perovskite NaIrO3 measured at ambient pressure and temperature 
after the synthesis (λ = 0.40663 Å). 
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6. Qualitative analysis of heated sample NaIrO3 

 
Figure S8: Ambient pressure/temperature diffraction map of 28 x 28 µm2 measured around the heated 
sample spots as shown in the left of the figure. The map contains 25 measurements with 5 x 5 
measurements with a beam size of 3 x 5 µm2. Squares with a cross indicate that the measurement 
contains more than 94% NaCl from the integrated peak intensity and we therefore discard these 
measurements. The color gradient of the squares indicate the amount of precursor that has reacted to the 
post-perovskite obtained qualitative from the integrated peak intensity (the darker the color the more 
post-perovskite). 
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10.2    Appendix B 
 

Supporting information for 

High-Pressure, Low-Temperature Studies of 
Phase Transitions in SrRuO3 – Absence of 

Volume Collapse 
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iNANO, Aarhus University, Langelandsgade 140, 8000 Aarhus C, Denmark. b 
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Milano. c Consiglio Nazionale delle Ricerche - Istituto di Scienze e Tecnologie 

Molecolari, via Golgi 19, 20133 Milano, Italy. 
 

*Corresponding author: bremholm@chem.au.dk 

Content 

1. SrRuO3 at ambient conditions 
2. PXRD from ambient temperature experiment to 24 GPa (A1) 
3. Refined unit cell parameters for SrRuO3 obtained from the first 

experiment up to 24 GPa (A1) 
4. Refined unit cell parameters for SrRuO3 obtained from the second 

experiment up to 88 GPa (A2) 
5. Equation of state for SrRuO3 obtained from the first experiment up to 

24 GPa (A1) 
6. Equation of state for SrRuO3 obtained from the second experiment up 

to 88 GPa (A2) 
7. Ф calculated from unit cell parameters from the first experiment up to 

24 GPa (A1) 
8. Refined unit cell parameters for SrRuO3 obtained from the 3rd 

experiment (LT3) from 5 - 65 GPa at 6 K. 
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9. Equation of state for SrRuO3 obtained from the 3rd experiment (LT3) 
in the pressure range 5 - 65 GPa at 6 K. 

10. Refined unit cell parameters for SrRuO3 obtained from the 1st 
experiment (LT1) at ~10 GPa and a temperature range from 300 - 6 K. 

11. PXRD patterns for SrRuO3 obtained from the 1st experiment (LT1) at 
~10 GPa and a temperature range from 300 - 6 K. 

12. Refined unit cell parameters for SrRuO3 obtained from the 2nd 
experiment (LT2) at ~40 GPa and a temperature range from 300 - 6 K. 

13. PXRD patterns for SrRuO3 obtained from the 2nd experiment (LT2) at 
~40 GPa and a temperature range from 300 - 6 K. 

14. Refined unit cell parameters for SrRuO3 obtained from the 4th 
experiment (LT4) in the pressure range 22 - 57 GPa and temperature 
range from 300 - 15 K. 

15. PXRD patterns for SrRuO3 obtained from the 4th experiment (LT4) in 
the pressure range 22 - 57 GPa and temperature range from 300 - 15 
K. 

16. Density Functional Theory (DFT) calculations 
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1 SrRuO3 at ambient conditions 
 
PXRD was measured on SrRuO3 using a Rigaku SmartLab powder diffractometer 
using a monochromatic Cu Kα1 source (λ = 1.54056 Å) and refined using the Rietveld 
method in the program FullProf. The phase was refined in the orthorhombic space 
group Pbnm that SrRuO3 adopts at ambient pressures. The obtained unit cell 
parameters are; a = 5.56828(4) Å, b = 5.53331(4) Å, c = 7.84668(6) Å and the 
obtained atomic positions are listed in Table S1. The Ru-O-Ru angles calculated from 
the refined atomic positions are β1 = 161.708(22)° for the Ru-O(1)-Ru angle (in the 
ab-plane) and β2 = 162.177(0)° for the Ru-O(2)-Ru angle (along the c-axis).  
 

 
Figure S1: PXRD measured on Rigku smartlab (λ = 1.54056 Å) refined in the Pbnm space group using 
the Rietveld method. Red patterns are observed data while black patterns are the fitted model. The blue 
ticks indicate the Bragg reflections for the Pbnm space group. 

 

Table S1: Atomic positions for SrRuO3 obtained from Rietveld refinement in Pbnm.  
x y z 

Sr1 -0.0013 0.0161 0.25 
Ru1 0.5 0 0 
O1 0.72036 0.27497 0.02968 
O2 0.04855 0.5023 0.25 
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Prior to the high pressure experiments PXRD was measured on SrRuO3 at ambient 
conditions at the Advanced Photon Source (APS) using a wavelength of λ = 0.3344 
Å and refined using the Rietveld method in the program FullProf (Figure S2). The 
obtained unit cell parameters are; a = 5.5644(4) Å, b = 5.5418(5) Å, c = 7.852(1) Å 
and the obtained atomic positions are listed in Table S2. 
 

 
Figure S2: PXRD measured at APS (λ = 0.3344 Å) refined in the Pbnm space group using the Rietveld 
method. Red patterns are observed data while black patterns are the fitted model. The blue ticks indicate 
the Bragg reflections for the Pbnm space group. 
 

 

Table S2: Atomic positions for SrRuO3 obtained from Rietveld refinement in Pbnm.  
x y z 

Sr1 -0.02218 0.03493 0.25 
Ru1 0.5 0 0 
O1 0.71726 0.2252 0.02036 
O2 0.04628 0.50167 0.25 
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2 PXRD from ambient temperature experiment to 24 GPa (A1) 
 
A selection of refined PXRD patterns at pressures from 0.4 GPa to 24 GPa, performed 
at ambient temperature at APS (λ = 0.3344 Å).  
 

 
Figure S3: Selected refined PXRD patterns for the SrRuO3 structure, measured at room temperature in 
the pressure range 0.3 - 24 GPa. Red patterns are observe data while black patterns are the fitted model. 
The blue ticks indicate the Bragg reflections for the Pbnm space group. Dashed lines serve as a guide to 
the eye highlighting the peak shift. 
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3 Refined unit cell parameters for SrRuO3 obtained from the first experiment 
up to 24 GPa (A1) 
 
Table S3: Refined unit cell parameters for SrRuO3 obtained through Rietveld refinement in the 
orthorhombic space group Pbnm of the PXRD data obtained in the pressure range 0.3 – 24 GPa.  
 

P (GPa) σ(P) a σ(a) b σ(b) c σ(c) V σ(V) 

0.36 0.5 5.56726 3.80E-04 5.52914 4.25E-04 7.84072 6.16E-04 241.354 0.031 
1.7476 0.05769 5.55947 4.02E-04 5.51773 4.40E-04 7.82929 6.51E-04 240.1684 0.033 
2.3334 0.05743 5.55193 4.11E-04 5.51159 4.49E-04 7.82034 6.77E-04 239.3022 0.034 
2.6647 0.07082 5.55106 3.99E-04 5.50876 4.39E-04 7.81518 6.55E-04 238.9839 0.033 
3.1954 0.0634 5.54803 3.92E-04 5.50205 4.26E-04 7.80798 6.31E-04 238.343 0.032 
3.679 0.06243 5.54448 3.71E-04 5.49688 4.04E-04 7.80142 5.93E-04 237.7666 0.03 

4.1828 0.06442 5.54175 3.68E-04 5.49205 4.03E-04 7.79023 5.83E-04 237.0997 0.029 
4.8074 0.07679 5.53293 3.59E-04 5.48456 3.89E-04 7.7848 5.78E-04 236.235 0.029 
5.343 0.0616 5.52875 4.01E-04 5.47736 4.20E-04 7.7773 6.06E-04 235.5196 0.031 

5.8858 0.06103 5.52477 3.99E-04 5.47169 4.18E-04 7.7702 6.03E-04 234.8919 0.031 
6.3611 0.0677 5.51875 3.91E-04 5.46486 4.06E-04 7.76069 5.88E-04 234.0562 0.03 
6.9188 0.06664 5.5142 4.10E-04 5.46237 4.26E-04 7.75589 6.20E-04 233.6123 0.031 
7.578 0.06898 5.50918 4.14E-04 5.45529 4.30E-04 7.7475 6.27E-04 232.8447 0.032 
8.396 0.06943 5.50318 4.21E-04 5.44712 4.38E-04 7.73839 6.41E-04 231.9697 0.032 
9.27 0.07222 5.49659 4.34E-04 5.43803 4.53E-04 7.72793 6.65E-04 230.9925 0.033 

10.2598 0.07529 5.49051 4.45E-04 5.42924 4.63E-04 7.71767 6.87E-04 230.0584 0.034 
10.7325 0.07621 5.48637 4.58E-04 5.42386 4.79E-04 7.71099 7.09E-04 229.4583 0.035 
11.1791 0.07828 5.48337 4.58E-04 5.41983 4.79E-04 7.706 7.08E-04 229.0141 0.035 
11.6065 0.07913 5.48046 4.62E-04 5.41575 4.83E-04 7.70117 7.15E-04 228.5768 0.035 
12.0559 0.07756 5.47781 4.64E-04 5.41226 4.85E-04 7.69651 7.19E-04 228.1808 0.035 
12.5679 0.0773 5.47462 4.68E-04 5.40792 4.88E-04 7.69161 7.27E-04 227.7199 0.036 
12.9687 0.07681 5.47176 4.69E-04 5.40442 4.90E-04 7.68687 7.29E-04 227.3138 0.036 
13.5092 0.07782 5.46837 4.74E-04 5.39908 4.95E-04 7.68122 7.41E-04 226.7817 0.036 
13.8935 0.07853 5.46546 4.79E-04 5.39517 5.01E-04 7.67676 7.51E-04 226.3653 0.036 
14.2996 0.078 5.46297 4.77E-04 5.39167 4.97E-04 7.67247 7.48E-04 225.989 0.036 
14.6601 0.07931 5.45978 4.70E-04 5.38626 4.92E-04 7.66698 7.49E-04 225.4688 0.036 
15.1224 0.07952 5.45632 4.82E-04 5.38156 5.02E-04 7.66087 7.64E-04 224.9504 0.037 
15.8648 0.08222 5.45281 4.86E-04 5.376 5.07E-04 7.65544 7.79E-04 224.4139 0.037 
16.8182 0.09149 5.44874 5.03E-04 5.37032 5.23E-04 7.64834 8.01E-04 223.802 0.038 
17.7567 0.11082 5.44489 5.09E-04 5.36457 5.28E-04 7.64165 8.15E-04 223.2088 0.039 
18.389 0.12931 5.44091 5.15E-04 5.35876 5.33E-04 7.63485 8.25E-04 222.606 0.039 

19.1023 0.14276 5.43502 5.27E-04 5.34985 5.43E-04 7.62362 8.49E-04 221.6687 0.04 
19.6199 0.11528 5.43027 5.41E-04 5.3423 5.59E-04 7.61542 8.74E-04 220.924 0.041 
20.9414 0.11846 5.4228 5.68E-04 5.33106 5.89E-04 7.60251 9.22E-04 219.7832 0.043 
21.3839 0.11802 5.42005 5.74E-04 5.32643 5.93E-04 7.59681 9.33E-04 219.3163 0.043 
22.1378 0.12285 5.41594 5.98E-04 5.31978 6.19E-04 7.58918 9.70E-04 218.6563 0.045 
23.1701 0.12537 5.41164 6.05E-04 5.31264 6.28E-04 7.58041 9.89E-04 217.9375 0.045 
23.9826 0.13049 5.407 6.29E-04 5.30464 6.53E-04 7.57136 0.00103 217.163 0.047 
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4 Refined unit cell parameters for SrRuO3 obtained from the second experiment 
up to 88 GPa (A2) 
 
Table S4: Refined unit cell parameters for SrRuO3 obtained through Rietveld refinement of the PXRD 
data obtained in the pressure range 1 - 88 GPa.  
 

P (GPa) σ(P) a σ(a) b σ(b) c σ(c) β σ(β) V σ(V) Sym. 

1.241 0.06029 5.5767 6.37E-04 5.50847 6.77E-04 7.83332 9.64E-04 90 - 240.633 0.05 Pbnm 

4.013 0.08581 5.55161 6.14E-04 5.47998 6.53E-04 7.79497 9.18E-04 90 - 237.144 0.048 Pbnm 

9.82 0.10353 5.50311 4.64E-04 5.41963 4.89E-04 7.71648 6.26E-04 90 - 230.143 0.034 Pbnm 

16.1237 0.13394 5.46511 5.41E-04 5.37453 5.84E-04 7.66591 7.36E-04 90 - 225.166 0.04 Pbnm 

22.7387 0.1875 5.44227 2.34E-04 5.34513 7.77E-04 7.61839 0.00111 90 - 221.616 0.047 Pbnm 

27.7696 0.21398 5.43764 2.10E-04 5.25723 0.0017 7.61308 6.23E-04 90.7828 0.00889 217.614 0.073 P21/n 

32.7025 0.23421 5.42843 2.53E-04 5.18674 0.00133 7.61593 8.39E-04 91.04009 0.00968 214.398 0.061 P21/n 

34.7728 0.15417 5.42184 3.09E-04 5.12627 0.00109 7.60375 8.89E-04 91.3534 0.01058 211.278 0.053 P21/n 

39.1444 0.18891 5.41641 6.01E-04 5.10156 8.38E-04 7.6014 0.00111 91.80042 0.01239 209.939 0.052 P21/n 

42.6493 0.18254 5.40022 0.00142 5.08773 9.34E-04 7.5976 0.00134 92.10924 0.01519 208.602 0.076 P21/n 

46.7 1 5.35578 0.00139 5.06526 9.40E-04 7.56374 0.00123 92.13508 0.01123 205.05 0.073 P21/n 

49.68 1 5.3335 0.00149 5.05336 9.23E-04 7.56363 0.00133 92.22321 0.01648 203.702 0.077 P21/n 

50.2662 0.95811 5.27895 8.94E-04 5.06358 7.53E-04 7.56285 9.13E-04 92.68601 0.01326 201.936 0.052 P21/n 

55.0882 0.31683 5.26503 8.30E-04 5.05618 8.76E-04 7.54887 8.76E-04 92.74013 0.01183 200.729 0.052 P21/n 

57.5376 0.33362 5.26478 6.35E-04 5.04037 8.51E-04 7.5286 9.18E-04 92.88872 0.01387 199.528 0.048 P21/n 

64.1042 0.37259 5.24999 5.42E-04 5.01644 8.50E-04 7.51899 8.59E-04 92.71325 0.01222 197.8 0.045 P21/n 

67.5915 0.39224 5.23588 5.13E-04 5.0003 8.69E-04 7.5081 8.56E-04 92.77103 0.01209 196.339 0.045 P21/n 

79.76 0.27159 5.2231 5.03E-04 4.98434 0.00104 7.47517 0.00101 92.99216 0.0146 194.341 0.052 P21/n 

81.9799 0.37864 5.22186 4.30E-04 4.96756 0.001 7.46543 0.00105 93.1126 0.01555 193.367 0.05 P21/n 

83.3424 0.34411 5.2179 4.41E-04 4.96204 9.54E-04 7.45706 0.00105 93.04336 0.01578 192.802 0.049 P21/n 

87.8258 0.40947 5.21252 4.68E-04 4.95947 0.00115 7.42814 0.00113 93.37163 0.0206 191.695 0.056 P21/n 
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5 Equation of state for SrRuO3 obtained from the first experiment up to 24 GPa 
(A1)  
 
The PXRD data from the first experiment up to 24 GPa at room temperature are 
investigated by fitting of EoSs. The Birch-Murnaghan EoS was chosen, as it is the 
most commonly used in materials science and since the maximum compression in 
this experiment is V/V0 = 0.89, the finite strain EoS should be a good description. 
Table S5 lists the fitted values of the zero pressure volume V0, the bulk modulus K0 
and its derivatives K0’ and K0’’obtained from fits of 2nd, 3rd and 4th order Birch-
Murnaghan EoSs.  
 
Table S5: Values of the zero pressure volume, bulk modules and its first and second derivatives obtained 
from 2nd, 3rd and 4th order Birch-Murnaghan EoS fits of the volume data from the first experiment up to 
24 GPa. The volume obtained from Rietveld refinement of the PXRD data measured at ambient 
conditions is included for reference. 
 

EoS V0 (Å3) K0 (GPa) K0’ K0’’ (GPa-1) 
BM2 242.34(7) 177.4(10) 4.00000 -0.02192 
BM3 242.29(11) 179(4) 3.8(4) -0.02192 
BM4 242.36(17) 174(10) 5(2) -0.2(3) 

PXRD 242.147 - - - 
 
The fitted EoSs are shown in Figure S4a. It is seen that the three EoS all seem to fit 
the data equally well, so the best fit must be determined by looking at the values listed 
above together with an F-f plot (Figure S4b). All fits yield values for V0 that lie very 
close to that obtained from the Rietveld refinement. In the BM2 EoS K0’ is fixed to a 
value of 4, but the BM3 EoS allows refinement of this derivative. However, it is seen 
that the refined value is still close to 4, suggesting that going to the 3rd order EoS does 
not improve the fit. It is also seen that the uncertainty in the bulk modulus is larger 
for the BM3 fit than the BM2 fit. Looking at the BM4 fit, the uncertainties are even 
larger, so the quality of the data is not good enough for a 4th order EoS.  
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Figure S4: (a) EoS fits of the unit cell volume obtained by refinement of the PXRD data from the first 
experiment up to 24 GPa at ambient temperature. BM2, BM3 and represents the 2nd-, 3rd-, and 4th-order 
truncation of the Birch-Murnaghan EoS respectively. (b) F-f plot of the P-V data from the first 
experiment up to 24 GPa at ambient temperature, based on the Birch-Murnaghan EoS. 
 
It is seen that the data in the F-f plot lies approximately on a straight line, which 
means that the data can be fitted with the 2nd order truncation of the Birch-Murnaghan 
EoS. Combining this with the information discussed above, it is therefore likely that 
the 2nd order Birch-Murnaghan EoS is sufficient to describe these data.  
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6 Equation of state for SrRuO3 obtained from the second experiment up to 88 
GPa (A2) 
 
The PXRD data from the second experiment up to 88 GPa at room temperature are 
investigated by fitting of the Birch-Murnaghan EoS. Table S6 lists the fitted values 
of the zero pressure volume V0, the bulk modulus K0 and its derivatives K0’ and 
K0’’obtained from fits of 2nd, 3rd and 4th order Birch-Murnaghan EoSs.  
 
Table S6: Values of the zero pressure volume, bulk modules and its first and second derivatives obtained 
from 2nd, 3rd and 4th order Birch-Murnaghan EoS fits of the volume data from the second experiment up 
to 88 GPa. The volume obtained from Rietveld refinement of the PXRD data measured at ambient 
conditions is included for reference. 
 

EoS V0 (Å3) K0 (GPa) K0’ K0’’ (GPa-1) 
BM2 240.8(6) 225(6) 4.00000 -0.01732 
BM3 242.5(7) 168(14) 6.7(8) -0.08465 
BM4 241.7(6) 213(28) 2(2) 0.15(3) 

PXRD 242.147 - - - 
 
The fitted EoSs are shown in Figure S5a. It is seen that the three BM3 EoS fit the 
data best, which is also confirmed by looking at the values listed above together with 
the F-f plot (Figure S5b). It is seen that the data in the F-f plot has a positive slope, 
which means that the data can be fitted with the 3rd order truncation of the Birch-
Murnaghan EoS.  
 

 
Figure S5: (a) EoS fits of the unit cell volume obtained by refinement of the PXRD data from the second 
experiment up to 88 GPa at ambient temperature. BM2, BM3 and represents the 2nd-, 3rd-, and 4th-order 
truncation of the Birch-Murnaghan EoS respectively. (b) F-f plot of the P-V data from the second 
experiment up to 88 GPa at ambient temperature, based on the Birch-Murnaghan EoS. 
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7 Ф calculated from unit cell parameters from the first experiment up to 24 GPa 
(A1) 
 

Table S7: Calculated using: 𝜱𝜱 = 𝐜𝐜𝐜𝐜𝐜𝐜−𝟏𝟏 �√𝟐𝟐·𝒃𝒃𝟐𝟐

𝒂𝒂·𝒄𝒄
�, in the Pbnm space group. 

 
P (GPa) Ф 

0.36 7.92466 
1.7476 8.43203 
2.3334 8.3249 
2.6647 8.40683 
3.1954 8.77587 
3.679 8.92139 

4.1828 8.86011 
4.8074 9.02035 
5.343 9.34088 

5.8858 9.49253 
6.3611 9.55589 
6.9188 9.37262 
7.578 9.57845 
8.396 9.82359 
9.27 10.08235 

10.2598 10.3359 
10.7325 10.44989 
11.1791 10.53942 
11.6065 10.64696 
12.0559 10.70793 
12.5679 10.82358 
12.9687 10.87036 
13.5092 11.05458 
13.8935 11.15268 
14.2996 11.234 
14.6601 11.43646 
15.1224 11.52576 
15.8648 11.72524 
16.8182 11.84576 
17.7567 11.99756 
18.389 12.14346 

19.1023 12.3472 
19.6199 12.57416 
20.9414 12.86343 
21.3839 12.98309 
22.1378 13.16462 
23.1701 13.34306 
23.9826 13.57381 
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8 Refined unit cell parameters for SrRuO3 obtained from the 3rd experiment 
(LT3) from 5 - 65 GPa at 6 K.  
 
Table S8: Refined unit cell parameters for SrRuO3 obtained through Rietveld refinement of the PXRD 
data obtained in the pressure range 5 - 65 GPa at a constant temperature of 6 K. 
 

P (GPa) σ(P) a σ(a) b σ(b) c σ(c) β σ(β) V σ(V) Sym. 

5.2368 0.01752 5.52614 0.00201 5.46955 0.00213 7.77619 0.00299 235.039 0.154 90 - Pbnm 

10.4737 0.02492 5.47954 0.00317 5.40718 0.0034 7.70559 0.0046 228.308 0.238 90 - Pbnm 

11.6538 0.02693 5.47548 0.00322 5.38808 0.00343 7.69049 0.00417 226.887 0.232 90 - Pbnm 

12.9101 0.02224 5.45884 0.00403 5.37623 0.00423 7.67252 0.00542 225.173 0.29 90 - Pbnm 

15.4271 0.0325 5.44364 0.00424 5.35047 0.00418 7.64663 0.00547 222.716 0.293 90 - Pbnm 

17.3696 0.03179 5.43165 0.00528 5.32711 0.00561 7.61557 0.00719 220.356 0.378 90 - Pbnm 

19.2278 0.03357 5.42541 0.00589 5.30947 0.00632 7.5946 0.00802 218.77 0.422 90 - Pbnm 

21.8907 0.03763 5.41408 0.00607 5.28395 0.00653 7.55028 0.00831 215.996 0.432 90 - Pbnm 

24.5615 0.03798 5.40515 0.00634 5.26059 0.00671 7.507 0.00829 213.456 0.439 90 - Pbnm 

28.5674 0.04553 5.38855 0.00614 5.22946 0.00729 7.4506 0.00821 209.944 0.443 90.50465 0.21826 P21/n 

31.4025 0.05069 5.37126 0.00605 5.20486 0.00718 7.41473 0.00809 207.274 0.433 90.73161 0.14519 P21/n 

34.6144 0.12421 5.3583 0.00574 5.18152 0.00675 7.37376 0.00764 204.708 0.405 90.76025 0.14898 P21/n 

36.7445 0.05421 5.34906 0.00499 5.15652 0.00556 7.35236 0.00607 202.787 0.334 90.54583 0.18006 P21/n 

42.4762 0.06893 5.32945 0.00559 5.12433 0.00605 7.33104 0.00677 200.186 0.366 90.88007 0.11058 P21/n 

45.0994 0.0972 5.32313 0.0053 5.10986 0.00564 7.3115 0.00634 198.847 0.342 90.97568 0.09373 P21/n 

50.7748 0.08652 5.29394 0.00574 5.07427 0.00606 7.2708 0.00685 195.281 0.365 91.0584 0.09169 P21/n 

54.0975 0.08664 5.27993 0.00589 5.0544 0.00625 7.24563 0.00693 193.335 0.371 90.98038 0.10723 P21/n 

55.1904 0.08872 5.27227 0.00588 5.03745 0.00615 7.22487 0.00673 191.857 0.364 90.96112 0.11184 P21/n 

65.2704 0.11504 5.22429 0.0056 4.97931 0.00598 7.14408 0.00628 185.823 0.341 90.82064 0.14116 P21/n 

65.3418 0.10626 5.21823 0.00556 4.97059 0.00597 7.13674 0.00621 185.093 0.338 90.78135 0.14899 P21/n 
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9 Equation of state for SrRuO3 obtained from the 3rd experiment (LT3) in the 
pressure range 5 - 65 GPa at 6 K. 
 
The PXRD data from the 3rd experiment up to 65 GPa at 6 K are investigated by 
fitting of the Birch-Murnaghan EoS. Table S9 lists the fitted values of the zero 
pressure volume V0, the bulk modulus K0 and its derivatives K0’ and K0’’obtained 
from fits of 2nd, 3rd and 4th order Birch-Murnaghan EoSs.  
 
Table S9: Values of the zero pressure volume, bulk modules and its first and second derivatives obtained 
from 2nd, 3rd and 4th order Birch-Murnaghan EoS fits of the volume data from the 3rd experiment up to 
65 GPa at 6 K. The volume obtained from Rietveld refinement of the PXRD data measured at ambient 
conditions is included for reference. 
 

EoS V0 (Å3) K0 (GPa) K0’ K0’’ (GPa-1) 
BM2 243.3(3) 144.1(17) 4.00000 -0.02699 
BM3 242.6(5) 154(6) 3.6(2) -0.02370 
BM4 243.9(10) 127(16) 6.7(20) -0.3(2) 

PXRD 242.147 - - - 
 
The fitted EoSs are shown in Figure S6a. It is seen that the three BM3 EoS fit the 
data best, which is confirmed by looking at the values listed above together with the 
F-f plot (Figure S6b). It is seen that the data in the F-f plot lies on a declining line, 
which means that the data can be fitted with the 3rd order truncation of the Birch-
Murnaghan EoS.  
 

 
Figure S6: (a) EoS fits of the unit cell volume obtained by refinement of the PXRD data from the 3rd 
experiment up to 65 GPa at 6 K. BM2, BM3 and represents the 2nd-, 3rd-, and 4th-order truncation of the 
Birch-Murnaghan EoS respectively. (b) F-f plot of the P-V data from the 3rd experiment up to 65 GPa at 
6 K, based on the Birch-Murnaghan EoS. 
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10 Refined unit cell parameters for SrRuO3 obtained from the 1st experiment 
(LT1) at ~10 GPa and a temperature range from 300 - 6 K. 
 
Table S10: Unit cell parameters obtained from Rietveld refinements of PXRD measurements from the 
1st experiment (LT1) at a fixed pressure of ~10 GPa varying the temperature from 300 to 6 K of SrRuO3 

in the Pbnm space group. 
 

P (GPa) T (K) a (Å) b (Å) c (Å) V (Å3) 
7.47(2) 300 5.512(2) 5.4612(19) 7.758(3) 233.55(14) 
7.70(2) 281 5.513(2) 5.455(2) 7.755(3) 233.24(16) 

7.777(18) 271 5.511(2) 5.454(2) 7.754(3) 233.07(16) 
7.872(18) 261 5.508(2) 5.455(2) 7.751(3) 232.90(15) 
8.025(19) 251 5.509(2) 5.454(2) 7.751(3) 232.89(15) 
8.079(18) 241 5.508(2) 5.451(2) 7.748(3) 232.61(15) 
8.202(18) 231 5.506(2) 5.450(2) 7.746(3) 232.43(14) 
8.353(18) 221 5.504(2) 5.448(2) 7.743(3) 232.22(15) 

9.1(1) 208 5.499(2) 5.447(2) 7.741(3) 231.84(16) 
10.09(2) 176 5.491(2) 5.429(2) 7.722(3) 230.20(15) 
10.51(7) 165 5.485(2) 5.423(2) 7.716(3) 229.49(16) 
11.03(2) 157 5.488(2) 5.421(2) 7.705(3) 229.21(17) 
11.96(2) 147 5.480(2) 5.408(2) 7.695(3) 228.09(17) 
13.17(3) 136 5.472(3) 5.389(3) 7.684(3) 226.57(19) 
14.56(3) 125 5.469(3) 5.371(3) 7.669(4) 225.3(2) 
16.07(3) 115 5.463(3) 5.352(4) 7.661(4) 224.0(2) 
11.38(2) 106 5.496(5) 5.417(5) 7.713(6) 229.7(3) 
11.21(3) 106 5.494(4) 5.417(4) 7.715(5) 229.6(3) 
11.22(3) 88 5.500(4) 5.406(4) 7.713(5) 229.3(3) 
11.10(2) 77 5.482(3) 5.412(3) 7.709(5) 228.7(2) 
11.72(2) 68 5.482(3) 5.412(3) 7.708(4) 228.7(2) 
11.66(2) 60 5.486(3) 5.411(3) 7.711(4) 228.9(2) 
11.63(2) 48 5.484(3) 5.412(3) 7.707(4) 228.7(2) 
11.70(2) 42 5.484(3) 5.412(3) 7.708(4) 228.7(2) 
11.72(2) 28 5.480(2) 5.415(3) 7.700(3) 228.49(18) 
11.67(2) 16 5.481(2) 5.414(2) 7.701(3) 228.52(17) 

11.22(13) 9 5.482(3) 5.412(3) 7.705(4) 228.6(2) 
11.76(2) 7 5.482(3) 5.411(3) 7.709(4) 228.7(2) 

4.4(3) 186 5.534(2) 5.494(2) 7.795(4) 237.01(19) 
6.17(2) 194 5.521(2) 5.478(2) 7.771(4) 235.05(18) 
9.39(3) 202 5.497(2) 5.451(2) 7.737(3) 231.83(15) 
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11 PXRD patterns for SrRuO3 obtained from the 1st experiment (LT1) at ~10 
GPa and a temperature range from 300 - 6 K. 

 
Figure S7: PXRD patterns for the SrRuO3 structure measured at 16-ID-B (λ = 0.40663 Å), measured at 
~10 GPa in the temperature range 300 - 6 K.  
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12 Refined unit cell parameters for SrRuO3 obtained from the 2nd experiment 
(LT2) at ~40 GPa and a temperature range from 300 - 6 K. 
 
Table S11: Unit cell parameters obtained from Rietveld refinements of PXRD measurements from the 
2nd  experiment (LT2) at a fixed pressure of ~40 GPa varying the temperature from 300 to 6 K of SrRuO3 

in the P21/n space group. 
 

P (GPa) T (K) a (Å) b (Å) c (Å) V (Å3) 𝜷𝜷 (°) 

37.8(5) 287 5.354(5) 5.179(6) 7.417(6) 205.6(4) 90.73(9) 
39(2) 278 5.345(6) 5.165(7) 7.387(8) 203.9(4) 90.67(10) 

42.91(6) 264 5.341(7) 5.168(8) 7.402(9) 204.3(5) 90.90(7) 
45.54(7) 250 5.350(7) 5.179(8) 7.396(9) 204.9(5) 91.150(7) 

44.58(12) 235 5.349(7) 5.176(9) 7.415(9) 205.2(5) 91.10(7) 
43.00(7) 221 5.343(7) 5.175(8) 7.470(10) 206.5(5) 91.00(8) 
42.59(7) 215 5.337(10) 5.172(9) 7.470(11) 206.1(6) 91.11(8) 

43.07(11) 201 5.342(9) 5.170(9) 7.445(10) 205.6(6) 91.29(8) 
43.12(7) 186 5.349(9) 5.176(10) 7.402(11) 204.9(6) 91.20(9) 
43.59(7) 171 5.341(9) 5.171(10) 7.443(10) 205.5(6) 91.17(9) 
43.70(8) 161 5.344(19) 5.168(10) 7.439(11) 205.4(6) 91.02(10) 

43.65(7) 152 5.346(7) 5.174(9) 7.399(9) 204.6(5) 91.17(9) 
43.64(7) 141 5.342(10) 5.175(10) 7.441(11) 205.7(6) 90.94(11) 
43.76(7) 131 5.345(8) 5.170(9) 7.433(9) 205.4(5) 90.91(10) 
43.40(7) 121 5.350(9) 5.174(10) 7.424(10) 205.4(6) 91.03(10) 
43.18(7) 110 5.350(10) 5.181(11) 7.428(12) 205.8(7) 91.09(8) 
43.15(7) 101 5.348(9) 5.171(10) 7.427(10) 205.3(6) 91.07(9) 
43.43(7) 90 5.341(10) 5.170(10) 7.463(11) 206.1(7) 91.06(11) 
43.28(7) 80 5.350(7) 5.175(8) 7.409(9) 205.1(5) 91.08(9) 
43.36(7) 69 5.352(8) 5.175(10) 7.408(10) 205.1(6) 91.11(10) 
43.34(7) 60 5.345(9) 5.166(10) 7.440(10) 205.4(6) 90.89(9) 
43.18(7) 49 5.342(9) 5.168(10) 7.405(10) 204.4(6) 91.00(10) 
43.38(7) 40 5.350(10) 5.181(11) 7.428(12) 205.9(7) 91.10(9) 

43.63(7) 30 5.346(9) 5.170(11) 7.411(10) 204.8(6) 90.91(11 
43.26(7) 20 5.336(11) 5.168(10) 7.474(12) 206.1(7) 90.99(11) 
43.82(8) 9 5.354(5) 5.179(6) 7.417(6) 205.6(4) 91.02(9) 
43.40(7) 6 5.345(6) 5.165(7) 7.387(8) 203.9(4) 91.17(11) 
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13 PXRD patterns for SrRuO3 obtained from the 2nd experiment (LT2) at ~40 
GPa and a temperature range from 300 - 6 K. 
 

 
Figure S8: PXRD patterns for the SrRuO3 structure measured at 16-ID-B (λ = 0.40663 Å), measured at 
~40 GPa in the temperature range 300 - 6 K.  
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14 Refined unit cell parameters for SrRuO3 obtained from the 4th experiment 
(LT4) in the pressure range 22 - 57 GPa and temperature range from 300 - 15 
K. 
 
Table S12: Unit cell parameters obtained from Rietveld refinements of PXRD measurements from the 
4th  experiment (LT4) in the pressure range 22 - 57 GPa and temperature range from 300 - 15 K. 
 

P (GPa) T (K) a (Å) b (Å) c (Å) V (Å3) 𝜷𝜷 (°) Sym. 
22.11(3) 295 5.432(2) 5.306(2) 7.599(2) 219.00(13) 90 Pbnm 
22.53(3) 286 5.433(2) 5.299(2) 7.596(3) 218.70(16) 90 Pbnm 
23.61(3) 275 5.423(2) 5.293(2) 7.582(3) 217.61(15) 90 Pbnm 
25.09(3) 266 5.416(2) 5.281(2) 7.563(3) 216.32(15) 90 Pbnm 
26.83(3) 256 5.409(3) 5.267(3) 7.538(3) 214.76(19) 90 Pbnm 
28.80(4) 237 5.398(2) 5.268(2) 7.540(3) 214.43(15) 90 Pbnm 
31.68(4) 219 5.387(3) 5.242(3) 7.520(3) 212.33(18) 90 Pbnm 
34.75(5) 204 5.374(4) 5.230(4) 7.509(4) 211.0(2) 90 Pbnm 
38.16(5) 185 5.213(7) 5.186(7) 7.633(3) 206.3(4) 90 Pbnm 
42.74(6) 163 5.3010(17) 5.1825(18) 7.584(2) 208.29(12) 91.46(2) P21/n 
44.68(6) 154 5.2973(17) 5.1715(18) 7.577(2) 207.49(12) 91.49(2) P21/n 
47.37(7) 144 5.2901(18) 5.149(2) 7.565(3) 205.99(13) 91.63(2) P21/n 
48.70(7) 134 5.2879(19) 5.139(2) 7.563(3) 205.41(13) 91.65(2) P21/n 
49.79(8) 124 5.2855(18) 5.1348(19) 7.558(2) 205.03(12) 91.65(2) P21/n 
51.60(7) 114 5.280(2) 5.119(2) 7.550(3) 203.95(14) 91.77(3) P21/n 
53.52(8) 104 5.273(2) 5.110(2) 7.540(3) 203.04(14) 91.81(3) P21/n 
54.30(8) 94 5.2718(19) 5.109(2) 7.535(3) 202.86(13) 91.74(2) P21/n 
55.31(8) 84 5.268(2) 5.098(2) 7.533(3) 202.17(14) 91.90(2) P21/n 
55.90(8) 74 5.262(2) 5.090(2) 7.525(3) 201.41(14) 92.01(3) P21/n 
56.33(8) 64 5.264(2) 5.093(2) 7.529(3) 201.75(14) 91.89(3) P21/n 
56.39(9) 54 5.266(2) 5.086(2) 7.532(3) 201.61(15) 91.99(3) P21/n 
56.50(8) 44 5.264(2) 5.090(2) 7.531(3) 201.67(15) 91.958(3) P21/n 
56.55(8) 34 5.262(2) 5.084(2) 7.526(3) 201.22(15) 92.01(3) P21/n 
56.73(8) 25 5.265(2) 5.094(2) 7.527(3) 201.81(14) 91.82(3) P21/n 
56.64(8) 17 5.264(2) 5.091(2) 7.529(3) 201.65(14) 91.91(3) P21/n 
56.60(8) 15 5.266(2) 5.094(2) 7.531(3) 201.90(13) 91.88(2) P21/n 
56.62(9) 15 5.265(2) 5.087(2) 7.529(3) 201.50(15) 92.00(3) P21/n 
56.80(8) 15 5.264(2) 5.081(2) 7.524(3) 201.12(16) 92.04(3) P21/n 
56.84(9) 15 5.268(2) 5.093(2) 7.533(3) 202.01(14) 91.85(3) P21/n 
56.98(9) 15 5.262(2) 5.083(2) 7.524(3) 201.14(16) 92.05(3) P21/n 
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15 PXRD patterns for SrRuO3 obtained from the 4th experiment (LT4) in the 
pressure range 22 - 57 GPa and temperature range from 300 - 15 K. 
 

 
Figure S9: PXRD patterns for the SrRuO3 structure measured at 16-ID-B (λ = 0.40663 Å), measured in 
the pressure range 22 - 57 GPa and temperature range from 300 - 15 K. 
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16 Density Functional Theory (DFT) calculations 
 
Table S13: Structural parameters for SrRuO3 from the PBEsol ferromagnetic (FM) DFT calculations. 

P 
(GPa) 

V (Å3) a (Å) b (Å) c (Å) α β γ Sym. magn./Ru 
(μB) 

-0.7980 235.4482 5.5101 5.4853 7.7899 90.0000 90.0000 90.0000 Pbnm 1.97 
8.9320 225.1796 5.4391 5.3924 7.6775 90.0000 90.0000 90.0000 Pbnm 1.94 

18.9870 216.5296 5.3756 5.3118 7.5832 90.0000 90.0000 90.0000 Pbnm 1.86 
29.0090 208.8263 5.3320 5.2319 7.4857 90.0000 90.0000 90.0000 Pbnm 1.41 
39.1070 202.1739 5.2926 5.1585 7.4051 90.0000 89.9930 90.0000 P21/n 0.76 
49.1970 196.7763 5.2661 5.0933 7.3365 90.0000 89.9705 90.0000 P21/n 0.60 
59.2650 191.9442 5.2545 5.0289 7.2639 90.0000 89.9560 90.0000 P21/n 0.52 
69.2890 187.4965 5.2453 4.9614 7.2048 90.0000 90.0102 90.0000 P21/n 0.09 
79.3170 183.4932 5.2423 4.9061 7.1344 90.0000 90.0009 90.0000 P21/n 0.00 
89.3420 179.8514 5.2385 4.8622 7.0610 90.0000 90.0000 90.0000 Pbnm 0.00 
99.3770 176.5482 5.2331 4.8212 6.9975 90.0000 90.0000 90.0000 Pbnm 0.00 

 

Table S14: Ru-O bond-lengths obtained from DFT calculations in the FM-state. 

P (GPa) Sym. Ru-O1 Ru-O1 
opposite 

Ru-O1* Ru-O1* 
opposite 

Ru-O2 Ru-O2 
opposite 

-0.798 Pbnm 1.977 1.977 1.975 1.975 1.975 1.975 
8.932 Pbnm 1.949 1.949 1.947 1.947 1.948 1.948 
18.987 Pbnm 1.925 1.925 1.924 1.924 1.924 1.924 
29.009 Pbnm 1.905 1.905 1.903 1.903 1.902 1.902 
39.107 P21/n 1.887 1.887 1.885 1.885 1.887 1.887 
49.197 P21/n 1.872 1.872 1.871 1.871 1.873 1.873 
59.265 P21/n 1.859 1.859 1.857 1.857 1.860 1.860 
69.289 P21/n 1.847 1.847 1.844 1.844 1.854 1.854 
79.317 P21/n 1.837 1.837 1.834 1.834 1.846 1.846 
89.342 Pbnm 1.830 1.830 1.825 1.825 1.836 1.836 
99.377 Pbnm 1.822 1.822 1.818 1.818 1.827 1.827 

 

Table S15: Ru-O-Ru bond-angles obtained from DFT in the FM-state. 

P (GPa) Ru-O1-Ru Ru-O1*-Ru Ru-O2-Ru Sym. 
-0.798 159.16 -- 160.85 Pbnm 

8.932 158.78 -- 160.42 Pbnm 

18.987 157.97 -- 160.25 Pbnm 
29.009 157.58 -- 159.31 Pbnm 
39.107 156.75 156.75 157.88 P21/n 
49.197 156.30 156.30 156.81 P21/n 
59.265 156.06 156.06 154.94 P21/n 
69.289 155.88 155.88 152.45 P21/n 
79.317 155.85 155.85 150.06 P21/n 
89.342 155.72 -- 148.00 Pbnm 
99.377 155.60 -- 146.47 Pbnm 
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10.3    Appendix C 
 
Crystallographic information file (Cif) for post-perovskite SrRuO3 at 0 GPa 
calculated using DFT by Davide Ceresoli and Francesca Menescardi. 
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10.4    Appendix D 
 

Supporting information for 
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Phase Transitions in SrOsO3 – Discovery of 
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Menescardi2, Davide Ceresoli3, Martin Bremholm1* 

1Center for Materials Crystallography (CMC), Department of Chemistry and 
iNANO, Aarhus University, Langelandsgade 140, 8000 Aarhus C, Denmark. 

2Dipartimento di Chimica, Università degli Studi di Milano, via Golgi 19, 20133, 
Milano. 3Consiglio Nazionale delle Ricerche - Istituto di Scienze e Tecnologie 

Molecolari, via Golgi 19, 20133 Milano, Italy. 
 

*Corresponding author: bremholm@chem.au.dk 
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1   Powder X-ray diffraction for SrOsO3 at ambient conditions 

 
Figure S1: PXRD measured on Rigku smartlab (λ = 1.54056 Å) refined in the Pbnm space group using 
the Rietveld method with the model reported by Kennedy et al., ICSD#239451. Red pattern is observed 
data while the black line is the fitted model. The green ticks indicate the Bragg reflections for the Pbnm 
space group. The black arrows indicate small impurity peaks. Refinement yielded unit cell parameters: 
a = 5.604(1) Å, b = 5.5695(9) Å, c = 7.904(2) Å. 

 
Figure S2: PXRD measured at ID-13-D, APS (λ = 0.3344 Å) refined in the Pbnm space group using the 
Rietveld method with the model reported by Kennedy et al., ICSD#239451. Red pattern is observed 
data while the black line is the fitted model.  The green ticks indicate the Bragg reflections for the Pbnm 
space group. Refinement yielded unit cell parameters: a = 5.597(3) Å, b = 5.569(4) Å, c = 7.892(6) Å. 
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2   2D cake plot 

 
Figure S3: PXRD data are shown as a 2D cake plot with the azimuthal angle as a function of the 2θ 
diffraction angle. Data is collected at 53 GPa (λ = 0.3344 Å), showing sinusoidal oscillations in observed 
d-spacing as a function of azimuthal angle, caused by non-hydrostatic strain. The red rectangle shows 
the angular slice (53-74°) integrated and used for the slice refinements. 
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3   Raw 2D PXRD data 
 

 
Figure S4: Raw 2D PXRD data collected at 53 GPa (λ = 0.3344 Å). The red triangle shows the angular 
slice integrated and used for the slice refinements. 
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10.5 Appendix E 
 

Supporting Information for 

High Pressure Structure Studies of Three 
SrGeO3 Polymorphs – Amorphization under 

Pressure 
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iNANO, Aarhus University, Langelandsgade 140, 8000 Aarhus C, Denmark. 

2Dipartimento di Chimica, Università degli Studi di Milano, via Golgi 19, 20133, 
Milano. 3Consiglio Nazionale delle Ricerche - Istituto di Scienze e Tecnologie 

Molecolari, via Golgi 19, 20133 Milano, Italy. 

*Corresponding author: bremholm@chem.au.dk 
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1. Powder X-ray diffraction at ambient conditions 

 

Table S1: Unit cell parameters and refinement reliability factors for pseudo-wollastonite SrGeO3 (C2/c 
(#15)), triclinic walstromite SrGeO3 (P-1 (#2)) and cubic perovskite SrGeO3 (Pm-3m (#221)), obtained 
from refinement of ambient PXRD measurements at SPring-8, Japan. 

 Pseudo-wollastonite Walstromite Perovskite 
a (Å) 12.557(4) 8.65(1) 3.7968(2) 
b (Å) 7.256(3) 9.95(2) 3.7968(2) 
c (Å) 11.276(3) 11.13(2) 3.7968(2) 
α (°) 90 106.5(2) 90 
β (°) 111.49(2) 89.91(9) 90 
γ (°) 90 102.1(1) 90 

V (Å3) 955.9(6) 897.5(2) 54.735(0) 
χ2

 31.3 12.7 5.40 
Rp 26.1 24.7 12.1 
Rwp 22.4 24.5 9.43 
Re 4.00 6.87 4.06 
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Figure S1: (a) Rietveld refinement of the PXRD pattern for pseudo-wollastonite SrGeO3 (C2/c). The 
oxygen positions were fixed to the values reported by Nishi et al. (b) Rietveld refinement of the PXRD 
pattern for triclinic walstromite (P-1). The atomic positions were fixed to the values reported by 
Nadezhina et al. (c) Rietveld refinement of the PXRD pattern for perovskite SrGeO3 (Pm-3m). All 
PXRD patterns have been measured at SPring8 (λ = 0.500214 Å). 
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2. High crystallinity sample of pseudo-wollastonite 

 

Table S2: Unit cell parameters and refinement reliability factors for pseudo-wollastonite SrGeO3 (C2/c 
(#15)). The oxygen positions were fixed to the values reported by Nishi et al. obtained from refinement 
of ambient PXRD measurements at in-house Rigaku SmartLab diffractometer.  

 Pseudo-wollastonite 
a (Å) 12.553(7) 
b (Å) 7.270(4) 
c (Å) 11.267(6) 
α (°) 90 
β (°) 111.27(3) 
γ (°) 90 

V (Å3) 958.31(1) 
χ2

 20.6 
Rp 20.5 
Rwp 25.4 
Re 5.59 

 

 
Figure S2: Rietveld refinement of the PXRD pattern for pseudo-wollastonite SrGeO3 (C2/c). The oxygen 
positions were fixed to the values reported by Nishi et al. PXRD have been measured at in-house Rigaku 
SmartLab (λ = 1.54056 Å). 
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3. Raw integrated high-pressure PXRD data for the walstromite phase 

 

 
Figure S3: PXRD patterns for the walstromite SrGeO3, measured at ambient temperature in the pressure 
range 0 to 50 GPa (λ = 0.3344 Å). PXRD patterns obtained from 0 to 12 GPa are black, PXRD patterns 
from 12 to 35 GPa are blue and PXRD patterns from 35 to 50 GPa are red. The color division shows the 
two main phase transitions.  
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