
 

 

Diversity of compressional mechanisms among SiO2 

polymorphs: case of coesite and cristobalite 

 
 
 

 

Der Bayreuther Graduiertenschule für Mathematik und Naturwissenschaften 
 

 

 

 

 

zur Erlangung der Würde eines 

Doktors der Naturwissenschaften 

- Dr. rer. nat. - 

 

 

 

 

Dissertation 
 

 

 

 

 

 

vorgelegt von 

Ana Černok, MSc 

aus Pančevo (Serbien) 

 

 

 

 

 

 

 

 

Bayreuth, 2015 

 

 

  



 

 

  



 

 

 

 

Die vorliegende Arbeit wurde in der Zeit von Juli 2011 bis Juni 2015 in Bayreuth am 

Lehrstuhl Bayerisches Geoinstitut (BGI) unter Betreuung von Herrn Professor Dr. Leonid 

Dubrovinsky angefertigt. 

 

 

 

 

 

 

 

 

Vollständiger Abdruck der von der Bayreuther Graduirtenschule für Mathematik und 

Naturwissenschaften (BayNAT) der Universität Bayreuth genehmigten Dissertation zur 

Erlangung des akademischen Grades eines Doktors der Naturwissenschaften (Dr.rer.nat.).  

 

 

 

 

 

 

Dissertation eingereicht am: 11.06.2015 

 

Zulassung durch das Leitungsgremium: 12.06.2015 

 

Wissenschaftliches Kolloquium: 10.12.2015 

 

 

 

 

Amtierender Direktor: Prof. Dr. Stephan Kümmel 

 

 

 

 

 

 

 

Prüfungsausschuss: 

 

Prof. Dr. Leonid Dubrovinsky  (Erstgutachter) 

Prof. Dr. Falko Langenhorst               (Zweitgutachter) 

Prof. Dr. Daniel Frost                         (Vorsitz) 

Prof. Dr. Sander van Smaalen                                         

 

 





___________________________________________________________________________Preface 

 

i 

 

 

 

 

 

 

 

 

"We shall not cease from exploration. And the end of all our exploring will be 

to arrive where we started and know the place for the first time." 

 

 

T. S. Eliot 

 

 

 

 

  

http://www.quotationspage.com/quotes/T._S._Eliot/
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ABSTRACT  

Silica, SiO2, exists in a wide range of pressure and temperature conditions, accommodating its simple 

chemical composition by numerous polymorphs. More than 30 stable or metastable phases of silica 

are known, most of which occur at ambient to moderate pressures (<9 GPa). Understanding 

polymorphism and densification mechanisms in silica is not only important from a geomaterial point 

of view, but it also has relevant implications in material sciences, technology and industry (glass, 

ceramics, etc.). The pathways of phase transitions are often influenced by thermodynamically 

metastable polymorphs that intermediate or hinder formation of thermodynamically stable phases.  

This work is focused on understanding high pressure behaviour of two important silica minerals, 

coesite and cristobalite. Both of them are framework silicates comprised of fully polymerized corner 

sharing SiO4 tetrahedra. Coesite, thermodynamically stable above ca. 2.5 GPa and at temperatures in 

excess of 500 °C, hereafter referred to as coesite-I, is the densest known polymorph with silicon 

atoms tetrahedrally coordinated to oxygen. It can be found as a high-pressure mineral in rocks related 

to meteorite impact sites, in ultra-high pressure metamorphic rocks or in kimberlites (mantle derived 

rocks). Cristobalite is a high-temperature (> 1470 °C), low-pressure polymorph of silica that has a 

subordinate and rather exotic terrestrial occurrence among silica phases (volcanic rocks, chert, etc.), 

but it is the predominant SiO2 polymorph in various planetary materials (meteorites, lunar rocks, 

interplanetary dust particles, etc.). Exact pathways of pressure-induced transitions in coesite and 

cristobalite, as well as the structures of their high-pressure polymorphs have been poorly understood 

until now, despite being investigated by a number of studies over the past 30 years.  

In this study, the response of coesite and cristobalite to compression was investigated at pressures 

exceeding 50 GPa using diamond-anvil cells by means of in situ Raman spectroscopy, synchrotron 

single-crystal X-ray diffraction, and analyses of the recovered samples by various techniques. 

Structural and Raman spectroscopic studies reveal that coesite-I (monoclinic C2/c, Z=16) undergoes 

two phase transitions (I->II->III) and does not become amorphous at least up to ~51 GPa. A 

reversible, displacive phase transition to coesite-II (P21/n) near 23 GPa is likely driven by the extreme 

shortening (0.05 Å or 3.2%) of the shortest and the most compressible Si-O bond, related to the stiff 

180º Si-O-Si angle. The unit cell of the novel polymorph is doubled along the b-axis with respect to 

that of the initial coesite-I and contains all Si atoms in tetrahedral coordination. Further Si-O 

compression down to an extremely short distance of ~1.52 Å prompts subsequent structural changes, 

with the formation of a triclinic phase at ~31 GPa, coesite-III. The second transition (coesite-II to 
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coesite-III) is also reversible but with a large hysteresis. According to the abrupt change in Raman 

spectra this is likely a first order phase transition which leads to a very distinct structure with the 

lowest-symmetry. Despite all the efforts, the structure of the polymorph coesite-III remains 

unresolved. Samples recovered from the quasi-hydrostatic experiments carried out up to ~51 GPa, 

show the structure of the initial coesite, but those compressed between the diamond anvils (uniaxial 

stress) appear amorphous. The very short Si-O bond found in coesite-I and its high compressibility is 

a good example of how such bonds are restricted to the (almost) linear Si-O-Si geometry, and appear 

highly unfavorable in other Si-O-Si arrangements. Uncommon for other silica polymorphs, coesite-I 

demonstrates high-pressure behaviour governed by two simultaneous compressional mechanisms: 

polyhedral tilting along with Si-O-Si bond-angle reduction on the one hand and Si-O bond-length 

compression with polyhedral distortion on the other hand.  

Regarding α-cristobalite, the study demonstrates that it responds differently to high pressures 

depending on the degree of the hydrostaticity. Under highly hydrostatic conditions, the initial 

structure of cristobalite is preserved. When the crystal experiences even slight stresses during an 

experiment, transformation sequence leads to cristobalite X-I at ~11 GPa – a monoclinic P21/n 

polymorph with silicon atoms in octahedral coordination. The structure and formation of this novel 

polymorph was a long-standing enigma up to now. The likely reconstructive transition that involves 

increase in coordination number of silicon from four in cristobalite to its six-fold coordinated 

polymorph does not require any thermal activation; however, the high-pressure polymorph cannot be 

preserved at ambient conditions. No other silica polymorph was found to transform to an octahedra-

based structure on cold compression at such low pressures (~11 GPa) and this structure could be 

accommodated in a (quasi)-hydrostatic environment where temperature is not sufficient to form the 

thermodynamically stable stishovite. In non-hydrostatic conditions in the presence of uniaxial stress, 

cristobalite eventually transforms to seifertite-like SiO2, which is quenchable. Thus, according to our 

results, presence of seifertite may not always require the minimum shock pressures equal to that of 

thermodynamic equilibrium (~80 GPa) as it can be clearly formed at much lower pressures.  

Both coesite and cristobalite follow the same densification path initially by undergoing a displacive 

phase transition to a slightly distorted structure of reduced symmetry. The most striking difference in 

response to compression of coesite and cristobalite is their reaction to (uniaxial) stress: coesite 

becomes amorphous when compressed in non-hydrostatic conditions; cristobalite, on the other hand, 

transforms directly to quenchable seifertite, a post-stishovite polymorph of silica. This may have 

important implications on occurrence and preservation of coesite and cristobalite in natural samples 

which have been exposed to non-hydrostatic compression, such as impact-related terrestrial rocks or 
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shocked meteorites. Crystalline or amorphous metastable phases derived from coesite or cristobalite 

under high-pressure conditions are of particular interest because they are often used as potential 

tracers of peak transient pressures (stress) reached in processes such as impacts or faulting. The novel 

metastable polymorphs reveal compressional mechanism of silica minerals and set important 

constraints on the very complex phase diagram of SiO2.  
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ZUSAMMENFASSUNG 

Trotz seiner einfachen chemischen Zusammensetzung zeigt Silizium-dioxid, SiO2, eine Vielfalt an 

Polymorphen in einem breiten Druck-Temperatur Bereich. Mehr als 30 verschiedene Polymorphe 

sind bei niedrigen bis mäßigen Drucken (< 9 GPa) bekannt. Die Mechanismen der Verdichtung und 

Polymorphentstehung unter hohen Drucken ist sowohl in den Geowissenschaften als auch in den 

Materialwissenschaften, sowie in industriellen und technologischen Anwendungen, wie zum Beispiel 

bei der Glass- oder Keramikherstellung von Bedeutung. Die Umwandlungswege und Bildung von 

thermodynamisch stabilen Phasen werden oft durch die Entstehung von metastabilen Polymorphen 

beeinflusst oder verhindert.  

Diese Arbeit befasst sich mit dem Hochdruckverhalten zweier wichtiger SiO2 Polymorphen, Coesit 

und Cristobalit. Beide Mineralien gehören zu der Gruppe der Gerüstsilikate, welche aus SiO4 

Tetraedern bestehen, die alle vier Sauerstoffatome mit den benachbarten Tetraedern teilen. Coesit 

(weiterhin als coesit-I bezeichnet) ist ab ca. 2.5 GPa und 500 °C thermodynamisch stabil und es ist 

das dichteste SiO2 Mineral mit vierfach koordinierten Siliziumatomen. Coesit-I ist als 

Hochdruckmineral in Impaktgesteinen, hochdruck-metamorphen Geisteinen, oder Kimberliten 

(ultramafische Gesteine aus dem Oberen Erdmantel) vorhanden. Cristobalit ist ein Hochtemperatur- 

(> 1470 °C), Tiefdruckmineral das auf der Erde nur untergeordnet zu finden ist; zum Beispiel in 

Vulkaniten und Hornstein. Jedoch ist Cristobalit in verschiedenen außerirdischen Materialien, wie z. 

B. Meteoriten, Mondgesteinen und Interstellarer Staub das häufigste SiO2 Polymorph. Obwohl das 

Hochdruckverhalten dieser zwei Mineralien über 30 Jahre untersucht wurde, sind weder die 

konkreten Umwandlungswege, noch die Strukturen von Polymorphen die unter hohem Druck 

entstehen bekannt.  

Die Umwandlungen von Coesit und Cristobalit wurden in dieser Arbeit mit Hilfe Experimenten in 

Diamantstempelzellen bei Drucken von mehr als 50 GPa bei Raumtemperatur untersucht. Die 

Hauptanalysemethoden die in dieser Studie genutzt wurden sind in situ Ramanspektroskopie und 

Einkristallstrukturanalyze mit Synchrotron-Röntgenbeugung. Die rückgewonnenen Proben wurden 

mittels verschiedenen Messverfahren analysiert. Ramanspektroskopische- sowie Röntgenbeugung-

Untersuchungen an den Coesit-Einkristalle (monoklin C2/c, Z=16), zeigen zwei kristalline 

Phasenumwandlungen (I->II->III), die Amorphisierung bis mind. 51 GPa ausschließen. Der erste 

Phasenübergang zu Coesit-II (P21/n) findet bei ca. 23 GPa statt. Dabei handelt sich um eine 

reversible, displazive Umwandlung, die durch extreme Verkürzung (0.05 Å or 3.2%) der kürzesten 

und kompressibelsten Si-O Bindung, die an starrem 180° Si-O-Si Winkel verknüpft ist, verursacht 
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wird. Die Einheitszelle des Coesit-II wird dabei entlang der b-Achse im Vergleich zum 

Ausgangsprodukt verdoppelt. Alle Siliziumatome im Hochdruckpolymorph sind von vier 

Sauerstoffatomen umgeben. Weitere Verkürzung der Si-O Bindung auf  ~1.52 Å resultiert in Coesit-

III mit triklinischer Einheitszelle. Dieser Übergang findet bei ca. 31 GPa statt. Die Umwandlung ist 

reversibel, zeigt jedoch eine starke Hysterese. Die abrupte Veränderung des Ramanspektrums deutet 

auf eine Umwandlung erster Ordnung hin, wobei sich ein Polymorph mit deutlich verschiedener 

Struktur niedriger Symmetrie (Coesit-III) bildet. Trotz mehrfachen Versuchungen, wurde die Struktur 

dieses Polymorphen in dieser Studie nicht bestimmt. Die Produkte, die nach den quasi-

hydrostatischen Hochdruckexperimenten geborgen wurden, zeigen die gleiche Struktur wie die 

Edukte, Coesit-I. Im Kontrast hierzu zeigen Kristalle, die bei Hochdruck Experimenten, in denen der 

Druck direkt zwischen zwei Diamanten aufgebaut wurde (d.h. unter uniaxialem Stress standen) keine 

kristalline Struktur.  

Die kürzeste und kompressibelste Si-O Bindung im Coesit-I ist ein sehr wichtiges Beispiel dafür, dass 

solche Bindungen nur auf (fast) lineare Si-O-Si Ausrichtungen beschränkt sind, und in anderen Si-O-

Si Konfigurationen nicht günstig sind. Das Hochdruckverhalten von Coesit-I ist durch zwei 

Kompressionsmechanismen gekennzeichnet, einerseits durch das Kippen von SiO4 Tetraedern, ein 

typisches Verhalten in vielen SiO2 Modifikationen, anderseits werden auch Si-O Bindungen stark 

verkürzt, was zur Verzerrung der Tetraeder führt.  

Das Hochdruckverhalten vom Cristobalit ist von dem Grad der Druck-Hydrostasie abhängig. Unter 

hochhydrostatischen Bedingungen bleibt die Struktur von Cristobalite bis mindestens 15 GPa 

erhalten. Wenn die Bedingungen quasi-hydrostatisch werden und der Kristall unter minimalen 

Spannungen steht wandelt sich der tetragonale α-Cristobalite über Cristobalite-II in Cristobalit X-I bei 

ca. 11 GPa um. Das letzte Hochdruckpolymorph ist monoklin (P21/n) und besitzt Siliziumatome in 

oktaedrischer Koordination – jedes Si ist von sechs Sauerstoffatomen umgeben. Die Bildung und 

Struktur dieses Polymorphen waren ein lang-ungeklärtes Rätsel der Hochdruckforschung. Um die 

Siliziumkoordination von vier auf sechs zu erhöhen, ist bei dieser vermutlich rekonstruktiven 

Umwandlung keine thermische Aktivierung erforderlich. Jedoch ist das Hochdruckpolymorph bei 

Raumdruck nicht stabil und wandelt sich umgehend in α-Cristobalit um. Die Koordinationserhöhung 

von 4 auf 6 bei so geringem Druck (ca. 11 GPa) ohne Zufuhr von thermischer Energie ist bei keinem 

anderem SiO2-Polymorph beobachtet worden. Solche Umwandlung könnte in einer quasi-

hydrostatischen Umgebung stattfinden wo die Temperatur nicht ausreichend ist um thermodynamisch 

stabilen Stishovit zu bliden. In einer nicht-hydrostatischen Umgebung, unter einachsig gerichtetem 

Druck, wandelt sich Cristobalit schließlich in Seifertit (post-Stishovit Polymorph) um. Seifertit ist bei 
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Raumbedingungen metastabil konservierbar. Dieses ist ein wichtiger Hinweis dafür, dass Seifertit in 

stark geschockten Meteoriten nicht immer unter Gleichgewichts Bedingungen (> 80 GPa) gebildet 

werden muss. 

Bei geringerem Druck zeigen Coesit und Cristobalit ähnliche Verdichtungsmechanismen,, Beide 

Polymorphe werden durch einen displazieven Phasenübergang zu dem jeweiligen 

Hochdruckpolymorph mit etwas verzehrter Struktur unter Symmetrieverringerung (Coesit-I bzw. 

Cristobalit-II) umgewandelt. Bei höheren Drucken folgt die Verdichtung auf unterschiedlichen 

Wegen, wobei der deutlichster Unterschied bei unaxialen Kompression zu beobachten ist: Coesit wird 

amorph, während Cristobalit sich direkt in Seifertit umwandelt.  

Nicht-hydrostatische Kompression, wie zum Beispiel bei einem Impaktereignis im Meteoritenkrater 

oder in geschockten Meteoriten kann einen wesentlichen Einfluss auf die Erhaltung von Coesit und 

Cristobalit in natürlichen Proben haben. Das Verhalten dieser kristallinen oder amorphen 

metastabilen Polymorphen ist von Bedeutung, weil sie oft als Hochdruckindikatoren des 

Maximaldrucks in geologischen Prozessen wie Impakten oder Störungen, verwendet werden. Die 

neu-entdeckten Hochdruck-polymorphe liefern wichtige Information über Verdichtungsmechanismen 

in SiO2 und liefern neue Randbedingungen für das komplexe SiO2 Phasendiagram.  

 

  



___________________________________________________________________________Preface 

 

xiv 

 

  



___________________________________________________________________________Preface 

 

xv 

TABLE OF CONTENTS 

Acknowledgments _________________________________________________________ iii 

Abstract ________________________________________________________________ vii 

Zusammenfassung _________________________________________________________ xi 

Table of Contents ________________________________________________________ xv 

1. Introduction __________________________________________________________ 1 

1.1 Silica ___________________________________________________________________ 1 

1.2 The Si-O bond ___________________________________________________________ 2 
1.2.1 The SiO4 tetrahedron ____________________________________________________________ 3 
1.2.2 The SiO6 octahedron ____________________________________________________________ 5 

1.3 Equilibrium phase relations in SiO2 _________________________________________ 5 
1.3.1 Occurrences of cristobalite and coesite ______________________________________________ 8 

1.4 Metastability of silica polymorphs under high-pressures _______________________ 10 
1.4.1 Quartz & trydimite _____________________________________________________________ 10 
1.4.2 Coesite ______________________________________________________________________ 11 
1.4.3 Cristobalite___________________________________________________________________ 12 

1.5 Motivation & challenges of this study _______________________________________ 12 

2. Methods ____________________________________________________________ 15 

2.1 Synthesis and characterization of the starting material ________________________ 15 
2.1.1 LA-ICP-MS __________________________________________________________________ 15 
2.1.2 Coesite and cristobalite synthesis _________________________________________________ 16 
2.1.3 Powder and single-crystal X-ray diffraction _________________________________________ 18 

2.2 High-pressure experiments _______________________________________________ 20 
2.2.1 Diamond anvil cell _____________________________________________________________ 20 

2.2.1.1 The set-up _______________________________________________________________ 20 
2.2.1.2 Pressure-transmitting medium _______________________________________________ 22 
2.2.1.3 Pressure determination _____________________________________________________ 23 
2.2.1.4 External electrical heating ___________________________________________________ 26 

2.2.2 In situ Raman spectroscopy ______________________________________________________ 27 
2.2.3 In situ Synchrotron SC-XRD _____________________________________________________ 29 

2.3 Characterization after high-pressure treatment ______________________________ 32 
2.3.1 Scanning Electron microscopy and Focused Ion Beam Applications ______________________ 32 
2.3.2 Transmission electron microscopy ________________________________________________ 35 

3. Synopsis ____________________________________________________________ 37 

3.1 Detailed summary of the manuscripts ______________________________________ 37 

3.2 Conclusion _____________________________________________________________ 43 



___________________________________________________________________________Preface 

 

xvi 

3.3 List of authors contributions ______________________________________________ 47 

4. Pressure-induced phase transitions in coesite ______________________________ 49 

4.1 Abstract _______________________________________________________________ 49 

4.2 Introduction ____________________________________________________________ 50 

4.3 Experimental methods ___________________________________________________ 51 
4.3.1 Synthesis ____________________________________________________________________ 51 
4.3.2 High-pressure Raman spectroscopy _______________________________________________ 52 
4.3.3 External electrical heating in DAC ________________________________________________ 53 
4.3.4 Transmission Electron Microscopy _______________________________________________ 54 
4.3.5 X-ray diffraction ______________________________________________________________ 54 
4.3.6 Ab initio calculations __________________________________________________________ 54 

4.4 Results ________________________________________________________________ 55 
4.4.1 High-pressure, room temperature Raman spectroscopy ________________________________ 55 
4.4.2 Raman active modes from ab initio calculations _____________________________________ 58 
4.4.3 High-temperature, high-pressure Raman spectra _____________________________________ 61 
4.4.4 TEM observations _____________________________________________________________ 62 
4.4.5 X-ray diffraction ______________________________________________________________ 63 

4.5 Discussion______________________________________________________________ 63 

4.6 Implications ____________________________________________________________ 66 

4.7 Acknowledgements ______________________________________________________ 66 

5. High-pressure crystal chemistry of coesite-I and its transition to coesite-II _____ 67 

5.1 Abstract _______________________________________________________________ 67 

5.2 Introduction ____________________________________________________________ 68 

5.3 Experimental ___________________________________________________________ 69 

5.4 Results ________________________________________________________________ 70 
5.4.1 Coesite-I ____________________________________________________________________ 71 

5.4.1.1 Compressibility __________________________________________________________ 71 
5.4.1.2 Mechanisms of compression ________________________________________________ 77 
5.4.1.3 Tetrahedral distortion ______________________________________________________ 77 

5.4.2 Phase transition and the structure of coesite-II _______________________________________ 79 
5.4.3 Further phase transitions ________________________________________________________ 81 

5.5 Conclusion _____________________________________________________________ 82 

5.6 Acknowledgements ______________________________________________________ 83 

6. High-pressure behaviour of cristobalite: bridging the gap towards the "seifertite 

enigma" ________________________________________________________________ 89 

6.1 Abstract _______________________________________________________________ 89 

6.2 Introduction ____________________________________________________________ 90 

6.3 Experiments & methods __________________________________________________ 92 



___________________________________________________________________________Preface 

 

xvii 

6.3.1 Samples and high-pressure experiments ____________________________________________ 92 
6.3.2 Raman spectroscopy ___________________________________________________________ 93 
6.3.3 In-house X-ray diffraction _______________________________________________________ 94 
6.3.4 Synchrotron X-ray diffraction ____________________________________________________ 94 
6.3.5 TEM sample preparation and Focused Ion Beam (FIB) sputtering ________________________ 95 
6.3.6 Transmission electron microscopy ________________________________________________ 95 
6.3.7 Ab initio calculations ___________________________________________________________ 96 

6.4 Results and discussion ___________________________________________________ 96 
6.4.1 Transformation path and the effect of hydrostaticity ___________________________________ 96 
6.4.2 The "highly" hydrostatic compression ______________________________________________ 97 
6.4.3 Quasi-hydrostatic compression: α -> II ->X-I transitions _______________________________ 99 

6.4.3.1 α-cristobalite and cristobalite-II ______________________________________________ 99 
6.4.3.2 Formation of cristobalite X-I _______________________________________________ 100 
6.4.3.3 The structure of cristobalite X-I _____________________________________________ 101 
6.4.3.4 The quenched sample _____________________________________________________ 105 

6.4.4 Non-hydrostatic compression ___________________________________________________ 106 
6.4.4.1 Formation of seifertite _____________________________________________________ 106 
6.4.4.2 Quenched seifertite _______________________________________________________ 107 

6.5 Conclusions and Implications ____________________________________________ 110 

6.6 Acknowledgements _____________________________________________________ 111 

7. Bibliography ________________________________________________________ 113 

(Eidesstattliche) Versicherungen und Erklärungen __________________________________________ 121 

 





________________________________________________________________________Introduction 
 

 

1 

1.  INTRODUCTION 

1.1 Silica 

Silica is a broad name for compounds containing oxygen and silicon with the general formula SiO2. 

Oxygen and silicon are the two most common elements on Earth, comprising ~30 wt% and ~16 wt% 

of it, respectively. Given that the Si-O bond is significantly stronger (466 kJ/mol) than the bond of 

any other element with oxygen (e.g. Putnis, 1992), it is understandable why SiO2 is the dominant 

oxide constituent of the earth’s crust (~60 wt %) and of the Silicate Earth (~45 wt %), which is the 

model composition of the crust and the mantle joined together, excluding the metallic core 

(McDonough & Sun 1995; McDonough 2001 and references therein). The most common element of 

the mantle after oxygen is magnesium, therefore reducing its bulk SiO2 content. The leading oxide 

contributes not only to the pure or the so called "free silica" minerals, but also to the composition of 

all the rock-forming i.e. silicate minerals, which basically contain silicon-oxoanions, illustrated in 

Figure 1.1, charge balanced by different cations. Silicate minerals, including pure SiO2 minerals, 

comprise 95 % of the Earth’s crust (e.g. Putnis, 1992). Quartz (pure SiO2) is the second most 

abundant mineral of the crust, comprising about 12 % of its volume, preceded by the group of 

feldspar minerals (KAlSi3O8–NaAlSi3O8–CaAl2Si2O8), which constitute 59.5 % of it (e.g. Heaney 

1994, and references therein). However, due to its high hardness (7 on the Mohs scale of 10) and low 

solubility in water, quartz is mechanically and chemically far more resistant to weathering than 

feldspar that eventually degrades to clay minerals. Therefore, quartz is abundantly enriched in various 

sedimentary environments. When such quartz rich continental sediments are subducted into the deep 

earth’s interior, pure SiO2 phases can comprise up to 20 volume % of the bulk mineral composition of 

the slab (Irifune et al., 1994). Similar outcome is seen for the subducted oceanic crust, which contains 

far less silica than the continents (e.g. Ono et al. 2001; Perrillat et al. 2006). The mantle surrounding 

the plunged slabs, however, is almost free of silica minerals.  

The transformation process of silica under high pressures and temperatures has been of long and 

continuing interest due to its wide-ranging implications for geology, material sciences, technology 

and industry. Understanding of how the densification mechanisms in SiO2 occur is important for 

understanding problems ranging from the constitution of the mantle and its transition zone, or 

amorphization during an impact event, or developing high-toughness ceramics (Huang et al., 2006). 

http://en.wikipedia.org/wiki/Potassium
http://en.wikipedia.org/wiki/Potassium
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Sodium
http://en.wikipedia.org/wiki/Sodium
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Oxygen
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1.2 The Si-O bond 

The type of the crystal structure in a compound is related to the character of chemical bonding. 

Crystals with purely ionic or purely covalent bonds are very rare and vast majority of silicate minerals 

have complex structures with bonding character transient between ionic and covalent. Ionic structures 

are held together by non-directional electrostatic forces, with the atoms packed as if they were hard 

spheres that obey radius ratio rules. Covalent bonds are directional with electron density increasing 

along direction that connects the two bonding atoms. Covalent bonds are formed from the atoms that 

have both s and p valence electrons, i.e. the elements of the III-V group of the periodic table, with 

relatively high electronegativities.  

Silica does not produce any separate molecules (O=Si=O), because double bonds do not form 

(Fanderlik, 1991). The Si-O bond can be considered both ionic and covalent in character (e.g. 

(Pauling, 1960, 1980). If the character of the Si-O bond was purely ionic, the oxygen ions would tend 

to be close-packed around positively charged Si
4+

 or any other cation in the structure of silicates. 

According to Pauling (1960), the value of the ionic radii ratio Si
4+

/O
2-

 (0.38 Å/1.29Å = 0.29) implies 

the coordination number of silicon to be 4. However, very few silicates have sufficient densities to 

account for close-packed oxygen arrays. Additionally, the observed coordinations in silicates are not 

always consistent with the cation/oxygen radius ratios. Moreover, ionic bonding implies regions of 

zero electron density that should be found between Si
4+

 and O
2-

, yet this has not been supported 

experimentally. Based on various electronegativity calculations, iconicity degree of the Si—O bond 

can vary between 35 and 50 % (Pauling, 1960,1980; Lakatos et al. 1959; Jatkar and Jyengar, 1949). In 

a covalent model, the Si-O bond is formed between hybridized 3s and 3p orbitals of silicon and 2p 

orbitals of oxygen. The electron configuration of the silicon atom is 1s
2
 2s

2
 2p

6
 3s

2 
3px

1
py

1
 or, in an 

excited state, 1s
2
 2s

2
 2p

6
 3s

1 
3px

1
py

1
pz

1
. The four valence orbitals hybridize to form energy-equivalent 

sp
3
-hybrid orbitals, separated by an angle of 109° 28' and directed towards the vertices of a 

tetrahedron, as illustrated in Fig 1.1. The oxygen atom (1s
2
2s

2
2px

2
2py

1
2pz

1
) utilizes particularly the 

non-pair 2py and 2pz electrons for its bond formation, always one for each sp
3
 electron of silicon atom 

(Rohrer, 2001) to form the [Si
4+

O
2-

4]
4- 

tetrahedron. Whereas the measurements have shown that the 

angle between the Si-O bonds in the elementary tetrahedron is stable (109° 28'), the angle of the Si-O-

Si bond between the connected tetrahedra was found to range between 120° and 180° in various 

forms of silica. A number of theoretical models have proposed that Si-O-Si bond is affected by 

complex hybridization (e.g. sp and sp
2
), that involves low-lying d-type orbitals on silicon. The 

theoretical models accounting for the complex hybridization on Si-O bond are summarized in 

Fanderlik (1991) and Gibbs et al. (1994). In conclusion, the stable intratetrahedral angle between the 
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Si-O bonds is, therefore, determined by sp
3

 hybridization of the 3s and 3p orbits of the silicon atom, 

whereas the various sizes of the Si-O-Si bond angles are influenced by a complex case of sp
n
 

hybridization in which the hybrid orbits are not equivalent. 

 

 

Figure 1.1. Illustration of silicon atom (blue sphere) and its orbitals energy levels before (left) and after (middle) sp3 

hybridization and the formation of chemical bond with oxygen (red spheres). The elementar tehtahedron, its formal charge 

and the bond length and angles are represented on the right.  

 

1.2.1 The SiO4 tetrahedron 

SiO4 tetrahedral units can join together by sharing oxygen atoms in a variety of ways to form chains, 

rings, sheets or three dimensional silicates. The basic classification of all rock-forming minerals is 

based on the arrangement of the SiO4 tetrahedra – if they are isolated from other SiO4 tetrahedra (and 

connected to polyhedra of different cations), or they are connected to each other by corner-sharing. 

No more than two tetrahedra can share a common corner i.e. bridging oxygen. The corner-sharing 

arrangement of the SiO4 tetrahedra can be considered a skeleton of all rock-forming minerals, with 

other cations occupying suitable interstices.   

The shape and size of the tetrahedron depend on the Si-O bond lengths and on the intratetrahedral O-

Si-O bond angles. These have been determined for a large number of silicates by means of X-ray and 

neutron diffraction. The mean Si-O bond length is 1.62 ± 0.05 Å. Cations occupying interstices in the 

structures of silicates are likely to attract oxygen, thereby slightly increasing the length of the Si-O 

bond. The corner-linked tetrahedra share a Si-O-Si bond angle, which was experimentally determined 

and theoretically calculated to vary between 120° and 180°. Calculation of the potential energy 
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surface of an Si2O7 pair (two linked tetrahedra) as a function of the Si-Obr (bridging oxygen) bond 

length and the Si-Obr-Si angle (e.g. Gibbs et al. 1981, 1994, 2009) indicate that the angle is widening 

with decreasing Si-Obr bond length: the Si-O-Si bond angles close to 180° can be related to the bonds 

of less than 1.60 Å (see Chapter 5 on coesite). The Si-O bond length and the intratetrahedral O-Si-O 

angle appear very rigid, thus the expansion and contraction of the silicate structures are strongly 

dependent on the relatively adaptable intertetrahedral Si-O-Si bond angles.  

In case tetrahedra are isolated from each other and do not share any oxygens, Si:O ratio is 1:4 (for 

example olivine Mg2SiO4). Silica phases are fully polymerized (so called tectosilicates): all tetrahedra 

share corners with other tetrahedra, a framework silicate is formed, with 4 bridging oxygens per 

tetrahedron and the Si:O ratio of 1:2, resulting in the stoichiometric formula SiO2. Structures of 

coesite and cristobalite are illustrated in Figure 1.2. A general feature of framework structures is that 

they open and expand at high temperatures, giving rise to the maximal symmetry allowed by the 

tetrahedral linkages. At room temperature, these structures tend to collapse, thereby reducing the 

symmetry. This is largely accommodated by rotation of the tetrahedra and changes in the Si-O-Si 

bond angles.  

Figure 1.2. Polyhedral representation of coesite (left) and α-cristobalite structures at ambient conditions (red spheres are 

oxygen atoms). Coesite (space group C2/c) contains 4-membered rings of tetrahedra that are not interconnected within the 

same plane, but are connected to the plane above and below to form a crankshaft-like structure. Cristobalite (space group 

P41212) contains 6-membered rings of tetrahedra. Coesite after (Angel et al., 2003) and cristobalite after Peacor, 1973.  
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1.2.2 The SiO6 octahedron  

The Si
VI

 configuration gives rise to a more ionic Si–O bond (Mitra, 2004). Although not commonly 

observed in the minerals that are found on the surface of the earth, Si
VI

 is common in organic 

compounds (Gibbs et al., 1994). Experimental data yield typical length of the Si-O bond in an 

octahedron in the range 1.70 – 1.84 Å. Numerous theoretical models suggested involvement of the s-, 

p- and d- orbitals in the complex hybridization in case of SiO6 (Gibbs et al. 1994).  

At the pressures and the temperatures typical of the crust and the upper mantle of the earth (< 200 

km), silicate minerals contain SiO4 polyhedron. Between 5-20 GPa (that corresponds to the depths 

which include the transition zone of the upper mantle at 440-670 km and the uppermost lower mantle) 

all common silicate minerals undergo phase transitions to structures that contain SiO6. Some minerals 

in this region like majorite, pyroxene or wadeite etc., contain silicon in both four-fold and six-fold 

coordination (Finger and Hazen, 2000). At higher pressures and temperatures that are characteristic of 

the lower mantle lying deeper than 670 km, silicon increases its coordination number from four to six, 

and above 25 GPa, only Si
VI

 can be found. Changes of the structures with the P-T conditions of the 

earth’s interior are illustrated in Fig. 1.3. Structures containing six-fold Si are also frameworks, in 

which the octahedra can be either corner or edge-linked. In spite of the variety of the octahedral 

linkages, the size and the shape of SiO6 are very similar within all the compounds: mean Si-O bond 

distances vary within 2 %; polyhedral volumes within 4 % (Finger and Hazen, 1991, 2000).  

Some theoretical calculations predict pentacoordinated silicon (e.g. Badro et al. 1997). The Si
V
 was 

confirmed in case of other common silicates (Angel et al., 1996). However, the experimental 

determination of Si
V
 in pure silica (Luo et al. 2004) have not been unambiguous.  

1.3 Equilibrium phase relations in SiO2  

The discovery of crystal X-ray diffraction by Max von Laue in 1912 led to the first attempts in 

studying the structure of rock-forming minerals. Within only few years these pioneering attempts 

determined structures of the best known minerals, such as diamond, calcite, pyrite, halite, etc. and in 

the decades to follow immense progress was made in characterizing dozens of other minerals (Bragg, 

1937). Notably, already the earliest crystallographic efforts indicated that the silica system, albeit 

having a very simple chemical composition, shows high structural complexity manifested by prolific 

polymorphism. It was the observation that the most common silica minerals – quartz, cristobalite and 
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trydimite – undergo modifications at high temperatures which increase their symmetry, thereby 

reducing the number of structural parameters to be determined, that allowed scientists to reveal the 

structure of these minerals: first of the high-temperature, the so-called β-polymorphs and then later of 

their low-T, i.e. α- counterparts. (e.g. Bragg and Gibbs, 1925, summerized in (Heaney, 1994).  

Today, more than 30 stable or metastable silica phases are known to occur at ambient to moderate 

pressures up to ~9 GPa (Heaney, 1994; Hemley et al., 1994; Haines et al., 2001). Their structures can 

be described as open frameworks comprised of fully polymerized corner-sharing SiO 4 tetrahedra. 

Among them, only α-quartz is thermodynamically stable at the surface of the Earth (Fig. 1.3), 

however many others can be metastably preserved at ambient conditions – e.g. trydimite, cristobalite, 

coesite, etc.  

 

Figure 1.3. A schematic phase diagram of silica. Thermodynamical stability fields in the lower pressure segment, up to the 

rutile-CaCl2 phase boundary are realistic (e.g. Heany, 1994). Phase boundaries at higher pressures CaCl2-α-PbO2-Pa3 are 

schematic according to the experimental data (summarized in Driver et al. 2010). Structures according to: quartz 

(Glinnemann et al., 1992); cristobalite (Peacor, 1973); coesite (Angel et al., 2003); stishovite and seifertite (Dubrovinsky et 

al., 2004). 
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Low– or α-quartz (trigonal) transforms to the hexagonal high- or β-quartz at 573 °C (at room 

pressure), then further to β-trydimite (hexagonal) at 870 °C, and finally to β-cristobalite (cubic) at 

1470 °C. Melting of β-cristobalite takes place near 1700 °C at room pressure. The transformations 

between the α-β forms are displacive and do not require any Si-O bond breaking, only the rotation of 

the tetrahedra and changes in the Si-O-Si bond angles. However, the structures of quartz, trydimite 

and cristobalite are quite distinct and each of them represents a different arrangement of the linked 

tetrahedra. Tre transformations between these three polymorphs are reconstructive and require a lot of 

energy in order to break and re-arrange strong Si-O bonds. Therefore, β forms of trydimite and 

cristobalite very often transform to their symmetry-reduced α-counterparts upon quick cooling, even 

though the α-forms are metastable. The transition to the stable α – quarz is hindered due to the high 

energetic barrier and can be overcome only by sufficiently slow cooling. This is the reason why we 

find α-trydimite (orthorhombic) and α-cristobalite (tetragonal) related to igneous or volcanic rocks. It 

is important to note, however, that at ambient conditions trydimite can exist in six different forms 

which have very distinct structures and are commonly intergrown in a complex manner (e.g. Pryde & 

Dove 1998). Densities of these minerals are: quartz 2.65 (2.53), trydimite 2.26 (2.22), cristobalite 

2.32 (2.20) g/cm
3 

, with density of β-forms in parentheses. In addition to the earth’s surface, α-quartz 

is the predominant silica polymorph throughout the crust and uppermost mantle. At higher pressures 

the structure of low-quartz is more stable relative to that of high-quartz and much more energy 

(temperature) is required for the transformation to the high-temperature phase (e.g. Heany 1994).  

Naturally occurring high-pressure silica polymorphs are represented by coesite (monoclinic), 

stishovite (tetragonal) and recently described seifertite (orthorhombic). Above ~2 GPa silica takes the 

structure of coesite – the densest polymorph that contains silicon in tetrahedral site (2.98 g/cm
3
). The 

phase transition quartz-coesite is also reconstructive (Akaogi et al., 1995; Dmitriev et al., 1998). 

Coesite is associated with rocks excavated from depths of 100-300 km (upper mantle), corresponding 

to the pressure range of 3-10 GPa. No silica polymorphs denser than coesite have ever been found in 

any exhumed rocks on Earth (Goresy et al., 2008). Coesite was also documented in rocks related to 

impact craters (e.g. Chao et al. 1960) or in heavily shocked meteorites of various kinds (e.g. Ohtani et 

al. 2011). Above ~ 10 GPa stishovite (tetragonal) is formed, with the density 46% higher than that of 

coesite. This transition is sometimes related to the seismic X-discontinuity at 250-350 km (e.g. Chen 

et al., 2015). Stishovite can be found in terrestrial impact-related rocks, as well as in shocked 

meteorites. At the earth’s lower mantle (pressures exceeding 25 GPa), all silicates and not only pure 

silica minerals are observed to transform to dense structures in which all Si are six-coordinated 

(Mitra, 2004). At pressures above 45-55 GPa and ambient temperature tetragonal stishovite 
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undergoes orthorhombic distortion and displacively transforms to a CaCl2-type structure. This phase 

boundary has been extensively studied by numerous experimental and theoretical groups (Andrault et 

al., 2003, 1998; Asahara et al., 2013; Driver et al., 2010; Dubrovinsky and Belonoshko, 1996; 

Shigeaki Ono, 2002; Tsuchida and Yagi, 1989; Tsuchiya et al., 2004; Yang and Wu, 2014). The 

interest arises from the fact that this transition was suggested as an explanation for several seismic 

discontinuities observed in the mid-lower mantle (1000-1600 km), however no real agreement was 

achieved. The CaCl2-type structure is not quenchable and it was never observed in nature. The high-

pressure transition from CaCl2 to α-PbO2 (seifertite) structure is predicted to occur above 80 GPa 

according to (Andrault et al. 1998; Teter et al. 1998) but it was experimentally evidenced that the 

CaCl2 structure is stable to at least 120 GPa (Andrault et al., 1998; Dubrovinsky et al., 1997). The 

phase boundaries in the post-stishovite range are still very unclear, arising from contradictory 

experimental results. Seifertite is the densest form of silica occurring in nature. It was discovered in 

heavily shocked Martian meteorites (Goresy et al., 2008; Sharp et al., 1999), and only very recently 

also recognized in a lunar meteorite (Miyahara et al., 2013). The stability field of seifertite is expected 

in the lowermost portion of the mantle, above 120 GPa. At pressures exceeding those of the Earth’s 

interior and corresponding to giant rocky or icy planets, for example Uranus or Neptune, silica phases 

can exist in structures with silicon having coordination higher than 6. The pyrite-type structure was 

experimentally obtained above 260 GPa (Kuwayama et al., 2005); in this structure silicon is 

surrounded by 6+2 oxygens. However all other structural types that exist at significantly higher 

pressures can only be addressed by means of theoretical calculations (e.g. Tsuchiya & Tsuchiya 

2011). 

1.3.1 Occurrences of cristobalite and coesite  

Coesite was first observed experimentally by Coes in 1953 and later discovered in nature by Chao 

and coworkers, in impact breccia from Meteor Crater (Chao et al. 1960). Nowadays coesite is widely 

accepted as a high-pressure indicator in rocks related to meteorite impact sites, where quartz 

transforms to coesite due to the high-pressure and high-temperature regime of the impact and to the 

very rapid quenching conditions which prevent a reversion to quartz (e.g. Xiao et al., 2011). Shock-

induced formation of coesite has been also observed in meteorites, where it can be found along with 

other shock minerals (e.g. Ohtani et al., 2011). Terrestrial occurrence of coesite was reported from 

deeply (>100 km) subducted crustal rocks (ultra-high pressure metamorphic rocks) or mantle derived 

rocks (kimberlites), which have been exhumed under conditions that prevent retrograde transition to 

quartz (e.g. Smyth and Hatton, 1977; Chopin, 1984;  Smith, 1984; Korsakov et al., 2007; Mosenfelder 

and Bohlen, 1997; Ruiz-Cruz and Sanz de Galdeano, 2012; Sobolev et al., 2000). The metastable 
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persistence of coesite up to surface conditions is commonly the result of their inclusion in 

mechanically strong host minerals like garnet, zircon or diamond, which act as pressure vessels (e.g. 

Sobolev et al., 2000).  In the UHP rocks, coesite is formed in static pressure environment and by a 

solid-state transformation. On the contrary, coesite found in impact related rocks crystallized from a 

melt at high PT conditions (e.g. Chen et al., 2010). More details on its structure are given in Chapters 

4 and 5. 

 

Cristobalite is a silica polymorph that forms at low-pressures and at variable temperatures: tetragonal 

α-cristobalite can be formed upon cooling of β-cristobalite at temperatures lower than ~250 °C. Low 

temperature phase is far more common and it is often reported in volcanic rocks and ashes of 

intermediate and acidic composition (e.g. Horwell et al., 2012), or sometimes in basaltic rocks (Van 

Valkenburg and Buie, 1945). Natural α-cristobalite can be found as constituent of opal-CT, which is 

an intermediate product in diagenesis of marine sediments (e.g. Gaillou, 2008). Rare appearance of α-

cristobalite is related to ~5 terrestrial impact sites, where it was observed in the so called ballen – 

spheroidal forms comprised of crystallites of quartz and/or cristobalite (Ferriere et al., 2009). In 

contrast to its subordinate and rather exotic terrestrial occurrence among silica phases, cristobalite is 

the predominant SiO2 polymorph in various planetary materials. IR spectra emitted from the 

protoplanetary disks surrounding young, "pre-hydrogen-burning" T Tauri stars, show prominent 

features of silica that are best fitted by cristobalite, possibly associated with trydimite (Koike et al., 

2013; Sargent et al., 2009). As inferred by the meteoritic record, examples of cristobalite occurrences 

are numerous. Chondrules, the early solar condensates and constituents of the chondirtic meteorites, 

although not primarily comprised of silica, demonstrate a rare type (< 2%) named silica-bearing 

chondrules that are comprised of up to 40 wt % of SiO2, in most cases identified as cristobalite (e.g. 

Brearley and Jones, 1998). Apart from chondrules, cristobalite is found as an accessory mineral in the 

matrix of various chondrites (summarized by Brearley and Jones, 1998). Lunar basalts contain silica 

as accessory (~1 % of volume) phase, with cristobalite and trydimite dominating better than 99 % of 

it (e.g. Rasmussen et al., 2008).  
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1.4 Metastability of silica polymorphs under high-pressures  

Framework oxides with polyhedral building blocks often possess significant capacity for densification 

under pressure owing to their open structures (Huang et al., 2006). Despite its simple chemical 

composition, silica shows rich polymorphism at elevated pressures (e.g. Dubrovinsky et al., 2004; 

Martoňák et al., 2007; Teter et al., 1998). High-pressure behaviour of framework structures largely 

depends on the way in which the polyhedra are linked together, particularly in the corner-sharing 

tetrahedral structures. The volume decrease in silica framework structures is achieved by rotation 

rather than distortion of tetrahedra, because the forces within individual tetrahedra are much stronger 

than the forces between them (e.g. Ross, 2000). These mechanisms lead to volume reduction, 

crystalline-crystalline phase transitions, or to amorphization i.e. loss of the long-range crystalline 

order. The complexity of pressure-created polymorphs in silica is illustrated in Figure 1.4. 

Reconstructive transitions to stable high-pressure phases consisting of SiO6 octahedra (e.g. stishovite, 

CaCl2-structured silica, or seifertite) are often hindered due to high kinetic barriers associated with the 

relatively strong Si-O bonding within tetrahedra (Haines et al. 2001). As a consequence, compression 

of tetrahedral phases without sufficient temperature supply results in complicated metastable 

relations, such as the persistence of low-pressure tetrahedral phases far out of their stability fields. 

1.4.1 Quartz & trydimite 

Being the most common silica mineral, quartz has been a subject of numerous high-pressure studies 

by means of experimental and computational work. Compressional behaviour of α-quartz was 

established based on numerous single crystal  XRD studies (Levien et al. 1980; Hazen et al. 1989; 

Glinnemann et al. 1992; Kim-Zajonz et al. 1999) up to maximal 19.3 GPa. At higher pressures 

various techniques were used to describe high-pressure behaviour in which pressure-induced phase 

transition to the monoclinic phase of P21/c symmetry (Haines et al., 2001) and the onset of 

amorphization (Kingma et al., 1993) was observed. Trydimite high-pressure behaviour has not been 

investigated as much experimentally and the reason for this is its enhanced metastability (six 

polymorphs) at ambient conditions. Only few studies are available, in which it was reported that 

monoclinic trydimite undergoes phase transformation near 5 kbar (Nukui et al., 1980; Pryde and 

Dove, 1998). 
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Figure 1.4. Schematic pathways of 

pressure-induced polymorphism 

starting from various tetrahedral 

SiO2 phases. Structures are 

illustrated for comparison of their 

characteristic rings. Question marks 

present regions of uncertain 

behaviour or formation of a new 

polymorph with unknown structure. 

References are given in appropriate 

sections. Structures according to: 

quartz (Glinnemann et al., 1992); 

cristobalite (Peacor, 1973); coesite 

(Angel et al., 2003); monoclinic 

tridymite (Kihara et al., 2005). 

 

 

 

 

 

 

1.4.2 Coesite  

The high-pressure structural behaviour of coesite was previously studied using in-house based single 

crystal X-ray diffraction up to 5.2 GPa (Levien and Prewitt, 1981) and up to 8.7 GPa (Angel et al., 

2003) in ethanol-methanol pressure medium, as well as by means of ab initio calculations up to 17 

GPa (Gibbs et al., 2000) . These studies concluded that the symmetry of the unit cell appears less 

hexagonal with increasing pressure, undergoing compression in the a direction more than twice as 

much than in the c direction. Also, the most obvious structural change upon compression was found 

to be the reduction of four out of five different Si-O-Si angles, with smaller angles undergoing more 

compression than the larger ones. The Si1-O1-Si1 angle is constrained to 180 ° due to symmetry 

requirements. The O1 atom is placed on an inversion center and as long as the symmetry is 

maintained, the Si1-O1-Si1 linkage remains linear, giving rise to the high stiffness of the structure. 

Spectroscopic experimental studies on the high-pressure behaviour of coesite (Hemley, 1987; 

Williams et al. 1993) observed changes in the spectra of coesite collected at ambient temperature and 
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at the pressures of 22–25 GPa, and reported that coesite becomes amorphous above 30 GPa. The 

authors attributed such changes to a high-pressure phase transformation occurring in coesite; 

however, no further investigation has been reported to better describe such behaviour. 

1.4.3 Cristobalite 

High-pressure behaviour of α-cristobalite is of interest form the geological standpoint because it was 

experimentally observed that under elevated pressures and at ambient temperature this polymorph 

with 4-fold coordinated silicon can transform to seifertite – a lower mantle phase with octahedrally 

coordinated Si (e.g. Dubrovinskaia et al., 2001; Prokopenko et al., 2001; Yahagi et al., 1994). The 

transformational sequence is as follows. The tetragonal α-cristobalite transforms to a monoclinic 

cristobalite-II near ~1.5 GPa upon compression. The structure of this higher-pressure polymorph was 

recently solved by Dove et al. 2000 using neutron diffraction and by Dera et al. (2011) using in situ 

single crystal x-ray diffraction. Above ~10 GPa cristobalite-II is found to transforms to cristobalite X-

I. Apart from the recent assumption of the unit cell parameters (Dera et al. 2011), the structure of the 

cristobalite X-I still remains unknown. Further compression of cristobalite X-I above pressures 

exceeding ~35 GPa leads to formation of cristobalite X-II, which is the polymorph reported to have 

the structure of seifertite. However, there is a large discrepancy among various experimental 

observations regarding the pressure at which this transition takes place and the structure of the HP 

polymorphs has not been yet determined.  

1.5 Motivation & challenges of this study 

Pressure-induced metastable polymorphs can hardly be preserved at ambient conditions and thus are 

rarely ever observed in natural materials. However, they play an important role in transformation 

mechanisms between the thermodynamically stable polymorphs. At sufficiently low temperatures in 

static and shock-wave high pressure studies the transformation from lower-pressure silica phases to 

the thermodynamically stable high-pressure phases are not direct (Hemley et al., 1994) and strongly 

depend on the formation of intermediate phases. This is the reason why understanding the structures 

of metastable polymorphs is of great interest in studying transformation pathways experimentally, as 

well as in numerical modellings that predict behaviour of silica at extreme conditions (e.g. Donadio et 

al., 2008; Huang et al., 2006; Martoňák et al., 2007). 
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Although one of the most studied systems over the past decades, structures of many SiO2 phases at 

higher pressures have not yet been depicted. The phase diagram of silica is strongly simplified; it 

often omits large hysteresis in temperature and pressure. A major complexity in studying the 

behaviour of silica arises from the fact that the transition mechanisms, the pathways through 

intermediate crystalline phases and the onset of pressure-induced amorphization strongly depend on 

the starting polymorph, as well as on the hydrostaticity and stress anisotropy present in the sample 

during experiments. Differential stress largely influences the sequence of transitions, so it is of 

outermost importance to study the structures based on single-crystal X-ray analyses.  

Presence of numerous metastable polymorphs of silica has been observed so far by spectroscopic or 

powder diffraction tenchiques (Fig. 1.4) but only few of the structures have been determined, often 

addressed with great uncertainties. This is considered a great challenge in high-pressure 

crystallography for the following reasons: 1) very low scattering factor of silicon and oxygen lead to 

poor quality of data for structural determination; 2) metastable phases show poor crystallinity with 

enhanced structural disorder and are almost impossible to recover; 3) the limiting sample size (<30 

μm) used in studying these materials at elevated pressures, combined with poor crystallographic 

constraints, restricts the investigation techniques solely to the most intense radiation sources –i.e. 

synchrotrons.  

In this study the aim was to systematically understand the compressional behaviour of the two 

polymorphs, coesite and cristobalite, regarding the phase transitions that they undergo at higher 

pressures. These polymorphs represent two extreme structural arrangements of tetrahedral silica 

forms by means of density and "openness" of the structures, resulting in very different densification 

mechanisms and response to pressure.  
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2. METHODS 

This chapter gives an outline and a brief background of the experimental and analytical techniques 

applied in the study. Exact experimental procedure and analytical conditions are given later, in the 

corresponding manuscripts.  

2.1 Synthesis and characterization of the starting material 

Starting material used for synthesis of crystalline SiO2 polymorphs needed for in situ high-pressure 

diamond-anvil cell experiments (HP-DAC) was commercial silica glass (Merck 1.08044.0100). The 

glass in form of 1-2.5 mm sized irregular granules has very low impurities content, as was determined 

by LA-ICP-MS (see further). Starting from this glass we synthesized SiO2 polymorphs using high-

pressure and/or high-temperature apparatus available at BGI: coesite was synthesized using piston-

cylinder apparatus; α-cristobalite was synthesized using high-temperature furnace. In addition to 

synthetic α-cristobalite, we also used a natural sample from Ellora Caves in India, provided by 

Harvard Museum of Natural History. 

2.1.1 LA-ICP-MS 

Prior synthesizing crystalline silica polymorphs, we analyzed trace element composition of the 

starting silica glass, and of the natural samples of cristobalite by Laser Ablation (LA) – Inductively 

Coupled Plasma (ICP) – Mass Spectrometry (MS). Measurements were performed using a 193 nm 

ArF Excimer laser (Geolas M system; Coherent) connected to a quadrupole mass spectrometer (Elan 

DRC-e; Perkin Elmer). In this instrument, the sample is stored in an air-tight chamber where the 193 

nm wavelength laser beam hits the sample and ablates it to form aerosols. The sample aerosols are 

carried away to the ICP segment with a gas flow of helium mixed with a small amount of hydrogen. 

Here argon is electrically heated by an inductive coil to very high temperatures to form plasma by 

which the sample aerosol is ionized. The ion beam leaves the ICP and, being focused by a set of 

lenses, it enters the mass spectrometer. In the quadrupole mass spectrometer, which operates in high 

vacuum, ions are separated according to their mass to charge ratio, allowing quasi-simultaneous 

measurement of many elements. In order to integrate collected data, we compared our measurements 

with a NIST 610-glass as external standard. Additionally, we used a quartz crystal of well-determined 
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composition as an internal standard, as reported in Audétat et al. (2014). The analyzed elements and 

their concentrations are reported in the corresponding manuscripts.  

2.1.2 Coesite and cristobalite synthesis 

Coesite crystals of a suitable size and quality for HP-DAC experiments were synthesized in the 

Voggenreiter piston-cylinder (PC) apparatus. Starting silica glass granules were ground under ethanol 

using agate mill to produce fine-grained powder, which was then loaded with approximately 5 wt % 

distilled water into 10 mm long, 5 mm outer-diameter and 4.6 mm inner-diameter Pt capsule (Fig 

2.1). The water was added to enhance growth of larger crystals. The Pt capsule was welded shut on 

both sides while being cooled in liquid nitrogen, in order to prevent loss of water due to the heating. 

The capsule was then placed into a standard ½ inch pyrex-talc PC assembly also shown in Figure 2.1. 

The assembly consists of several layers: a pyrophyllite sleeve surrounding the capsule that prevents 

the contact of the metal with the graphite heater and absorbs water in the case of escape from the 

capsule; ceramics of a common name "crushable" alumina in form of a cone and a disk placed at the 

bottom and the top of the capsule act as spacers and pressure medium within the heated area; a 

tapered graphite resistance heater that allows minimal temperature gradient alongside the capsule 

(Bromiley and Keppler, 2004); a pyrex sleeve that acts as a thermal insulator to shield the outside of 

the assembly and a talc sleeve that is an outside pressure medium. The upper alumina spacer has a 

hole in the center to provide space for a thermocouple employed to monitor temperature. 

 

FIGURE 2.1. Piston cylinder ½ 

inch pyrex-talc assembly. 1) 

platinum capsule; 2) pyrophyllite 

sleeve; 3) "crushable" alumina 

spacers; 4) graphite disc at the 

bottom of the graphite heater to 

provide the electrical circuit; 5) 

tapered graphite heater; 6) pyrex 

sleeve; 7) a talc sleeve; 8) central 

hole for the thermocouple 

passing through the alumina and 

9) steel cylinder conducting the 

electricity to the heater with 10) 

pyrex sleeve that prevents 

contact of the steel and the 

surrounding metal of the press; 

11) steel disc and ring that ensure 

the electrical contact of the 

graphite and provide the 

flattened contact of the assembly 

and the piston. Modified after 

Bromiley & Keppler 2004. 
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The piston-cylinder press used in this study consists of two hydraulic rams: the lower, master ram 

creates pressure directly onto the sample while the top ram provides a confining end load. The master 

ram creates pressure by pushing a 0.5 inch tungsten carbide piston into a bomb, where the sample is 

stored within a 0.5"-diameter chamber. The inner part of the bomb consists of tungsten carbide 

whereas the outside is made of hardened steel. The compression of the bomb against the top ram 

allows for creating pressures up to 40 kbar. If lower pressures are needed (up to 20 kbar) one can 

either use a larger piston (¾ inch) in this type of press or a press without end load ram. During the 

experiment, while the furnace is heated by passing an electrical current through it, the bomb is being 

cooled by water, so that most of the PC metal remains close to the room temperature. A detailed 

description of PC apparatus is given, for example, by Johannes (1973) and by Keppler and Frost 

(2005). 

The sample was pressurized up to ~90% of the desired pressure and then heated at 100 °C/min up to 

1250 °C. After stabilization of the temperature, the sample was fully compressed to 35 kbar and then 

held at these conditions for ~15 hours. In the end, the sample was slowly cooled (ramped) down to 

1100 °C over 5 hours and finally quenched. The temperature was monitored throughout the 

experiment using a type S (Pt - Pt10%Rh) thermocouple. In the successful experiment run A14 slow 

cooling procedure and water-saturated conditions resulted in growth of relatively large (above 100 

μm in linear dimensions) crystals, which were then used for the HP experiments. 

 

 

FIGURE 2.2. Natural crystals of cristobalite from Ellora Cave, India. The sample was obtained from Harvard Museum of 

Natural History. The figure on the left is taken from the database of Raman spectra, X-ray diffraction and chemistry data for 

minerals (www.rruff.info). On the right, an optical microphotgraph of ~20 μm thinsection of the crystals obtained under 

cross-polarized light, indicating single-crystal domains up to ~100 μm in linear dimension.  

 

Cristobalite was synthesized by heating the glass granules at temperatures of ~1650 °C for 3 hours 

and then cooling down slowly over 15 hours to ~1500 °C (a temperature slightly higher than that of 

http://www.rruff.info/
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cristobalite-trydimite transition), and then rapidly quenched. This procedure allowed the growth of 

cristobalite crystals up to ~100 μm in linear dimension; however it was not possible to avoid twinning 

which occurs on cooling due to the transition from the cubic β-cristobalite to the tetragonal α-

cristobalite. These crystals were of sufficient quality for Raman spectroscopy but not for single 

crystal X-ray diffraction for which we had to use the natural cristobalite (Figure 2.2). 

2.1.3 Powder and single-crystal X-ray diffraction 

The in-house X-ray diffraction instruments available at BGI were used to characterize the synthesized 

materials and to select good quality single crystals for HP-DAC experiments. X-ray diffraction is 

widely used a non-destructive technique for obtaining structural information of crystalline materials. 

When X-rays interact with matter, they are elastically scattered by electrons and if the target atoms 

are arranged in such a way that they show long-range periodicity, diffraction pattern can be created. 

Diffraction is effective only at certain incidence angles with respect to the reflecting planes, 

determined by Bragg’s law (Bragg and Bragg, 1913):  

 

2d sin(θ) = nλ       (1) 

 

where d is the interplanar distance, λ is the X-ray wavelength and θ is the half angle between the 

incident and diffracted beams (Fig. 2.3). When the diffraction condition is satisfied, the reflection 

angle equals to the incident angle, and the two angles are bisected with the reciprocal vector, which 

points to the hkl reflection (Fig. 2.3). Intensity of the reflected radiation is not equal to the incident 

intensity but it is related to the mean electron density within the direct lattice plane.  

FIGURE 2.3. Basic principles of the Bargg diffraction condition (Modified after Dera, 2010). Incident beam of the 

wavelength λ is diffracted from a set of hkl planes with the interplanar d-spacing. Diffracted beam is collected on a detector 

plane perpendicular to the incident beam.  
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In the case of monochromatic X-ray source, diffraction pattern creates co-axial cones with apexes 

located where the incident beam interferers with crystalline planes. In a powder sample, numerous 

crystallites are randomly oriented and there are always crystalline planes properly orientated to fulfill 

the Bragg’s equation, thereby contributing to a diffraction pattern in a form of (almost) complete 

cone. Therefore in a powder X-ray experiment (PXRD) we often see (partially) closed circles (Debye-

Scherrer rings) collected on a detector plane. However, in the case of single-crystal diffraction (SC-

XRD) the crystal has to be rotated in order to bring as many planes as possible into diffraction 

condition. PXRD experiments are usually carried out to obtain d-spacings of lattice planes (hkl) in 

order to calculate unit cell parameters of a known structure. In contrast to PXRD where the 

information is gathered in a 2-D image, SC-XRD dataset consists of 3-D diffraction intensities from 

the whole reciprocal space. With the completeness and the redundancy of such datasets it is possible 

to fully refine atomic coordinates of a known structure or to determine even very complicated new 

structures.  

For the different research projects described in the following chapters, crystals were selected based on 

their optical quality – size, transparency, crystal shape, surface appearance, etc. Very small crystals 

(up to ~20 μm in linear dimension) were tested using a rotating anode high-brilliance Rigaku 

diffractometer equipped with MoKα radiation (λ=0.7080 Å) operated at 60 kV and 50 mA, and with 

an Osmic focusing X-ray optics and a Bruker Apex CCD detector. Intensity data of crystals larger 

than 20-30 μm in diameter were collected using a 4-circle κ-geometry Xcalibur diffractometer 

equipped with MoKα radiation operated at 50 kV and 40 mA, a CCD detector, a graphite 

monochromator and a 0.5 mm collimator. For unit cell parameter determination and crystal quality 

test, short pre-experiments were run using omega scans 20-40°, step size 1° and 10 s/frame exposure 

time. Full data collection procedures were then optimized based on the pre-experiment and the chosen 

parameters varied depending on the crystal symmetry and collected intensities. Most commonly, 

omega scans were chosen to collect the full reciprocal sphere up to 2θ max = 70°, with step size 0.5 – 

1.0° and exposure time 10-30 s/frame, choosing high redundancy to improve statistics. After the 

collection, a jpeg movie was recorded every 2° during phi-rotation to confirm good centering of the 

crystal. Data reduction and integration were performed using the CrysAlisPro package (Oxford 

Diffraction 2006). No absorption corrections were necessary due to the very small absorption of SiO2 

and very small crystals sizes. Structure refinements were performed based on F
2
 using the SHELX97 

program package (Sheldrick, 2008) in the WingX System (Farrugia, 1999) starting from appropriate 

atomic coordinates, as described in the following manuscripts.  
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2.2  High-pressure experiments 

2.2.1 Diamond anvil cell  

2.2.1.1 The set-up 

Diamond anvil cell (DAC) is one of the main devices utilized in static high-pressure studies in 

geosciences, physics, material sciences and related fields and it has been in use for over 50 years 

(Bassett, 2009). Two main characteristics of DAC technique are crucial: 1) pressures up to several 

megabars can be reached and 2) diamonds are essentially transparent to electromagnetic radiation in a 

wide range of photon energies, including optical, near-infrared region and X-rays, allowing various 

phenomena – diffraction, scattering, absorption, emission etc. – to be observed in situ. The biggest 

disadvantage of this technique is a very small sample size (tens to hundreds of μm). The only other 

feasible technique that can generate such high pressures, albeit based on a dynamically driven 

compression, employs shock-produced pressures generated by explosions, gas-guns or by lasers.  

Many different designs and adaptations of DACs are available around the world, but the basic 

principle and the main components remain similar. A typical DAC consists of two diamonds mounted 

on two opposite metal holders. The pressure is created by compressing these holders against each 

other while mechanically tightening the screws. The pressure is defined as a ratio of a force over the 

area over which it is applied. Therefore with a small diamond anvil surfaces a moderate force can 

generate very high pressures. In general, diamond anvil cells can be divided into two groups based on 

the metal holder design: plate-opposing and piston-cylinder DACs. A nice overview of DACs 

development and designs is given by Mao & Hemley (1998) or in Bassett (2009). Very detailed 

instructions on DAC preparation and theoretical backgrounds are given in Miletich et al. (2000). 

Not only is diamond one of the hardest materials known, with a very high bulk modulus (~440 GPa; 

Dewaele et al., 2004), but it is also transparent to various kind of radiation and chemically mostly 

inactive up to moderate temperatures. Therefore it is still the best candidate for the purpose of in situ 

studies at extreme pressures. A new type of high-pressure cells using moissanite (SiC compound) has 

been developed recently to substitute for diamonds instability above 700 °C (Keppler & Frost, 2005 

and references therein). Nonetheless, this new method has shown several disadvantages and it is still 

not in routine use. Diamonds are used in form of single crystals, usually cut perpendicular to a 

crystallographic axis. The size of the flat cut (culet) determines the maximum pressure that can be 

reached in the experiment. Common culet sizes range from 60 μm to 1 mm, attaining pressures of 

~300 to ~10 GPa, respectively. The opposite side of the diamond, table, fixed to the holder, is usually 
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3 to 6 mm wide. With increasing table/culet ratio the maximal achievable pressure increases. The 

critical point of experimental set-up is to position the culets perfectly parallel to each other and to 

align them precisely. If the culets are slightly misaligned (precision needed is ca. 1μm), diamonds 

will crack under pressure. Diamonds in use are mostly natural. Depending on their nitrogen content, 

they are divided into types I and II. Type I is much more common and therefore cheaper, but due to 

the higher nitrogen content which contributes to high fluorescence, diamonds of this kind might not 

be always suitable for spectroscopic studies, whereas for X-ray studies the nitrogen impurity has no 

major effect. However, the geometry of the diamond is essential for the single crystal X-ray 

measurements. In order to allow for large coverage of the reciprocal space, a special design of the 

diamond shape has been developed (Boehler and De Hantsetters, 2004). The conical side of the so-

called Böhler-Almax diamonds has the optical aperture of 90°. In Figure 2.4 (insets 5 and 6) 

difference between the standard and the Böhler-Almax diamonds is demonstrated. The diamond 

anvils are fixed to a metal "seat", usually made of tungsten carbide. A gasket made of hard metal is 

placed between the anvils, usually hard steel or rhenium, the latter one allowing pressures exceeding 

30 GPa and remaining stable up to ca. 600 °C (my own unpublished experiments). Gasket is pre-

indented before use by compression between the anvils which leave a deep imprint in the metal. Such 

procedure allows to 1) re-check the alignment of the anvils after reaching moderate pressure; 2) to 

strain-harden the gasket and 3) to create a hump of the metal on the outside which supports the anvils 

during compression. A sample chamber is then drilled within the indentation. A common way to do 

this is to use a spark-eroder, but several labs have recently substituted this time-consuming method by 

faster and more precise laser-drilling. Diameter of the chamber should be 1/3 up to 1/2 of the culet 

size.  

In this study a piston-cylinder DAC type BX90 designed at BGI (Kantor et al., 2012) was used. It 

basically consists of a top part, the piston, which fits exactly into the bottom part, the cylinder, 

providing high mechanical stability and a precise alignment of the diamonds. Circular 12-mm side 

openings in the piston and in the cylinder allow easy access and adjustment of the seats, which is 

crucial for precise alignment of the diamonds. Wide (90°) symmetrical axial opening of the DAC 

combined with the Böhler-Almax diamonds allow for successful single crystal X-ray diffraction 

experiment. In this study type-I diamonds were used. For the spectroscopic experiments, however, we 

selected only diamonds with very low background. Two sizes of BX90 cells were used– a larger one 

for the room temperature experiments and the smaller for heating experiments (Fig. 2.4). 
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FIGURE 2.4. Components of a diamond-anvil cell (DAC): 1) diamond; 2) tungsten-carbide seat; 3) rhenium gasket; 4) piston 

(top) part of the DAC, red arrow indicated circular cavity where the seat is fixed; 5) standard diamonds; 6) Böhler-Almax 

diamond design; 7) closed BX90 DAC; 8) small design of BX90 used for heating experiments; rust on the surface comes 

from the oxidation during high-temperature treatment. 

2.2.1.2 Pressure-transmitting medium 

The DAC consists of two opposite anvils, resulting in stress along the loading direction to be greater 

than the stresses in the gasket plane. In most of the HP experiments it is essential to maintain 

(quasi)hydrostatic conditions within the sample chamber. In order to do so, pressure-transmitting 

medium is normally inserted into the pressure chamber. The best pressure-transmitting media are 

light noble gases, such as He and Ne, due to their chemical inertness and relatively high solidification 

pressures. Even after solidification, these gases behave quite soft and hydrostatically. Light rare gases 

have low X-ray absorption and give low background, and are therefore particularly suitable for X-ray 

diffraction measurements in DACs (Kurnosov et al., 2008). 

We used neon as the pressure-transmitting medium because it provides quasi-hydrostatic conditions 

up to the highest pressures attained in this study. Although helium is shown to provide better 

hydrostaticity (Klotz et al., 2009), it has a disadvantage of decreasing mechanical stability of 

diamonds by diffusing into them (Kurnosov et al. 2008 and references therein). Another significant 

disadvantage of using helium in this study is that it may occupy large voids in the loose structures of 

the investigated SiO2 phases, thus contributing to an overall volume increase and influencing the 

structural behaviour (Sato et al., 2013).  

Neon crystallizes at 300 K at 4.8 GPa. As studied by Klotz et al. (2009), who employed several rubies 

placed around the chamber, the first signs of non-hydrostaticity appear at 15 GPa. Beyond such 

pressure, however, the values of pressure gradients remain very small: at maximal pressures they 
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achieved - 50 GPa - the standard deviation of pressure detected by the different ruby spheres is less 

than 0.5 GPa, i.e. less than 1% and hence very similar to the case of helium. According to the X-ray 

diffraction analyses by Dewaele et al. (2008), neon provides quasi-hydrostatic conditions at least up 

to ~100 GPa, based on observation that all the X-ray diffraction peaks, except for the (111) reflection, 

broadened considerably only above this pressure.  

2.2.1.3 Pressure determination  

Two general methods are commonly used in order to determine pressure within a DAC. One 

possibility is to monitor pressure using a pressure marker loaded along with the sample, such as ruby 

sphere or powder of a metal with well-defined equations of state (e.g. W, Ag, Cu, Pt…). Another 

possibility is to determine pressure using the surrounding pressure medium. Ruby pressure relies on 

the fluorescence method and it requires an incident laser source and a spectrometer. In the case of the 

metal pressure markers or the pressure medium, one needs to know their EOS and to determine unit-

cell using X-ray diffraction. In this study pressure was determined using ruby fluorescence method 

and/or neon EOS. 

Ruby is a red gemstone-quality variety of corundum (α-Al2O3) in which Cr
3+

 atoms substitute Al
3+

 at 

the octahedral site. As a transition metal ion, Cr
3+

 is a strong adsorption and fluorescence center. 

Upon absorption of light, d-electrons of chromium are transferred from the ground 
4
A2 state to the 

excited 
4
T1 state, corresponding to a spin-allowed transition. This excited state then decays into an 

excited 
2
E state, which has a spin multiplicity different from that of the 

4
T1. This transition does not 

involve energy emission because the energy is used for the lattice vibration. From the 
2
E state the 

system returns to the ground 
4
A2 state, involving light emission due to a sharp spin-forbidden 

transition. The emission spectrum of ruby related to the 
 2

E -> 
4
A2 transition is dominated by two 

sharp bands, R1 and R2, located at about 692.8 nm and 694.2 nm at room pressure and temperature, 

respectively (Nasdala et al. 2004). The difference of ~ 1.4 nm between the two bands is caused by 

splitting of the 
2
E excited state. The red fluorescence bands of ruby show significant pressure 

dependence and their frequency shift was calibrated to obtain a ruby pressure gauge in several studies 

(Dewaele et al., 2004; Mao et al., 1986; Xu et al., 1986; Zha et al., 2000). The most commonly used 

gauge is the one reported by Mao et al. (1986), calibrated up to ~80 GPa in argon pressure medium. 

The wavelength shift of the R2 fluorescence line was in that study calibrated against the pressure 

derived from simultaneous X-ray diffraction measurements of the unit cell volume of copper, by 

referencing it to the Hugoniot equation of state obtained in an earlier shock wave experimental study 

(Mao et al. 1979). The pressure relation for the ruby line is given as:  
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𝑃 = 𝐴
𝐵⁄ {[1 + (∆λ

𝜆0
⁄ )𝐵] − 1}     (2) 

Where P is the pressure in Mbar, 𝜆0 is the wavelength of the ruby line in nm at ambient conditions 

and whose position is dependent on the initial Cr content, 𝛥𝜆 is the difference between 𝜆 at a 

measured pressure and the 𝜆0, and A and B are refined parameters of the function. In quasi-

hydrostatic conditions A = 19.04 Mbar and B = 7.665, but in non-hydrostatic environment B = 5. The 

difference between the two scales is demonstrated in Figure 2.5. 

 

FIGURE 2.5. Ruby spectra recorded at different pressures and at room temperature during compression and decompression of 

cristobalite X-I (experiment Exp4, Chapter 6). Dotted lines are given equations (2) for the ruby line pressure dependence in 

hydrostatic (circles) and non-hydrostatic (triangles) environment. The differences between the two estimates are significant 

above 40 GPa. Inset of the ruby spectra shape demonstrates slightly asymmetric appearance at the highest pressure. 

A more recent study by Zha et al. (2000) recalibrated the ruby pressure scale against a primary 

pressure scale of MgO, which is based on integrated pressure-density data obtained by Brillouin and 

X-ray diffraction measurements up to 55 GPa in helium pressure-transmitting medium. The accuracy 

of the ruby scale was reestablished within ±1 %, suggesting B = 7.715. At higher pressures, however, 

the upcoming studies provided increasing evidences that the Mao ruby scale underestimates 

pressures, particularly above 40 GPa (e.g. Chijioke et al., 2005; Dewaele et al., 2004; Fei et al., 2007). 

A quasi-hydrostatic compression in helium up to 120 GPa suggests significantly higher B values of 
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10.32(7), as established by studying MgO (Jacobsen et al., 2008). The effect of hydrostaticity was 

seen even earlier (Hemley, 1989), where ruby was calibrated against tungsten in neon pressure 

medium up to megabar pressures. Their data collected in neon suggest slightly higher B values than in 

Mao’s scale (argon) for the pressures exceeding 80 GPa, but not as high as suggested for data 

collected more recently in helium (Zha et al. 2000; Jacobsen et al. 2008). It should be noted that argon 

pressure medium provides hydrostatic conditions only up to low pressures - first signs of non-

hydrostaticity are seen ~2 GPa (Angel et al., 2007; Klotz et al., 2009). A recent overview on 

methodology of pressure determination using ruby luminescence is given by Syassen (2008).  

The ruby spheres obtained commercially for the purposes of this study are 5-10μm in diameter and 

contain 3600 ppm Cr
3+

. A description on synthesis is given by Chervin, Canny & Mancinelli (2001).  

 

FIGURE 2.6. Full-rotation or a wide-scan image collected in DAC with coesite-II at 27.5 GPa. Strong diamond reflections, 

weak sample reflections and rings from the solidified neon are indicated. Pressure is determined based on d-spacings of 

neon (111) reflections (e.g. Fei et al. 2007). Further details of in situ X-ray diffraction are given in the section 2.2.3. 

 

Neon. At pressures exceeding 50 GPa the ruby fluorescence signal becomes broad (inset in Fig. 2.5) 

and consequently the pressure determination becomes difficult. An alternative way to determine 

pressure is from the neon EOS. Based on X-ray diffraction analyses by Dewaele et al. (2008) up to 

208 GPa, the crystal structure of neon remains face-centered cubic over the entire pressure domain, 

which covers the compression range up to V/V0 = 0.24. Mie–Grüneisen–Debye formalism reproduces 

very well the present P-V-T data for neon as well as low pressure–low temperature data available in 

the literature. This makes neon a well calibrated X-ray pressure gauge, suitable for high-pressure, 

high-temperature studies. Compressional behaviour of neon is best described by least-squares fit of 
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the Vinet equation of state (K0 = 1.16 (±0.14) GPa and K0’=8.23 (±0.31), with an initial volume V0 = 

88.967 Å
3
 (Dewaele et al., 2008; Fei et al., 2007). The pressure is determined based on the d-spacings 

of the (111) reflections (Fig. 2.6).  

2.2.1.4 External electrical heating 

Using external electrical heaters associated with diamond anvil cell (DAC) one can cover wide range 

of temperatures – from 300 to over 1000 K, holding to constant temperatures for many hours or even 

days at rather high pressures. Two kinds of external electrical heaters were applied separately and 

simultaneously for the purposes of heating– resistive Pt-wire heater placed in the cavity around 

diamond anvils and a whole-cell heater (Fig. 2.7a and b). The smaller heater placed around the anvils 

is made of Pt wire (∅300 or 500 µm) folded around a 3 mm thick ring made of zirconia-based 

ceramics. The whole-cell heater has external diameter of 50 mm, it is made of fired pyrophyllite and 

contains Pt wire 500 µm in diameter folded over the inner surface. Temperature is measured with an 

external S type thermocouple, placed very close to the contact of the anvils and the Re gasket (Fig. 

2.7a). As previously reported by Dubrovinskaia and Dubrovinsky (2003), on heating to 1000 °C the 

temperature gradient in the center of the high-pressure assemblage is practically absent. In the area of 

about 5 mm diameter around the diamonds, the temperature varies not more than 2–3 °C. A thermal 

insulator made of a square-shaped double-layered stainless steel box (Fig. 2.7b and c) was used in 

heating experiments. Stainless steel of type 1.4571 is temperature-resistant and shows no oxidation 

effect to at least 600 °C. The purpose of employing such an insulator is to protect the stage and 

objectives of a Raman-spectrometer used during the heating experiment, to provide homogenous 

temperature distribution around the DAC placed inside the box, and to maintain temperatures at a 

constant value for a longer period of time. Each layer of the steel is 1 mm thick and are spaced by 5-

10 mm thick fiber-based insulation material used in high-temperature furnace. A 3 mm wide slit on 

the side allows thermocouple and heaters contacts to be outside of the box, and openings on the 

bottom and the top provide optical access to the cell. Opening on the top is 35 mm in diameter and it 

provides easy access to all four screws of the cell aiming at easy pressure adjustment during the 

heating experiment. The DAC and the whole-cell heater are fixed on a stainless steel holder (Fig. 

2.7b). The outer heater was controlled by Laboratory Power Supply EA-PS 9065-20 and the inner by 

EA-PS 9028-100 (Fig. 2.7d). Maximal output power in the case where only outer heater was used to 

600 °C was 270 W (output current 9 A). In the case where the heaters were used simultaneously, we 

heated with the inner heater to 300 °C (80 W, 10 A) and then joined the outer heater. At 600 °C 

maximal output power for the inner heater was 144 W (12 A) and for the outer 84 W (6 A). Our first 
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experiments showed that using an insulation box minimizes the power required to heat the cell and 

successfully protects stage of the Raman microscope from the heat. 

The piston-cylinder type DACs used in heating experiments were developed at BGI and made of 

high-temperature resistant alloy. Loading screws as well as the contact surface between the two parts 

of the cell were covered by Molykote 1000 lubricant to avoid welding or locking of different parts. 

Diamonds and Re gasket were glued with high-temperature resistant graphite bond AREMCO 

Products Inc. 

 

 

 

 

 

 

FIGURE 2.7. A) Bottom part of diamond 

anvil cell with indented Re gasket, a 

sample hole, S type thermocouple and 

surrounding inner heater. For scale, Pt 

wire is 0.5 mm thick, each gasket side is 

5 mm, outer diameter of the heater is 15 

mm. B). DAC with an inner heater and 

whole cell heater placed on a holder and 

double-layered insulation box of stainless 

steel. C). Closed insulation box under the 

Raman microscope. D). Power suppliers 

for a DAC with two heaters. 

 

2.2.2 In situ Raman spectroscopy  

Spectroscopic techniques are independent on a long-range periodicity or crystallinity of material as 

they are probing local structure – e.g. site symmetry, coordination number, local crystallographic 

environment etc. As such, spectroscopic methods provide complementary information to that of a 

long-range, average picture obtained by the X-ray diffraction studies. Spectroscopy is also used in 

case of amorphous materials. Structural respond in minerals is related to changes in atomic bonds and 

is therefore best observed in the energy range of molecular vibrations, i.e. in infra-red range. One 

common way of studying the molecular vibrations is to induce the transition of the vibrational states 

by utilizing incident radiation of similar energies (i.e. in IR range), resulting in either absorption or 
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emission of radiation that directly corresponds to such transition. A different, complementary 

approach is to study scattering of the incident radiation – Raman scattering – caused by inelastic 

interaction with the vibrating molecule. Raman scattering is a weak effect (λ
-4 

dependency) that can 

be studied using intense monochromatic source, usually a laser in visible range. The photon energy of 

such radiation is much higher than the energy differences between vibrational states in molecules and 

crystals, hence no real absorption will occur. However, the incident light will excite the system, 

enabling existence of virtual, short lived, high-energy states, upon which termination most of the 

incident light will be elastically scattered without any change in initial energy – Rayleigh scattering. 

One of the low probable phenomena is that the ground state system gains energy while excited, by 

reducing the energy of the scattered photon E=h(ν0-v1). This type of scattering which experiences the 

red shift due to its partial energy loss is named Stokes Raman scattering. At temperatures higher than 

absolute zero, the system will contain a very small portion of already excited vibrational states, which 

may lose their energy due to the interaction with light by transferring it to the scattered photon. This 

so-called anti-Stoke Raman light is blue-shifted due to the gained energy E=h(v0+v1). Figure 2.8 

illustrates differences between IR and various Raman phenomena. The intensity ratio of Stoke and 

anti-Stoke light depends on the distribution of the ground versus excited states (Boltzmann 

distribution), hence it strongly depends on the temperature. Stoke and anti-Stoke bands appear at 

opposite sides of the zero-positioned Rayleigh line, nevertheless they are equal in energy. Unless it is 

of particular interest, anti-Stoke bands are not recorded because it is easier to collect and analyze the 

more intense Stoke scattering.  

A typical Raman spectrum is a plot of light intensity (counts or arbitrary units) versus the shift Δw 

from the absolute wavenumber of the incident light (w0=1/λ0):  

 

𝛥𝑤[𝑐𝑚−1] = (1
𝜆0(𝑛𝑚)⁄ −  1 𝜆(𝑛𝑚)⁄ ) ∗ (107𝑛𝑚

𝑐𝑚⁄ )  (3) 

Where λ0 is the wavelength of the incident light, and λ  is the Raman spectrum wavelength, expressed 

in nm. In Raman scattering the shift from the incident light is of analytical interest and in this way it 

can be compared with other Raman spectra, independently of the source wavelengths i.e. absolute 

wavenumbers used in spectrometer.  

Raman spectroscopy is a non-destructive technique widely used for identification and structural 

characterization of materials. Coupled with diamond-anvil cell it enables in situ experimental 

investigation of minerals under extreme pressure and/or temperature conditions. An introduction to 

Raman spectroscopy with a focus on mineral sciences is given in Nasdala et al (2004). Details on 

technical set-up are given by Gillet (1996) and Goncharov (2012). 
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FIGURE 2.8. Vibrational states in a system excited by Infra-red or visible radiation. 

 

In this study we used two different Raman spectrometers: a LabRam system (Horiba Scientific Inc.) 

with a He–Ne-laser (excitation wavelength 632.8 nm) as well as Dilor XY Raman spectrometer with 

Ar
+
 ion laser (514.5 nm, Coherent Innova 300). The LabRam system is equipped with a notch filter 

placed at 150 cm
-1

 to cut off the Rayleigh signal. Confocal optics is used to focus the laser beam of 

0.15 W on the surface of the sample, enabling the spatial resolution of ~2 μm. A 1200 g/mm grating 

and an air cooled CCD detector provide the spectral resolution better than 2 cm
–1

 in the investigated 

spectral range. The Dilor XY is also equipped with confocal optics, but it has a longer optical way, 

also allowing investigating the range as close to the laser beam as ~75 cm
-1

. It contains a CCD 

detector cooled by liquid nitrogen, a double-stage spectrometer with a 1800 g/mm grating, resulting 

in spectral resolution of 1 cm
-1

. The output power was varied according to the sample signal between 

0.3 and 1.0 W. Data were collected using the Labspec software associated with both Raman 

spectrometers and fitted using Igor Pro. 

2.2.3 In situ Synchrotron SC-XRD  

Pressures exceeding 50 GPa are attainable in DACs with culet size of 250 μm or less, which means 

that the initial sample chamber size should be 100-125 μm before loading of the pressure-transmitting 

medium. After gas loading and upon compression, the chamber size will rapidly shrink until it 

stabilizes at the point where the pressure medium solidifies, which is at ~5 GPa in the case of neon. 

At this pressure the size of the sample chamber is around half of the initial size. Above this pressure, 

the chamber will not shrink drastically, instead of that, however, the gasket will become much thinner 

during compression. The ~50 μm in diameter chamber is limiting the linear size of the sample to a 
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maximum of ~30 μm (Fig. 2.9), in order to prevent the risk of touching the edge of the gasket, which 

could further cause damage or stress on the crystal. In order to rich high pressures (above 

approximately 30 GPa), the initial thickness of the gasket indentation should not exceed 30 μm, 

which limits the thickness of the sample to <15 μm. The size of the X-ray beam of a conventional in-

house diffractometer is ~500 μm FWHM, therefore also the gasket is irradiated by the beam. A metal 

gasket is diffracting much more strongly than the sample. Although many experiments can be carried 

out in-house, the effect of the diffraction from the gasket is a particularly big drawback in case of the 

experiments with very weakly scattering materials, such as SiO2. Even testing of coesite and 

cristobalite crystals of the required size in air prior putting them into a DAC was shown to be 

problematic in terms of very low diffracting intensities. Once put in the DAC, absorption of MoKα 

radiation by the DAC significantly reduces the beam intensity, resulting in low intensities from the 

sample, combined with strong diamond’s and gasket’s signals. Therefore the HP-DAC experiments 

could only be carried out at synchrotron radiation facilities.  

 

 

FIGURE 2.9.View on a sample chamber in a diamond-anvil cell loaded with three different cristobalite crystals at room 

pressure before (left) and after neon gas-loading at 9 GPa (right).  

 

Diamonds are almost transparent to X-rays with energies above 20 keV, even more so in the case of 

a short-wavelength synchrotron source (λ~0.3Å) so there is no need for absorption corrections when 

using the beam which is perfectly centered on the sample. However, the typical beam size of about 5-

8 μm (FWHM) limits the single crystals size to be either significantly larger or smaller than the beam 
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itself. Another problem of in situ data collection is intense diamond diffraction which contributes to 

the very intense diffraction spots which need to be eliminated in order to find the sample (Fig. 2.10).  

The major problem encountered for the in situ SC-XRD using diamond-anvil cells is the limited 

access to the reciprocal space. To assure the sufficient 2θ coverage and therefore the proper coverage 

of the reciprocal space one needs to choose the diamonds, the support seats and the DAC with high 

opening angles. The success of an experiment depends strongly on the choice of the DAC and 

diamond geometry, but also on the crystal quality. The total number of reflections collected in a DAC 

is far smaller than collected for the same crystal in the air due to the restricted coverage of the 

reciprocal space. This leads to greater uncertainties in the structural parameters (positional or 

displacement parameters, reliability values, etc…). Under compression, the unit cell volume will 

decrease in real space, causing the expansion of the reciprocal lattice and therefore the decrease in the 

total number of accessible reflections. All these hindrances are particularly limiting in the case of 

low-symmetry structures, such as monoclinic coesite, due to the requirement of accessing many more 

reflections of the reciprocal space in order to gain accurate structural information. Notably, pressure-

induced phase transitions are often driven by symmetry-lowering mechanisms, so the increase in 

pressure commonly leads to a decrease in data quality.  

Pressure regions of interest (e.g. where a structural change occurs) were first determined by much 

faster in situ Raman spectroscopy and then investigated by collecting SC-XRD data sets. The 

parameters for the XRD data collection were first determined based on a wide scan image taken of the 

crystal while the DAC is rotating at a constant speed from the zero position up to the angle of its 

maximal opening in both directions around the ω-axis of the goniometer. This image contains enough 

reflections of various intensities to allow a proper estimate of exposure time and step size for the full 

data collection performed as step scans of in 0.5° or 1.0° in ω for a determined amount of time until 

the entire accessible opening angle of ±40° is covered.  
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FIGURE 2.10. Representative step-scan data set of cristobalite X-I (Chapter 6) collected at high pressure (20 GPa) presented 

in the Ewald Explorer window of the CrysAlis software. On the left, all collected reflections contain low intensity sample 

reflections along with strong reflections of diamond, neon and rhenium. On the right, reciprocal lattice of the sample is 

extracted from the entire data set and the hkl reflections are indexed based on a unit cell choice. Intensities of the reflections 

can be readily reduced and integrated.  

2.3 Characterization after high-pressure treatment 

2.3.1 Scanning Electron microscopy and Focused Ion Beam Applications 

Some of the samples recovered after the high-pressure experiments were characterized by Scanning 

Electron Microscopy (SEM) and prepared for TEM analyses by Focused Ion Beam (FIB) technique. 

The quenched crystals were fixed with superglue to a glass (Fig. 2.11a), so that only a very thin layer 

of the superglue was covering the surface (< 3 μm), and coated by a ~15 nm thin carbon layer. Two 

dual-beam instruments were used; one FEI QuantaTM 3D FEG located at the Faculty of Geosciences, 

Geography and Astronomy at the University of Vienna and one newly installed FEI Scios dual-beam 

instrument located at BGI, Bayreuth. Equipped with an electron column and an ion column, these 

instruments provide both high-resolution imaging and precise site-specific micromachining of the 

sample. Field Emission Gun Scanning Electron Microscope (FEG SEM) column in these instruments 

provides a much higher spatial resolution than a conventional SEM with a tungsten-wire thermal 

emitter. In the FEG gun instrument, electrons are emitted from a single crystal tungsten tip in an 

electromagnetic field applying an extractor voltage of 4 kV. Beam electrons are then accelerated by 

an electric field of 15 keV. The high-energy beam is demagnified by electrostatic and electromagnetic 

lenses and several apertures. Finally, the beam is focused to a specific focal length of the objective 

lens and deflected in the scan generator unit to scan over the defined sample surface area. The beam 
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electrons interact with the target atoms and different kinds of radiation are emitted. In order to make 

use of variable radiation, an SEM instrument is equipped with different detectors. The low-energy 

electrons ejected from the near surface of the sample are collected by an SE (Secondary Electron) 

detector, delivering morphological information. At the deeper levels and larger volumes of beam-

sample interaction the so-called back-scattered electrons (BSE) are generated by interaction of beam 

electrons with the atomic cores of the sample atoms. A solid-state semi-conductor detector is used for 

BSE signal collection. BSEs have higher energies than the secondary electrons and the intensity of 

BSE signal is proportional to the atomic number (Z) of the target atoms, therefore allowing for Z-

contrast imaging. The lighter elements create a lower intensity signal, appearing darker in a BSE 

image than the heavier ones. The instruments are also equipped with Energy Dispersive X-ray 

Detector (EDX) for a rapid, semi-quantitative site-specific micro-chemical analysis. This detector 

collects characteristic X-ray radiation emitted when outer shell electrons of target atoms fall back into 

inner electron shell positions after inner shell electrons had been knocked out by incident beam 

electrons.  

In the FIB column of the microscope a beam of Ga
+
 ions is produced (Volkert and Minor, 2007). In a 

field emission ion gun liquid Gallium is ionized by a strong electric field at an extractor voltage of 9 

kV. Ga
+
 ions are accelerated by applying an accelerating voltage of 30 kV. Beam formation and 

focusing is established by electrostatic lenses, and the ion beam current is controlled by apertures. 

Collision of the high-energy ions with the sample atoms at the sample surface causes sputtering of 

target atoms, accompanied by emission of low-energy (10 eV) secondary electrons (ISE) from the top 

few atomic layers. The ISE signal is used for SE imaging, but the spatial resolution is slightly lower 

than that of electron beam images. Sputtering of the surface atoms by Ga-ion penetration is used for 

controlled removal and machining of the sample at nanometer scale. We used FIB to prepare ~100 

nm thin, electron-transparent foils of the quenched material for investigation with Transmission 

Electron Microscope (TEM). The FIB preparation procedure followed several steps. 
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During foil extraction by FIB the sample surface is oriented perpendicular to the incident ion beam, 

established by sample tilt to 52° (Fig. 2.11b). The of the TEM foil is covered by a ca 2 μm wide and 2 

μm thick platinum layer (Fig. 2.11b and c). The Pt layer is deposited using gaseous MeCpPtMe3 

(methylcyclopentadienyl-trimethyl-platinum) streamed onto the surface by gas-injection system (GIS) 

while scanning with the ion beam, resulting in the volatilization of the organics and deposition of Pt. 

The section beneath the Pt stripe was exposed to the surface by drilling trenches on both sides of the 

Pt stripe. The first sputtering step was performed using an ion beam of 30 kV and 30 nA to produce a 

so called "regular cross section". During a second step the exposed foil surface was polished at both 

sides using beam settings of 30 kV and 15 nA, applying the so called "cleaning cross section" at 4° 

over- or under tilting of the sample. At a foil thickness of about 1 μm the foil was cut free on three 

sides (“U-cut”) using a 1nA IB current. Subsequently an Omniprobe 100.3 (Vienna) or Easylift 

system (BGI) micromanipulators were used for in-situ lift-out of the pre-thinned foil and transfer of 

the foil to a Cu-grid. Then a tungsten needle was inserted into the chamber and fixed to the foil by Pt 

deposition, after which the foil was cut free from the sample (Fig. 2.11e). The foil was fixed to a Cu 

grid by Pt deposition (Fig. 2.11c and f), and the Pt contact between the tungsten needle and the 

Figure 2.11. Stepwise procedure of the FIB sectioning. A) Quenched crystal of cristobalite (Chapter 6 EXP1) seen under 

optical microscope; B) The same crystal seen in FEG-SEM at a tilting angle of 52°; C) Thinned foil fixed to the Cu-grid, 

covered by Pt layer; D) Powder sample EXP6 (Chapter 6) extracted from the Re gasket; E) Lift-out of this sample using 

tungsten needle; F) Thinned to ~100 nm foil ready for TEM, fixed to the Cu-grid on both sides.  
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sample was removed by IB sputtering to release the foil from the micromanipulator needle using an 

ion beam of 0.5 nA. The foil was finally thinned at both sides using progressively lower ion beam 

currents from 1.0 nA to 30 pA in order to produce an electron transparent sample foil (Fig. 2.11f). 

The finally thinned TEM lamellae were about 10x15x0.1 μm in size.  

2.3.2 Transmission electron microscopy 

The transmission electron microscope (TEM) uses a beam of electrons to resolve structures and 

chemical composition at the micro- to nano-scale (e.g. Williams and Carter, 1996). Electrons are 

produced by heating a tungsten filament at voltages ranging from 80 to 300 kV, under which they 

have a wavelength of 0.04 Å. The highly energetic electrons are fired towards the sample down a 

column held under vacuum where different electromagnetic –condenser – lenses are used to focus the 

beam and to transmit it through a very thin specimen (< 150 nm). The electron beam that passes 

through the sample is then collected and focused by a set of objective and projector lenses. By 

controlling the strength of these lenses and placing the appropriate aperture, either the diffraction 

pattern or the image can be modulated and projected on an imaging device, a fluorescent screen. 

Diffracted beam is used to generate the selected-area electron diffraction (SAED) patterns. Obtained 

on a very thin specimen, with the electron beam focused in a sub-ängstrom scale, this pattern 

represents an almost undisturbed 2-D slice of the reciprocal space. Apart for diffraction pattern, the 

passing electron beam is used to create diffraction contrast imaging. By choosing an aperture that 

allows only the direct beam to pass, bright field (BF) images are obtained. Also a selected diffracted 

beam can be used to create the image, in which case corresponding dark field (DF) image is obtained. 

These techniques are used to visualize microstructural nm-sized features.  

In this study the samples were directly removed from the gasket and further prepared either by FIB-

technique or by crushing the recovered grains between two glass slides. The obtained powder was 

dissolved with a drop of ethanol. A drop of ethanol dispersion was then placed on a lacey carbon film 

on Cu-grid (300 mesh). The chemistry of the grains was also cross-checked using an energy-

dispersive X-ray (EDX) analyzer, operated at 200 kV. 
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3. SYNOPSIS  

This cumulative thesis consists of Introduction (Chapter 1), Methods (Chapter 2), two published 

manuscripts (Chapter 4 and 5) and one ready for submission manuscript (Chapter 6). All manuscripts 

have been written by me as the first author. The main focus of this work is to understand 

compressional mechanisms of crystalline SiO2, by studying two important minerals with very distinct 

structures, coesite and cristobalite. The most common silica mineral – quartz – has been more 

extensively studied over the past decades, and its pathways of compression are well constrained. On 

the other hand, high-pressure experiments on coesite and cristobalite lead to many contradictory 

results, so that no conclusive model on their compressional behaviour has been reached. This work 

significantly expands the understanding of how differently structured silica minerals react to 

hydrostatic and non-hydrostatic (uniaxial) compression, thereby explaining some of the long-standing 

questions. Chapters 3 and 4 represent an extensive study on high-pressure behaviour of coesite, the 

densest silica polymorph with four-fold coordinated silicon. The final manuscript included as chapter 

5 deals with the compressional behaviour of cristobalite, which has a very loose structure. Here I 

summarize the most important results from each of the chapters and give a concluding remark.  

3.1 Detailed summary of the manuscripts 

Pressure-induced phase transitions in coesite (Chapter 4) 

(Published in American Mineralogist) 

This work is focused on understanding the pathways of phase transitions in coesite under high 

pressures by mainly using in situ Raman spectroscopy complemented by ab initio calculations of the 

Raman active phonons and supported by X-ray diffraction. The starting material in form of single 

crystals of coesite was compressed up to pressures of ~51 GPa using diamond-anvil cells with neon 

as the pressure transmitting medium. Mineral coesite is widely accepted as a high-pressure indicator 

found in rocks related to meteorite impact sites, in ultra-high pressure metamorphic rocks or in 

kimberlites (mantle derived rocks). Crystalline or amorphous metastable phases derived from coesite 

under high-pressure conditions can be of interest in geological application as potential tracers of peak 

transient pressure conditions reached in processes such as impacts or faulting.  
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This study reveals two high-pressure polymorphs of coesite, coesite-II and coesite-III (Fig. 3.1), that 

remain crystalline (Fig. 3.2) far above the previously reported amorphization pressure (30 GPa). This 

significant discrepancy between previous and our current results implies that the metastable phase 

diagram of silica phases requires a substantial revision, as none of the metastable high-pressure 

phases of coesite has been previously studied.  

FIGURE 3.1. Pressure dependence of the main Raman active mode obtained from several different experiments at ambient 

temperature. Phase transitions at ~23 and ~35 GPa are indicated by solid lines, and the thermodynamic stability field of 

coesite is indicated by dotted lines. 

The transition from coesite-I to coesite-II is marked by appearance of a doublet in the main Raman 

peak (Fig. 3.1). It is probably a displacive, second order in character phase transition arising from the 

shearing of the four-membered rings of SiO4 tetrahedra upon compression, as revealed by the phonon 

softening, continuous behaviour of the main peak, as well as by the absence of hysteresis. Decrease in 

intensity and softening of the main peak doublet during heating up to ~400 ºC, support the 

observation that coesite-II is a metastable phase, which exists only at room temperatures far outside 

the pressure stability field of coesite-I. The heating which is insufficient to transform coesite to the 

thermodynamically stable phase – stishovite – enhances the thermal motion of the metastable 

structure and causes instability but, most probably, does not lead to amorphization. Hence, the 

pressure- and temperature-quenched sample retransforms to coesite.  
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The transition of coesite-II to coesite-III is possibly first order in character, as it appears from the 

abrupt change in Raman spectra above ~35 GPa (Fig. 3.1). As expected in a first order transition, the 

frequency of the main mode, situated at ~600 cm
-1

, does not vary significantly with pressure and a 

hysteresis is probably hindering reversible transformation from coesite-III to coesite-II.  

 

FIGURE 3.2. X-ray diffraction peaks of pressurized coesite single crystal at various pressures can be observed in wide-scan 

diffraction images at least up to 52.3(3) GPa, but they disappear at 54.8(3) GPa. At 27.7 GPa coesite-II phase shows 

prominent diffraction peaks. At higher pressures, a distinct change in diffraction pattern is observed. At 44.4 and 52.3 GPa 

few weak peaks of still crystalline phase coesite-III are marked by circles. Broad diffraction rings belong to neon; the figures 

represent diffraction region up to ~1.5 Å. Upon decompression down to ambient pressure, the material did not recover the 

crystallinity and no diffraction peaks were observed. 

 

High-pressure crystal chemistry of coesite-I and its transition to coesite-II  (Chapter 5) 

(Published in Zeitschrift für Kristallographie) 

This work builds upon the previous chapter by studying in detail the structure of coesite-I under 

pressure and it lays out the principal mechanism that leads to its transition to coesite-II. The high-

pressure crystal chemistry was studied by means of single crystal X-ray diffraction (SCXRD) using 

synchrotron radiation. The samples were pressurized using diamond-anvil cells loaded with neon as 

pressure-transmitting medium.  
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Uncommon for other silica polymorphs, high-pressure behaviour of coesite-I is governed by two 

simultaneous compressional mechanisms: 1) polyhedral tilting along with Si-O-Si bond-angle 

reduction and 2) Si-O bond-length compression with polyhedral distortion. The two symmetrically 

distinct SiO4 tetrahedra of the coesite-I structure respond differently to compression. The Si1 

tetrahedral site undergoes much more distortion than the Si2 site and it is anomalously compressible 

relative to SiO4 tetrahedra in other silicates. The shortest Si-O bond (related to the stiff 180º Si-O-Si 

angle in Si1 tetrahedron) is also the most compressible bond, in contrast to the expected behaviour 

under increasing pressure. The displacive phase transition from coesite-I to coesite-II above 
~
20 GPa 

is likely driven by this extreme shortening of the Si1-O1 bond (0.05 Å or 3.2%). The structure of the 

novel high-P polymorph coesite-II has reduced symmetry (P21/n) and a unit cell that is doubled 

(Z=32) along the b-axis with respect to that of the initial coesite-I (C2/c, Z=16). All silicon atoms in 

coesite-II are in tetrahedral coordination. Upon transition, the linear Si-O-Si angle bends, resulting in 

two independent angles, one of which, however, retains almost linear geometry (~178º). Figure 3.3 

illustrates how the characteristic features in the structure of coesite-I change upon the transition to 

coesite-II.  

The requirement of this angle to be close to linear likely causes further Si-O compression down to an 

extremely short distance of ~1.52 Å, which prompts subsequent structural changes, with the 

formation of a triclinic phase at ~31 GPa, coesite-III. This is a good example of how very short and 

compressible bonds are restricted to the (almost) linear Si-O-Si geometry, and appear highly 

unfavorable in other Si-O-Si arrangements. Building blocks of the coesite-I structure are four-

membered rings (4-rings) of tetrahedra. The tetrahedra in coesite-II are rearranged in such a way that 

two slightly different 4-membered rings are created. Our previous Raman spectroscopy study on the 

pressure-induced phase transition in coesite reveals that the main Ag vibration mode of coesite at 

~521cm
-1

 is a breathing mode of the 4-membered rings. The two rings in coesite-II with two slightly 

different sizes are expected to have breathing modes at slightly different frequencies, contributing to 

the appearance of a doublet in the experimental Raman spectra upon the coesite-I to coesite-II 

transition.  
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FIGURE 3.3. Structure of coesite-I at 20.3 GPa and its distortion up to transition to coesite-II (27.5 GPa) viewed down the c-

axis. On the left, dominant features in coesite-I – symmetric hollow channels that run parallel to [001], placed between the 

linear Si1-O1-Si1 angles, are presented. Dashed lines indicate semi-close-packed O3 and O4 planes of oxygens in (010). On 

the right, in the structure of coesite-II the hollow channels parallel to the c-axis are asymmetric and are places between Si7-

O4-Si5 (~178º) and Si2-O15-Si3 (~153º) angels. Few distinct Si tetrahedra are labeled. 

 

High-pressure behaviour of cristobalite: bridging the gap towards the "seifertite enigma" 

(Chapter 6, to be submitted)  

The focus of the study was to understand the formation and stability of a high-pressure polymorph 

cristobalite X-I, the structure of which was unknown until know. In addition, we investigated weather 

seifertite, the post-stishovite polymorph of silica, can form at pressures much lower than its 

thermodynamic equilibrium. The response of α-cristobalite to high pressures has been a subject of 

numerous experimental and theoretical studies for more than two decades, indicating abundant 

polymorphism at elevated pressures. In order to reconcile contradictory results available so far on 

high-pressure behaviour of α-cristobalite regarding different outcomes when the same starting 

material is compressed at different levels of hydrostaticity, we conducted series of experiments at 

high-pressures and at room temperature at variable stress conditions, using starting material in form 

of single crystals and powders. Understanding high-pressure behaviour of this mineral has important 

geological implications. In contrast to its subordinate and rather exotic terrestrial occurrence among 

silica phases, α-cristobalite is observed as the predominant SiO2 polymorph in various planetary 

materials. It was documented alongside all the natural occurrences of the high-pressure, post-

stishovite silica polymorph seifertite, related to the heavily shocked meteorites. Notably, cristobalite 

has also been documented in the meteorites that lack any high-pressure silica polymorphs, albeit the 

rest of the mineral record indicated peak shock pressures exceeding 10 GPa, at which at least coesite 

or stishovite should form.  
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FIGURE 3.4. In situ Raman spectra collected on three different single crystals of α-cristobalite at 1.1, 4.6, 8.6 and 15.0 GPa 

and at room temperature. Inset shows the DAC pressure chamber seen at 14.1 GPa. In quasi-hydrostatic conditions the 

starting cristobalite (red) transforms via intermediate cristobalite-II (green) to cristobalite X-I (blue), but it retains its initial 

structure (orange) in the case of high hydrostaticity (smallest crystal size). The structures on the right representing the three 

polymorphs: α-cristobalite (bottom), cristobalite-II (middle) and cristobalite X-I (top). 

Starting material in form of α-cristobalite was compressed using diamond-anvil cells. We conducted 

in situ high-pressure Raman spectroscopy and synchrotron based single-crystal X-ray diffraction 

(SCXRD). The experimentally determined structure was then applied in ab initio calculations to 

obtain the Raman active modes. After high-pressure treatment, recovered samples were additionally 

investigated by powder X-ray diffraction (PXRD) and transmission electron microscopy (TEM). We 

find that in highly hydrostatic environment α-cristobalite remains untransformed to at least ~15 GPa 

(Fig. 3.4 red spectra). Under quasi-hydrostatic conditions, intermediated by cristobalite-II (Fig. 3.4 

green spectra), α-phase undergoes a first-order reconstructive phase transition to cristobalite X-I 

above ~10 GPa at ambient temperature (Fig. 3.4 blue spectrum). The phase X-I is found to exist at 

least up to ~80 GPa and to convert back to the starting cristobalite upon pressure release. We solve 

the structure of cristobalite X-I - a polymorph, showing that it contains kinked chains of octahedra 

(Fig. 3.4) similar to those in seifertite - by means of single-crystal X-ray diffraction. This polymorph 

shows a distorted hcp close-packing of oxygen atoms with randomly distributed cations. The increase 

in coordination number of silicon from 4 to 6 on cold compression has not been observed to occur at 

such low pressures (~10 GPa) in any other silica polymorph. In non-hydrostatic environment 

cristobalite eventually transforms to seifertite, the high-pressure silica polymorph (α-PbO2 type) at 
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FIGURE 3.5. Schematic presentation of the pressure-induced 

pathways starting from various tetrahedral SiO2 polymorphs 

highlighting the main contribution of this work: HP 

polymorphs of coesite and cristobalite. Initial polymorphs are 

illustrated for comparison of their characteristic ring 

structures. Structures according to: quartz (Glinnemann et al., 

1992); cristobalite (Peacor, 1973); coesite (Angel et al., 2003); 

monoclinic tridymite (Kihara et al., 2005) 

maximum of ~50 GPa. Seifertite formed far below its P-T thermodynamic stability field following the 

sequence of transitions α -> II -> X-I -> α-PbO2 bypasses the equilibrium formation of stishovite and 

CaCl2 structured polymorph, and, as reported earlier, it can be recovered to ambient conditions. Based 

on our observation, we conclude that particularly in quasi-hydrostatic or non-hydrostatic conditions 

cristobalite may occur on decompression after and could not, therefore, be used as a proof of the 

absence of high-pressures. Neither cristobalite nor seifertite should be considered reliable tracers of 

the peak shock conditions. 

3.2 Conclusion  

In conclusion, the compressional behaviour 

of the two minerals can be compared. Both 

coesite and cristobalite follow the same 

densification path initially by undergoing a 

displacive phase transition to a slightly 

distorted structure of reduced symmetry (I-

>II transitions). The most striking difference 

in response to compression of coesite and 

cristobalite is their reaction to (uniaxial) 

stress: coesite becomes amorphous when 

compressed in non-hydrostatic conditions; 

cristobalite, on the other hand, transforms 

directly to quenchable seifertite, a post-

stishovite polymorph of silica. This 

difference can be explained by the fact that 

the collapse of the loose α-cristobalite 

structure leads to the formation of cristobalite 

X-I, which contains all Si atoms in octahedral 

sites at pressures as low as ~11 GPa. Under 

further compression only a slight 

rearrangement of the octahedra is required in 

order to form the next stable phase.  
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Coesite, on the other hand, has a very stiff structure accommodating its volume decrease almost 

entirely via the compressible but rigid Si1-O1-Si1 linkage, whereas the other sites in the structure are 

far less affected. This mechanism allows the structure to become only slightly distorted up to much 

higher pressures (35 GPa), hindering the structural rearrangements that would bring silicon atoms into 

6-fold coordination, which is much more stable at such pressures.  

 

In the end we briefly comment on the compressional mechanisms of all low-pressure silica 

polymorphs, α-quartz, α-cristobalite and coesite-I complementing our data with that available in the 

literature. This segment is not included in any of the manuscripts. 

 

FIGURE 3.6. Correlation between the main Si-O-Si bond angle frequencies for α-quartz, α-cristobalite, cristobalite-II, 

coesite-I and coesite-II, after Palmer et al. (1994). The α-cristobalite and cristobalite-II Raman frequencies are from this 

work. Structural parameters for α-cristobalite are from this study and complemented by data from Dera et al. (2011) and 

references therein; they cover the pressure range from 0-14.1 GPa. Bond angles for cristobalite-II are taken from Dera et al. 

(2011) and references therein, covering pressures starting from 3.5 up to 10.1 GPa. Raman frequencies and bond angles for 

quartz are taken from Palmer et al. (1994) and references therein; they cover the pressures from ambient to 5.9 GPa. Raman 

frequencies and bond angles for coesite-I (2.4-20.3 GPa) and coesite-II (27.8 and 30.3 GPa) are from this work. Note that 

for coesite-II only the bond angles formed by breaking of the two most compressible (Si1-O2-Si2 and Si1-O5-Si2) bond 

angles of the coesite-I structure are shown, the rest is omitted for clarity (coesite-II has 16 bond angles). Error bars are given 

for α-cristobalite and coesite-I, but are mostly smaller than the symbol; error bars for coesite-II are omtitted for clarity and 

are not reported for quartz or cristobalite-II. 
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According to the available literature data, three mechanisms described as dominant in compression of 

silica phases: 1) Si-O-Si bond angle reduction, allowing tilting of tetrahedra, 2) Si-O bond length 

reduction causing tetrahedra volume decrease, and 3) tetrahedral distortion. α-quartz and α-

cristobalite contain only one Si and one O in the asymmetric unit, therefore only one Si-O-Si angle. 

Coesite-I has Si1 and Si2 sites and five characteristic Si-O-Si angles. Complementing an earlier plot 

of the Raman frequency of the main stretching mode v against Si-O-Si angle (Fig. 3.6) with 

spectroscopic and structural data from this study, we can conclude that a structure of a mineral is 

likely to become unstable when this angle approaches ~125°, regardless the pressure. Data for α-

quartz are unfortunately incomplete.  

Regarding decrease of the tetrahedra volume with pressure (Fig. 3.7), this mechanism contributes 

more to the compression of the stiff coesite-I structure (K0=96(4) GPa) than to compression of loose 

α-cristobalite (K0=11.0(4) GPa) and α-quartz (K0=38.7(3) GPa). To our knowledge, the remarkable 

compressibility of the Si1 tetrahedral site in coesite-I can only be compared to that zircon and 

forsterite (summarized in Smyth et al. 2000). Note, however, that in such structures the tetrahedra do 

not form three-dimensional framework as in the case of coesite-I. 

 

FIGURE 3.7. Tetrahedral volume decrease of selected silica polymorphs with increasing pressure. 
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On the other hand, tetrahedral distortion seems to be the prevalent mechanism of compression in α-

quartz (Fig. 3.8). α-cristobalite and the Si1 site of coesite are distorted to similar extent, but the Si2 

site in coesite-I seems to remain almost undistorted under compression. Available data on α-

cristobalite are scattered but the last pressure point we obtain at 14.1 GPa shows significantly better 

crystal quality and refinement statistics (Rint= 2.1 %; R1= 6.7%) than those reported by Dera et al. 

(2011), therefore we consider our data more reliable. Tetrahedral distortion can be quantified by two 

parameters, tetrahedral angle variance (TAV) and quadratic elongation (QE). Angle variance is a 

measure of the distortion of the intra-polyhedral bond angles from the ideal polyhedron and Quadratic 

elongation is a measure of the distortion of bond lengths from the ideal polyhedron as defined by 

Robinson et al. (1971). Represented in Figure 3.8, both TAV and QE show similar pattern for the 

three minerals. For comparison we also plot common feldspar, which in addition to the Si-tetrahedra, 

also contains Al-tetrahedra and cations in the structural cavities and is therefore much more distorted. 

FIGURE 3.8. Tetrahedral angle variance (TAV) and quadratic 

elongation (QE) of silica polymorphs. The parameters were calculated 

using PROGRAM METRIC Ver. 6.1 by Bartelmehs, Boisen, Gibbs, 

and Downs 2002. 
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4.1 Abstract 

High-pressure behaviour of coesite was studied on single crystals using diamond-anvil cells with 

neon as the pressure transmitting medium by means of in situ Raman spectroscopy up to pressures of 

~51 GPa. The experimental observations were complemented with theoretical computations of the 

Raman spectra under similar pressure conditions. We find that coesite undergoes two phase 

transitions and does not become amorphous at least up to ~51 GPa. The first phase transition (coesite 

I to coesite-II) is reversible and occurs around 23 GPa. The second transition (coesite-II to coesite-III) 

at about 35 GPa is also reversible but involves a large hysteresis. Samples recovered from the highest 

pressure achieved, ~51 GPa, show Raman spectra of the initial coesite. The ab initio calculations gave 

insight into the initiation mechanism of the first phase transition, implying, from the analysis of 

unstable phonon modes, that it is probably a displacive phase transition due to shearing of the four-

membered rings of SiO4 tetrahedra upon compression. The transition to the lowest-symmetry phase, 

coesite-III, is possibly a first order phase transition which leads to a very distinct structure. None of 

the metastable high-pressure phases of coesite has been previously studied and it was widely accepted 

that coesite undergoes pressure-induced amorphization at significantly lower pressures (30 GPa). The 

study of the high-pressure behaviour of coesite is important to better constrain the metastable phase 
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diagram of silica. Further crystallographic investigations are necessary for characterizing the 

structures of these metastable coesite forms. Crystalline or amorphous metastable phases derived 

from coesite under high-pressure conditions are of particular interest because they can be used as 

potential tracers of peak transient pressures (stress) reached in processes such as impacts or faulting.  

4.2 Introduction 

Silica, SiO2, exhibits a very rich polymorphism with more than 30 stable or metastable phases, most 

of which occur at ambient to moderate pressures (< 9 GPa). Some of these phases, such as quartz, 

trydimite and cristobalite consist of frameworks of SiO4 tetrahedra and are abundant in nature. Phases 

of silica stable at higher pressures and temperatures are mostly composed of octahedrally coordinated 

silicon atoms. Coesite, thermodynamically stable above ca. 2.5 GPa and at temperatures in excess of 

500 °C, is the densest known polymorph with silicon atom tetrahedrally coordinated to oxygen. This 

polymorph was first observed experimentally by Coes (1953) and later discovered in nature by Chao 

and coworkers, in impact breccia from Meteor Crater (Chao et al., 1960). Nowadays coesite is widely 

accepted as a high-pressure indicator in rocks related to meteorite impact sites, where it forms due to 

the high-pressure and high-temperature regime of the impact and to the very rapid quenching 

conditions which prevent a reversion from coesite to quartz (e.g., Xiao et al., 2011). Shock-induced 

formation of coesite has been also observed in meteorites, where it can be found along with other 

shock minerals (e.g., Ohtani et al., 2011). Terrestrial occurrence of coesite was reported from deeply 

(>100 km) subducted crustal rocks (ultra-high pressure metamorphic rocks) or mantle derived rocks 

(kimberlites), which have been exhumed under conditions that prevent retrograde transition to quartz 

(e.g., Chopin, 1984; Korsakov et al., 2007; Mosenfelder and Bohlen, 1997; Parkinson, 2000; Ruiz-

Cruz and Sanz de Galdeano, 2012; Smyth and Hatton, 1977). In these rocks coesite commonly occurs 

as an inclusion within clinopyroxene, olivine, garnet or diamond. Coesite-in-diamond assemblage 

was recently introduced as an important high-pressure barometer (Sobolev et al., 2000). 

Because of the relatively strong Si-O bonding in silica, there are high kinetic barriers associated with 

the transitions to stable high-pressure phases consisting of SiO6 octahedra (Haines et al., 2001). This 

results in complicated metastable phenomena at high pressures and ambient temperature such as the 

persistence of low-pressure phases far out of their stability fields and transitions to metastable 

crystalline and amorphous phases. Slow kinetics, enhanced metastability, formation of poorly 

crystallized or structurally disordered materials usually give rise to weak X-ray diffraction patterns 

which are difficult to interpret, resulting in contradictory interpretations. Another major complexity in 
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studying the behaviour of silica also arises from the fact that the transition mechanisms, the pathways 

through intermediate metastable phases and the onset of pressure-induced amorphization strongly 

depend on the starting polymorph, as well as on the hydrostaticity and stress anisotropy present in the 

sample during experiments. For example, experimental studies on polycrystalline α-quartz in neon 

pressure medium (Kingma et al., 1993) evidenced pressure-induced phase transitions above 21 GPa to 

a crystalline metastable phase of reduced symmetry, followed by pressure-induced amorphization 

above 30 GPa. In helium pressure medium, which provides higher hydrostaticity, polycrystalline 

quartz is found to remain crystalline up to 45 GPa and to transform to a monoclinic phase at such 

pressure (Haines et al. 2001). A transformation path through several metastable phases has been 

reported in cristobalite, as well (e.g., Dera et al., 2011; Prokopenko et al., 2001; Yagi and Yamakata, 

2000). Numerical calculations also stressed the fact that stable polymorphs of SiO2 may undergo a 

number of phase transitions to metastable phases with increasing pressure before reaching 

amorphization (Teter and Hemley 1998; Wentzcovitch et al. 1998). 

In an experimental study on the high-pressure behaviour of coesite, Hemley (1987) observed changes 

in the Raman spectra of coesite collected at ambient temperature and at the pressures of 22-25 GPa in 

argon pressure medium, and reported that coesite becomes amorphous above 30 GPa. The authors 

attributed such changes to a high-pressure phase transformation occurring in coesite; however, no 

further investigation has been reported to better describe such behaviour. 

In this study we aim at giving insight into the high-pressure behaviour of coesite. We measure in situ 

Raman spectra at pressures up to 51 GPa and complement them with theoretical computations of 

Raman spectra under similar pressure conditions. We find two phase transitions clearly 

distinguishable by Raman spectroscopy and explain the mechanism of the first transition based on the 

theoretical calculations. 

4.3 Experimental methods 

4.3.1 Synthesis 

The starting material for the coesite synthesis was SiO2 glass powder with very low trace elements 

content, as analyzed at the BGI using LA-ICP-MS: Al 20 ppm, Ge 1.3 ppm, Na 1.0 ppm, Li 0.8 ppm, 

and B, Ti, Fe, Ga, Rb and Sn below the detection limits. Coesite single crystals were synthesized by 

mixing the starting powder with ~5 wt% distilled water inside a platinum capsule, which was then 

welded shut. The capsule was first placed into pyrophyllite sleeves and then in a 0.5" talc-pyrex 
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piston-cylinder assembly containing internal, tapered graphite resistance furnaces (Bromiley and 

Keppler, 2004). The mixture was pressurized to 3.5 GPa and slowly heated up to 1250 °C, kept at this 

temperature for ~15 hours, then cooled down to 1100 °C in 5 hours, and finally quenched. Slow 

cooling procedure and water-saturated conditions resulted in growth of relatively large (above 100 

µm in linear dimensions) crystals. No Raman peaks were observed in the spectra of synthesized 

coesite in the O-H vibration region (2800-3400 cm
-1

). This is in agreement with the study on pressure 

dependence of hydrogen solubility in coesite (Koch-Muller et al., 2001; Mosenfelder, 2000), 

according to which no water should be present in coesite synthesized at 3.5 GPa and 1250 °C.  

4.3.2 High-pressure Raman spectroscopy  

Piston-cylinder type diamond anvil cells (DAC) developed at BGI (Kantor et al. 2012) made of high-

temperature resistant alloy were used for the high-pressure experiments. Experiments in quasi-

hydrostatic conditions were carried out using 250 µm culet size diamonds, a cylindrical pressure 

chamber of 30-40 µm height and 125 µm diameter drilled in a pre-indented rhenium gasket. We 

used neon as pressure transmitting medium, loaded using the BGI gas loading system (Kurnosov et 

al. 2008). Selected crystals were in the form of plates of typical size 15 x 30 x 50 µm
3
 and they were 

loaded together with a 5 µm in diameter ruby sphere for pressure determination. The pressure was 

determined using the ruby luminescence line (Mao et al. 1986). 

Raman spectroscopy measurements were performed using a LabRam system (Horiba Scientific Inc.) 

with a He–Ne-laser (excitation wavelength 632.8 nm, output power 0.15 W, spectral resolution 2 cm
-

1
) as well as Dilor XY Raman spectrometer with Ar+ ion laser (514.5 nm, Coherent Innova 300, 

spectral resolution 1 cm
-1

). The output power was varied according to the sample signal between 0.3 

and 1.0 W when using the Dilor instrument. The spectrometers were calibrated using either the silicon 

peak at 520 cm
-1

 or referencing the value of the absolute wavelength of the ruby R1 fluorescence line. 

Raman spectra were collected between 200 and 1200 cm
-1

. This region is optimal because the 

LabRam spectrometer used in our experiments is equipped with a notch filter which prevents 

collection of the frequencies lower than 150 cm
-1

, whereas above 1200 cm
-1

 low intensity peaks of 

coesite are suppressed by strong diamond peak at centered near 1300 cm
-1

. We performed five 

different DAC experiments at room temperature by pressurizing the coesite crystals in steps of 

several GPa up to a maximum of ~51 GPa. In two of these experiments, Raman spectra were also 

collected during decompression. Peak positions in the Raman spectra were determined by fitting to 

Lorentzian peak shape using Igor Pro v. 6.22 software.  
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4.3.3 External electrical heating in DAC 

Heating experiments up to ~400 ºC were performed using platinum-wire resistive whole-cell heater. 

The heater has an external diameter of 50 mm, it is made of fired pyrophyllite and 0.5 mm in diameter 

platinum wire is folded over the inner surface of the heater. For the purpose of protecting the Raman 

spectrometer from heating over several hours, we used a thermal insulator that is made of a square-

shaped double-layered stainless steel box. Stainless steel of “type 1.4571” is oxidation-resistant at 

elevated temperatures and shows no oxidation effect to at least 600 °C (Fig. 4.1). The DAC and the 

whole-cell heater were fixed on a stainless steel holder, which was then placed inside the steel box 

with openings at the bottom and the top, to allow optical access. Temperature was measured using a 

Pt Pt/Rh S-type thermocouple placed in the vicinity of the gasket.  

In the first experiment, the coesite sample was pressurized at room temperature up to 29 GPa and then 

slowly heated up to 400 ºC. During heating up to 200 °C the pressure dropped down to 27 GPa and 

was readjusted before further heating. In a second experiment, the coesite sample was pressurized 

from room pressure up to 34 GPa and then slowly heated up to 200 °C. At this temperature, however, 

FIGURE 4.1. External heating assembly, consisting of a pyrophillite whole cell 

heater surrounding DAC placed on a stainless steel holder and double-layered 

stainless-steel insulation box. The coin is used as a scale marker. 
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the Raman spectrum was very poor and therefore the experiment was interrupted. Pressure was 

monitored from a position of the ruby fluorescence peaks corrected for temperature after (Rekhi et al., 

1999).  

4.3.4 Transmission Electron Microscopy  

Conventional TEM characterizations in bright-field and dark-field imaging and selected electron 

diffraction techniques were carried out with a Philips CM20FEG equipped with an energy dispersive 

X-ray (EDX) analyzer, operated at 200 kV. Analyses were performed on several chips of a crystal 

which was subjected to a maximum pressure of 35 GPa. The recovered material was first 

characterized by Raman spectroscopy and then further crushed between two tungsten carbide plates. 

The ethanol dispersion was placed on a lacey carbon film on Cu-grid (300 mesh). Selected area 

electron diffraction (SAED) patterns from different chips were obtained to distinguish between 

crystalline and amorphous domains or particles. The chemistry of the grains was also cross-checked 

using EDX spectroscopy. 

4.3.5 X-ray diffraction 

We selected coesite single crystals at BGI using a rotating anode high-brilliance Rigaku 

diffractometer with Mo Kα radiation, equipped with Osmic focusing X-ray optics and Bruker Apex 

CCD detector. 

The crystal recovered after a repeated experiment at 34 GPa and ~300 ºC was analyzed by means of 

single-crystal X-ray diffraction at the beamline 13IDD of the GSECARS at the Advanced Photon 

Source, Argonne National Laboratory, USA. An incident monochromatic beam with wavelength of 

0.3344 Å was focused to a spot of 4x8 µm
2
. Diffraction images were collected using a MAR165 CCD 

detector with sample-to-detector distance of approximately 250 mm. The sample was also analyzed 

by X-ray diffraction mapping along a 5 x 5 points, covering an area of 12 x 12 µm
2
 (step size 3 µm), 

with exposure time of 10 s at each point. Diffraction images were integrated using the Fit2d software 

(Hammersley 1996).  

4.3.6 Ab initio calculations 

We analyze the pressure dependence of the phonon spectra also from the first-principles calculations. 

We determine the ground-state properties using standard density-functional theory (Kohn and Sham, 

1965; Martin, 2004; Payne et al., 1992) in the ABINIT implementation, based on planewaves and 

pseudopotentials (Gonze et al., 2009, 2002). Starting from the crystal structure refined by Angel et al. 

(2003) we determine the theoretical structure of coesite up to 40 GPa in 10 GPa steps. Then we 
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compute the energy derivatives to build the dynamical matrices and the Raman tensors in the 

framework of the density-functional perturbation theory (Baroni et al., 2001; M. Veithen, 2005; 

Gonze et al, 2005). We employ a 4x4x4 grid of special k points (Monkhorst and Pack, 1976) to 

sample the electron density in the reciprocal space and a kinetic energy cutoff of 38 Hartrees (1 

Hartree = 27.2116 eV). With these parameters the precision of the calculation is typical on the order 

of 0.001 Hartree in energy and better than 1 GPa in pressure. We store all the Raman spectra 

computed under pressure on the WURM website (http://www.wurm.info). More details of the Raman 

calculations can be found in the original WURM paper (Caracas and Bobocioiu, 2011).  

4.4 Results 

4.4.1 High-pressure, room temperature Raman spectroscopy  

Selected Raman spectra collected during compression are shown in Figure 4.2. At ambient pressure 

coesite shows prominent peaks at 202, 261, 322, 352, 371, 425, 469 and 519 cm
-1

, with the last peak 

being the most intense. The intensities and positions of these peaks are in good agreement with 

previous studies (Sharma et al. 1981; Boyer et al. 1985; Hemley 1987). The peaks that are expected to 

be centered around 665 cm
-1

 and 785 cm
-1

 at ambient pressure have only been observed at elevated 

pressures and not in all experiments. A peak located at 815 cm
-1

 was observed starting from ambient 

conditions, but was not detected in all experiments. Another peak, not previously reported in high-

pressure Raman spectroscopy studies of coesite, was observed in two experiments. It appeared at and 

above 4.5 GPa, and, according to its pressure shift, it can be expected to occur around 860 cm
-1

 at 

ambient conditions. Raman bands at 1036 and 1164 cm
-1 

were observed at ambient conditions outside 

the DACs, but not under compression due to their very low intensities. All the vibration bands are 

significantly weaker than the main 519 cm
-1

 band, they all show continuous positive pressure shift 

during compression and can be followed up to ~28 GPa (Fig. 4. 2a). The bands located at 519, 665, 

785 and 815 cm
-1

 have the largest pressure shifts, in good agreement with the previous study by 

Hemley (1987).  
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The most intense 519 cm
-1

 band was described as νs(Si-O-Si) symmetric stretching mode with Ag 

symmetry (Sharma et al. 1981, and references therein). It shows continuous positive pressure increase 

up to 23 GPa. Above 23 GPa a new strong vibrational band appears at a frequency of about 20 cm
-1

 

lower than the main Raman peak, which at this pressure has a frequency of 593 cm
-1

, as was also 

observed by Hemley (1987). Several other new modes become visible at lower frequencies, 

confirming the results reported by Hemley (1987) and their interpretation of a possible phase 

transition to a phase with reduced symmetry or enlarged unit cell. This post-coesite phase, hereafter 

referred as coesite-II, can be followed upon compression up to ~35 GPa (Fig. 4.2b). The Ag mode 

persists up to ~35 GPa, although its intensity decreases significantly. Above ~35 GPa, the two high-

frequency peaks disappear; only one new peak centered around ~600 cm
-1 

can be observed (Fig. 

4.2b). This sudden change in the Raman spectrum indicates a possible discontinuous transition to a 

new phase, hereinafter referred as to coesite-III. On further compression up to ~51 GPa, the peak 

centered around ~600 cm
-1 

decreases in intensity and exhibits a very small pressure increase (Fig. 

4.2b). Above ~35 GPa, in addition to the peak centered around ~600 cm
-1

, new bands appear as two 

triplets of equally spaced peaks between ~250-300 cm
-1

 and between ~620-720 cm
-1

. Appearance of a 

large number of new vibrational modes may indicate that coesite-III has either an enlarged unit cell or 

FIGURE 4.2. A) Raman spectra collected up to 30 GPa 

during compression. The star located above the doublet 

peak at 24.2 GPa indicates appearance of coesite-II phase. 

B) Raman spectra collected between 30 and 51 GPa during 

compression. The star above the spectrum at 38.3 GPa 

indicates disappearance of the main doublet peak and the 

transition to coesite-III. 

A B 
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lower symmetry with respect to coesite-I and II structures. At ~51 GPa no vibrational modes can be 

observed. The pressure dependence of the main 519 cm
-1

 Raman mode (dν/dP), where ν is the 

ambient-pressure phonon frequency and P is the pressure) was derived from a series of experiments 

and it is, on average, 3.0 ± 0.4 cm
-1

/GPa (Fig. 4.3). Based on the zero-pressure bulk modulus KT0= 

100.8 ± 0.5 GPa reported by Angel et al. (2001) and using the formulation of the mode-Grüneisen 

parameter as γν = (KT0/ν)(dν/dP), we obtain a value of 0.58 ± 0.08 for the Ag mode, only slightly 

higher than the values reported in Hemley (1987). 

At the highest pressure reached in these experiments, about 51 GPa, the Raman spectrum of coesite 

almost vanishes. Under decompression the vibrational modes of coesite-III regain intensity, with the 

most prominent peaks visible at ~250, ~540 and ~580 cm
-1

. Their frequencies decrease continuously 

down to ~24 GPa without any abrupt change, suggesting that the structure of coesite-III is preserved 

down to 24 GPa and that the transition to the coesite-II phase is not reversible or has a very large 

hysteresis. A strong single band centered around 600 cm
-1

 appears at ~24 GPa and its intensity 

increases with further decompression, until it dominates the Raman spectra below ~20 GPa, 

suggesting that the structure of coesite has been retrieved. Indeed, the Raman spectrum of the 

recovered crystal at room pressure is identical to that of the starting material (Fig. 4.4). The fact that 

FIGURE 4.3. Pressure dependence of the main Raman active mode obtained from several different experiments at ambient 

temperature. Phase transitions at ~23 and ~35 GPa are indicated by solid lines, and the thermodynamic stability field of 

coesite is indicated by dotted lines. 



_______________________________________________________________________Manuscript 1 
 

 

58 

the pressure-quenched material is crystalline coesite strongly suggests that the high-pressure phase 

coesite-III was also crystalline at 51 GPa even if the Raman vibrations could not be observed.  

 

4.4.2 Raman active modes from ab initio calculations 

We compute the phonons in the Brillouin zone-center, with both frequencies and atomic displacement 

patterns, for coesite I up to 40 GPa. We equally determine the Raman tensors and compute the Raman 

intensities for the Raman-active modes. All the spectra are reported on the WURM website 

(http://www.wurm.info), but for sake of clarity only the spectrum at ambient pressure is represented 

here, in Figure 4.5a. Figure 4.5b shows pressure dependence of selected most dominant modes. The 

Raman spectra are dominated by the Ag mode situated at ~510 cm
-1 

at ambient pressure. A series of 

low intensity peaks are observed at frequencies higher than 600 cm
-1

, in excellent agreement with the 

experimental data. 

The strongest Ag mode, located at ~510 cm
-1 

at ambient pressure (at 541 cm
-1

at 10 GPa) is a breathing 

mode of the four-membered rings comprised of SiO4 tetrahedra (Fig. 4.6a) and it arises from bending 

of four different Si-O-Si bonds that vibrate in phase, namely Si-O2-Si, Si-O3-Si, Si-O4-Si and Si-O5-

Si (nomenclature after Angel et al. 2003, see Figures 2 and 4 in the cited reference). Except for the Si-

O4-Si bond angle, which changes by only a few degrees throughout the pressure range examined by 

Angel et al. (2003), other three bond angles show strong pressure dependence. In contrast to these 

four angles, Si-O1-Si is rigid due to symmetry constrains and remains 180º throughout the 

FIGURE 4.4. Raman spectra collected during 

decompression from ~51 GPa to ambient 

pressure. Note that the power of the incident 

laser beam was decreased below 20 GPa 

from 1.0 to 0.3 W. 
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investigated range. Atomic movements of this breathing Ag mode are illustrated in a representative 

four-membered ring in Figure 6a seen during contraction. The largest displacement is seen in O3 and 

O4 atoms, which are moving symmetrically inward, and in O5 atoms that are moving parallel to each 

other along a-axes, but in the opposite direction.  

A Bg mode that appears at 77 cm
-1

 at ambient conditions (also 77 cm
-1 

at
 
10 GPa and 56 cm

-1
 at 

20GPa) is dominant in the lower frequency region and shows softening with increasing pressure (Fig. 

4.5b), similar to previous experimental studies (Hemley 1987). This mode corresponds to shearing of 

the tetrahedra rings (Fig. 4.6b and c) and may have a significant influence on the structural distortion 

at elevated pressures. Shearing of the four-membered rings is illustrated by the two adjacent four-

membered rings shown in Figure 4.6b. Within the same ring O3 atoms are displaced in the same 

direction, but this displacement direction is opposite between the two adjacent rings. O2 atoms 

vibrate opposite to the O3 displacement direction. Within the ring, one of the O4 atoms moves 

downwards and the other upwards from the plane of the ring. All O5 atoms of the structure move in 

the same direction, in the plane of the SiO4 rings. Similar intensity variation is observed in an Au 

mode that appears at 115 cm
-1

 at ambient pressure (Fig. 4.5b). Above 20 GPa this infrared active 

mode becomes even more unstable than the Raman active 77 cm
-1

 mode; this enhances the 

FIGURE 4.5. (A) Theoretical Raman spectrum at ambient conditions. The spectrum is dominated by the strong Ag mode at 510 

cm-1. Several peaks are visible at low frequencies and the most intense is the Bg mode at 77 cm-1, while all peaks above 600 

cm-1 are very weak. A few peaks are symmetry-labeled. The inset shows the peaks occurring in the 400-500 cm-1 range, with 

intensity magnified, with the Bg mode at 430 and the Ag mode at 455 cm-1. (B) Pressure variation of selected modes in 

coesite-I. Note that the lowest frequency modes become unstable with increasing pressure. The A modes bear symbols; the g 

modes are represented with solid line; the dashed line represent modes that are only infrared active. Three modes become 

unstable between 20 and 30 GPa, including a Bg Raman active mode at 77cm-1 and an Au infrared active at 111 cm-1 (ambient 

conditions). These two modes are displayed in Figure 4.6c and d at elevated pressure. 
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displacement of the O1 atom from the rigid 180º Si-O1-Si bond (Fig. 4.6d). Then this displacement 

could initiate the structural changes that we observe above 24 GPa. However, an IR study is required 

in order to confirm this prediction. For a better visualization of the atomic motions, please visit the 

WURM website.  

 

Other two modes in the 400-500 cm
-1

 region (Fig. 4.5a) are correlated with the motion of the SiO4 

tetrahedra rings, although they have low intensity. One is a complex Bg mode at 430 cm
-1

, 

FIGURE 4.6. Atomic displacement pattern of some of the most representative Raman modes of coesite at 10 GPa. They 

dominate the Raman spectra and their behavior is likely responsible for the structural changes exhibited under 

pressures. White corresponds to silicon atom, grey is oxygen; atomic nomenclature is after Angel et al. (2003). Ellipses 

are surrounding representative SiO4 rings and grey arrows placed on oxygen atoms are indicating displacement 

directions. A) The strongest Ag mode at 541 cm-1 (located at 510 cm-1 at ambient pressure) is a breathing mode of the 

four-membered tetrahedral rings. B) The Bg mode at 77 cm-1 (also 77 cm-1 at 10 GPa) dominates the spectra at low 

frequencies and it corresponds to shearing of the four-membered silica rings. The sketch in the upper left corner on the 

figure is for simplifying the structure of one ring. C) The same Bg mode at 20 GPa (56 cm-1) in different 

crystallographic orientation. D) Infrared active Au mode at 20 GPa (78 cm-1) showing significant displacement of the 

O1 atom from the rigid 180 ºSi-O1-Si bond. 

http://www.wurm.info/
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corresponding to both breathing and shearing of the SiO4 tetrahedra rings, and the other one is an Ag 

mode at 455 cm
-1

, which arises from stretching of the rings. The 430 cm
-1 

mode has not been observed 

experimentally, but the 455 cm
-1

 mode, albeit very weak, was present in some of our spectra.  

4.4.3 High-temperature, high-pressure Raman spectra 

The Raman spectra collected at 27-29 GPa up to 400 °C and at 34 GPa up to 200 °C are shown in 

Figure 4.7a and b, respectively. The first heating experiment was carried out in the pressure range 

where coesite-II phase (Figs. 4.2a and b) was observed, and, as expected, the main feature in the 

Raman spectra is the peak doublet located ~600 cm
-1 

(Fig. 4.7a).  The intensity of the vibrational 

FIGURE 4.7. A) Raman spectra collected at 27-29 GPa during heating up to 400 °C. At both pressures one can notice a 

decrease in intensity and an increase in the splitting of the doublet. B) Raman spectra collected at 34 GPa during heating up 

to 200 ºC and after quenching to ambient conditions. Only a decrease in intensity can be observed at this pressure, without 

an increase in the splitting of the doublet.  

 

B 

A 
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modes decreases with increasing temperature, and at 27 GPa, as expected, they shift to lower 

frequency. However, at 29 GPa the higher frequency peak shifted 4 cm
-1

 towards higher frequency 

between room temperature and 425 °C, whereas the lower frequency band softened of ~1 cm
-1

, 

increasing in this way the total spread of the doublet. At this temperature an intermediate peak 

appears in the spectra but due to the very poor quality of the spectra it is hard to tell if it is a signal 

from the sample or a spike. At higher temperatures the intensity of the doublet decreased significantly 

and the doublet peak was not observable.  

At 34 GPa and 100 ºC, the peak doublet of coesite-II is still present and decreases both in intensity 

and in frequency with increasing temperature. No signal was observed at 200 °C (Fig. 4.7b). Raman 

spectra were collected during decompression at elevated temperature, but no Raman spectra of coesite 

were observed. At room pressure and after cooling down to room temperature, a broad peak close in 

position to the main vibration mode of coesite was observed (Fig. 4.7b). The recovered crystal was 

also analyzed by single-crystal X-ray diffraction (see further). 

4.4.4 TEM observations 

One of the recovered samples was investigated by 

transmission electron microscopy. This sample 

was selected for the TEM analysis because the 

central, thickest part of the crystal was bridged 

between diamond anvils at ~35 GPa during 

compression, whereas the thinner edges of the 

crystal remained largely undisturbed by the 

diamond culets. Raman spectra collected on the 

material recovered from the thin edge of the 

sample show a weak peak around 425 and 514 

cm
-1

, and the TEM analysis of the same material 

revealed that very thin grain domains are indexed 

with coesite in the SAED pattern (Fig. 4.8). On 

the other hand, the material recovered from the 

bridged part of the crystal does not show any 

Raman active modes and appears entirely 

amorphous at the TEM. Our observations agree 

FIGURE 4.8. TEM analysis of one of the grains recovered 

from the thin edge of the crystal bridged at 35 GPa, showing 

diffraction profiles that can be attributed to coesite. The 

material from which this grain was selected shows a weak 

Raman peak around 520 cm-1. 
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qualitatively with the previous studies on high-pressure silica behaviour: in experiments with stiff 

pressure media where amorphization is initiated at lower pressures with respect to experiments in 

quasi-hydrostatic conditions (e.g., Hemley 1987; Haines et al. 2001). 

4.4.5 X-ray diffraction  

X-ray mapping along 25 spots of the sample quenched from ~300 ºC and 34 GPa indicates that the 

material is well-crystallized. All observed diffraction peaks belong to coesite (Fig. 4.9). Phase 

identification was carried out using the Match! Software v 1.11 (with Crystallography Open 

Database), considering only the region of d-spacing between 4.5 and 1.0 Å (2theta 5 – 19º). The 

suggested possible phases by the program are coesite, diamond and quartz, however all of the peaks 

assigned to quartz have d-spacing which can also be assigned to coesite, and no peak belonging solely 

to quartz has been observed (Fig. 4.9).  

4.5 Discussion 

Coesite appears to undergo at least two distinct transitions to metastable phases upon compression, as 

shown in DAC experiments with quasi-hydrostatic medium (Ne) up to ~51 GPa. A similar high-

pressure behaviour, i.e., complex path of transformations to metastable phases before amorphization, 

have been reported for quartz (Haines et al., 2001; Kingma et al., 1993) and it is in agreement with 

predictions from numerical models, which suggest that a number of metastable phases can appear on 

compression of SiO2 materials before amorphization (Dubrovinsky et al., 2004; Wentzcovitch et al., 

1998). Most certainly these phases appear as a consequence of the lack of energy at room temperature 

FIGURE 4.9. Representative X-ray diffraction data showing that the crystalline phase quenched from ~34 GPa and ~300 ºC is 

coesite. Reference phases are taken from Crystallography Open Database: coesite - Araki and Zoltai (1969), synthehic sample 

at ambient conditions; quartz - Hazen et al. (1989), synthetic sample at pressure of 1bar; and diamond – Wyckoff (1963).  
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to overcome the considerable potential barrier needed to increase the silicon coordination by oxygen 

from 4 to 6.  

The transition from coesite-I to coesite-II at around 23 GPa was initially reported by Hemley (1987). 

The study focused on the phase transition, showing its relation to phonon softening, but did not go 

further into clarifying the eventual splitting of the most intense Raman doublet above ~23 GPa. The 

author also reports one single broad peak above 30 GPa centered around 600 cm
-1

, interpreted as a 

feature similar to that reported for silica glass, and therefore concludes that above such pressure 

coesite becomes amorphous. Hemley (1987) also reported that the splitting at 23 GPa was obscured in 

all experiments except in those with argon, which was providing the best quasi-hydrostatic conditions 

in their experiments at higher pressures. Neon is shown to be a softer pressure-transmitting medium 

and to give quasi-hydrostatic conditions at higher pressures than argon (Klotz et al. 2009). In our 

experiments, therefore, we are able not only to clearly follow the evolution of the splitting of the main 

Raman mode above 23 GPa, but also to observe another phase transition at ~35 GPa. Non-hydrostatic 

compression, as we observed on the example of partially bridged coesite crystal as well as reported in 

the experiments with Ar or stiffer pressure media (Hemley 1987), leads to amorphization of coesite at 

lower pressures at room temperature. 

Our experimental and theoretical results are in very good agreement, with a discrepancy in 

frequencies of about 10 cm
-1

 between the calculated and the measured spectra. The main Raman 

mode is at 519 cm
-1

 in the experimental spectra and at 510 cm
-1

 in the calculated; another intense Ag 

mode which is observed at 426 cm
-1 

is calculated at 415 cm
-1

. Moreover, the calculated frequency 

shifts with pressure are very similar to those observed experimentally, at least for the strongest 

Raman modes. 

At 8 GPa, a small shoulder at 228 cm
-1 

(Fig. 4.2a) can be observed overlying the 220 cm
-1

 peak (202 

cm
-1

 at ambient pressure). From a previous study (Hemley 1987) it appears that the mode at 176 cm
-1

 

intersects the 202 cm
-1

 mode at ~8 GPa, and therefore it could be the cause of the shoulder in the 

spectra we recorded at this pressure. However, it should be noted that the results of our ab initio 

calculations are in contrast with such an interpretation since these two calculated modes do not cross 

at any pressure (calculated up to 40 GPa), although their separation decreases with increasing 

pressure. 

In light of our experiments and ab initio calculation we can give an insight on the mechanism of 

transformation from the coesite-I to coesite-II phase in terms of a complex phonon softening. The 

crystal structure of coesite-II has a lower symmetry than coesite-I, as it appears from the increasing 
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number of the vibrational modes observed in this study. The calculations show that three phonon 

modes, one Bg, one Au and one Bu soften under compression (Fig. 4.4b), the former two becoming 

imaginary around 27 GPa. They all correspond to some form of shear of the SiO4 tertrahedra rings, 

but the Au and Bu modes are only infrared active. Freezing of any or all of these modes could enhance 

a displacive transition and may be associated with a breaking of the symmetry of the four-membered 

rings. This can also give rise to two slightly different breathing modes for two differently sheared 

rings, a consequence of which is the splitting of the main Ag mode (at 510 cm
-1

 at room pressure) 

associated with the breathing of the four-membered rings.  

An alternative explanation is that the second Raman peak at 560 cm
-1

 in the coesite-II structure arises 

from the coupling between the soft Bg mode, situated at 77 cm
-1

 at ambient conditions and imaginary 

at the transition, with either the Bg mode at 430 cm
-1

 (at ambient conditions, 450 cm
-1

 at 20 GPa) or 

the Ag mode at 455 cm
-1

 (at ambient conditions, 468 cm
-1

 at 20 GPa). In particular the coupling and 

further energy transfer between the two Bg modes is very likely due to their identical symmetry. This 

transfer can also enhance the Raman intensity of the higher-energy mode. Coupling of the unstable Bg 

and the stable Ag modes is possible because of similarities between their eigendisplacements. The 

coupling could also enhance the polarizability of the higher-energy mode and hence its Raman 

signature. 

The transition from coesite-I to coesite-II is likely to be second order in character because of the 

phonon softening, continuous behaviour of the main Raman peak, and because of the absence of 

hysteresis. Decrease in intensity and softening of the main peak doublet during heating, support the 

observation that coesite-II is a metastable phase, which exists only at room temperatures far outside 

the pressure stability field of coesite. The heating which is insufficient to transform coesite to the 

thermodynamically stable phase – stishovite – enhances the thermal motion of the metastable 

structure and causes instability but, most probably, does not lead to amorphization. Hence, the 

pressure- and temperature-quenched sample retransforms to coesite. The anomalous spreading of the 

doublet and shifting to the higher frequency at 29 GPa and 400 ºC requires further understanding and 

structural analysis of coesite-II.  

The transition of coesite-II to coesite-III is possibly first order in character, as it appears from the 

abrupt change in Raman spectra above ~35 GPa (Fig. 4.2b). As expected in a first order transition, the 

frequency of the main mode, situated at ~600 cm
-1

, does not vary significantly with pressure (Fig. 4.4) 

and a hysteresis is probably hindering reversible transformation from coesite-III to coesite-II. 



_______________________________________________________________________Manuscript 1 
 

 

66 

The mechanisms of this transition cannot be revealed from ab initio calculation, since the structure of 

the two polymorphs is still unknown. If we assume that the major peak observed in the Raman spectra 

is still correlated to the O-Si-O motions as the Ag mode, the major decrease in frequency may suggest 

a softer Si-O bond and, hence an increase in coordination number of the Si. Coesite-III would 

therefore have at least some of Si in octahedral coordination. However, to confirm such hypothesis, a 

structural study is required.  

4.6 Implications 

The study of the high-pressure behaviour of coesite reveals two high-pressure polymorphs that remain 

crystalline far above the previously reported amorphization pressure. This significant discrepancy 

between previous and our current results implies that the metastable phase diagram of silica phases 

requires a substantial revision. Crystalline or amorphous metastable phases derived from coesite 

under high-pressure conditions can be of interest in geological application as potential tracers of peak 

transient pressure conditions reached in processes such as impacts or faulting.  
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5.1 Abstract 

The high-pressure crystal chemistry of coesite was studied by means of single crystal X-ray 

diffraction in the pressure interval ~2-34 GPa and at ambient temperature. We compressed the 

samples using diamond-anvil cells loaded with neon as pressure-transmitting medium and collected 

X-ray diffraction data using synchrotron radiation. The thermodynamically stable coesite – coesite-I – 

was observed up to ~20 GPa, with the following unit-cell parameters: a=6.6533(12) Å, 

b=11.9018(10) Å, c=6.9336(10) Å, β=121.250(20)º and V=469.38(15) Å
3
. The volume-pressure data 

of coesite-I are described by means of a third-order Birch-Murnhagan EoS with parameters V0 = 

547.26(66) Å
3
, 𝐾𝑇0= 96(4) GPa, 𝐾𝑇0

′  = 4.1(4). Above such pressure we witness the formation of a 

well crystallized coesite-II, previously observed only by spectroscopic studies. The structure of the 

novel high-P polymorph was determined and refined at ~28 and ~31 GPa with final R indices of 8% 

and 12 %, respectively. Coesite-II has P 21/n symmetry and a unit cell that is "doubled" along the b-

axis with respect to that of the initial coesite-I: a=6.5591(10) Å, b=23.2276(14) Å, c=6.7953(9) Å, 

β=121.062(19)º and V=886.84(19) Å
3
 at ~28 GPa. All Si atoms are in tetrahedral coordination. The 

displacive phase transition I->II is likely driven by the extreme shortening (0.05 Å or 3.2%) of the 

http://dx.doi.org/10.1515/zkri-2014-1763
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shortest and the most compressible Si1-O1 bond, related to the stiff 180º Si1-O1-Si1 angle. Under 

compression the linear angle bends, resulting in two independent angles, one of which, however, 

retains almost linear geometry (~178º). The requirement of this angle to be close to linear likely 

causes further Si-O compression down to an extremely short distance of ~1.52 Å which prompts 

subsequent structural changes, with the formation of a triclinic phase at ~31 GPa, coesite-III. 

5.2 Introduction 

Coesite is the densest polymorph of silica, SiO2, that contains silicon atom tetrahedrally coordinated 

to oxygen. It is thermodynamically stable above ~ 2.5 GPa and at temperatures in excess of 500 °C. 

The polymorph was first synthesized by Coes in 1953 and the structure was determined by Buerger 

and Zoltai in 1959. Coesite was discovered in nature by Chao and coworkers in impact breccia from 

Meteor Crater (Chao et al. 1960). Since then, natural occurrences of coesite were documented in 

kimberlites (Smyth and Hutton 1977), high-pressure metamorphic rocks (Chopin, 1984), and various 

materials, including meteorites, that have been subjected to shock-metamorphism.  

Coesite (C 2/c, Z=16) shows nearly hexagonal symmetry at room pressure, with almost equal a and c 

axes, and a β angle close to 120º. The asymmetric unit contains two distinct silicon and five distinct 

oxygen atoms. It is a framework silicate comprised of fully polymerized corner-sharing SiO4 

tetrahedra. Building blocks of the framework are four-membered rings (4-rings) of tetrahedra that 

form chains that run parallel to the c-axis. These chains of 4-rings are linked in such manner that 

crankshaft-like chains are formed. Due to this arrangement there are five distinct Si-O-Si angles in the 

structure. The high-pressure structural behaviour of coesite was previously studied using in-house 

based single crystal X-ray diffraction up to 5.2 GPa (Levien and Prewitt, 1981) and up to 8.7 GPa 

(Angel et al. 2003) in ethanol-methanol pressure medium, as well as by means of ab initio 

calculations up to 17 GPa (Gibbs et al., 2000). These studies concluded that the symmetry of the unit 

cell appears less hexagonal with increasing pressure, compressing in the a direction more than twice 

as much than in the c direction. Also, the most obvious structural change upon compression was 

found to be the reduction of four out of five different Si-O-Si angles, with smaller angles undergoing 

more compression than the larger ones. The Si1-O1-Si1 angle is constrained to 180º due to symmetry 

requirements. The O1 atom is placed on an inversion center and as long as the symmetry is 

maintained, the Si1-O1-Si1 linkage remains linear, giving rise to the high stiffness of the structure 

(e.g. Thompson and Downs, 2010).  
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Our recent study (Černok et al., 2014) has shown that coesite, similarly to quartz and cristobalite, can 

be compressed under (quasi)-hydrostatic conditions to very high pressures and at ambient 

temperatures without undergoing amorphization. Earlier spectroscopic studies observed structural 

changes in coesite near ~23 GPa (Hemley,1987), and one more near ~34 GPa, with the latter 

polymorph remaining crystalline at least up to ~51 GPa (Černok et al. 2014). Reconstructive 

transitions to the stable high-pressure polymorphs consisting of SiO6 octahedra (e.g. stishovite, 

CaCl2-structured silica, or seifertite) are often hindered due to high kinetic barriers associated with the 

relatively strong Si-O bonding within the tetrahedra (e.g. Haines et al. 2001). As a consequence, 

compression of phases with tetrahedrally coordinated silicon without sufficient heating results in 

formation of complex metastable phases, leading in particular to persistence of SiO4–based phases far 

out of their stability fields. Experimental challenge in studying the structure and the formation of 

these phases arises from the sluggish transitions, enhanced metastability regions, and formation of 

poorly crystallized materials. Such conditions usually give rise to weak X-ray diffraction patterns that 

are difficult to interpret, often resulting in contradictory interpretations. Although spectroscopic 

studies have indicated phase transitions to coesite-II and III, crystallographic analyses of these phases 

have not yet been reported.  

In this work we were motivated to understand in detail the high-pressure crystal chemistry of 

thermodynamically stable coesite (hereafter coesite-I) and the mechanisms that lead to its structural 

transformation induced by pressures exceeding 20 GPa. We report single-crystal X-ray diffraction 

data collected with diamond-anvil cells (DACs) at ten different pressures up to ~34 GPa using 

synchrotron radiation. Our data confirm the phase transition above 20 GPa and give insight into the 

structure of the novel high-pressure polymorph coesite-II. Appearance of extra reflections above ~30 

GPa suggests a subsequent transition to a phase with lower, possibly triclinic, symmetry - coesite-III - 

in agreement with our previous Raman spectroscopy data.  

5.3 Experimental 

Synthesis conditions and the starting material used to synthesize the coesite crystals for this study 

have been described in a previous study (Černok et al. 2014). We selected coesite single crystals of 

typical size 10 x 20 x 30 µm
3
 at the Bayerisches Geoinstitut (BGI), using a rotating anode high-

brilliance Rigaku diffractometer with Mo Kα radiation, equipped with an Osmic focusing X-ray 

optics and a Bruker Apex CCD detector.  
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The structural behaviour of coesite-I was investigated in the pressure region between 2.4 and ~34 

GPa at ambient temperature using piston-cylinder BX90 type diamond anvil cells (DAC) produced at 

BGI (Kantor et al. 2012). We used Boehler-Almax diamond anvils with 250 µm culet size and 

apertures of 80° (Boehler and De Hantsetters, 2004), to allow for large reciprocal space coverage in 

the single crystal X-ray diffraction experiments. Crystals of coesite were loaded together with a 5 

µm in diameter ruby sphere into a cylindrical pressure chamber of 30-40 µm height and 125 µm 

diameter drilled in a pre-indented rhenium gasket. Neon, used as pressure transmitting medium, was 

loaded into the DAC using the BGI gas loading system (Kurnosov et al. 2008).  

High-pressure single crystal X-ray diffraction experiments were performed at the beamline ID09A, at 

ESRF (Grenoble, France) and at the Extreme Conditions Beamline (ECB, P02.2) at PETRA III in 

Hamburg. At each pressure point, wide-scan diffraction images were collected in the  range of ± 40 

º for 3 seconds. In addition, 80 independent step-scan diffraction frames were collected with time 

exposure of 1 sec/step in the same  range. At ESRF, data were collected at seven different pressure 

points from 2.42(5) up to 20.30(15) GPa, using 30 m X-ray beam with a wavelength of 0.4144 Å 

and a Mar555 flat panel detector, located at the distance of 309.5 mm from the sample. At PETRA III 

we performed an experiment on another crystal, obtaining single crystal data at 27.52(13), 30.94(41) 

and 34.20(28) GPa, using 2 x 4 m
2
 (FWHM) X-ray beam with a wavelength of 0.29004 Å. The 

detector used was a MAR345 online Image Plate (IP), located at the distance of 400.8 mm. Pressure 

was determined using the ruby pressure gauge (Mao et al. 1986) both before and after collection of X-

ray data. At ECB at PETRA III, in addition to the ruby pressure scale, we determine pressure also by 

using neon EOS reported by Fei et al. (2007). Single-crystal data have been reduced with the 

CrysAlis software package (Oxford diffraction 2006) and analyzed with the SHELX97 program 

package (Sheldrick 2008) as implemented in the WingX software (Farrugia 1999). Isotropic structure 

refinements of coesite-I were performed based on F
2
 starting from the atomic coordinates for coesite 

at ambient conditions, reported by Angel et al. (2003). The structure of coesite-II was solved by direct 

method using SHELXS and refined by full matrix least-squares in the isotropic approximation using 

SHELXL, both programs being implemented in SHELX97 software.  

5.4 Results 

Wide-scan exposure images indicate that the single crystal of coesite remain well-crystallized up to 

the maximal pressures attained in this study (~34 GPa) with an abrupt change in the diffraction 
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pattern between ~20 and ~28 GPa (Fig. 5.1). The change is characterized by an increase in the 

number of reflections and an overall decrease in their intensities. This is in agreement with the Raman 

spectroscopy observations of a pressure-induced structural transformation from coesite-I to a lower-

symmetry phase coesite-II (Hemeley 1987; Černok et al. 2014). We investigated the compressibility 

and the structural evolution of coesite-I from 2.42(5) GPa up to 20.30(15) GPa. The structure of the 

novel polymorph coesite-II was solved using the dataset collected at 27.52(13) GPa and also refined 

at 30.94(41) GPa. The unit cell parameters of the polymorphs at various pressures are reported in 

Table 5.1 and the compressibility data of coesite-I are summarized in Table 5.2. Details of the 

refinement procedure are given in Table 5.3. Refined positional parameters of coesite-I and coesite-II 

are reported in Tables 5.4a and b, respectively. Selected bond lengths and angles are given in Tables 

5.5 and 5.6. 

 

5.4.1 Coesite-I 

5.4.1.1 Compressibility 

The smooth and continuous evolution of the coesite-I unit cell volume with pressure (Fig. 5.2) 

indicates that it remains stable up to 20.30(15) GPa. By fitting the P-V data with a third-order Birch-

Murnaghan equation of state (BM3-EoS) using the EosFit software v5.2 (Angel, 2000), we obtain a 

FIGURE 5.1. Reciprocal space reconstruction of the b*c* plane for a) coesite-I at 20.3 GPa and b) coesite-II at 27.5 GPa. 

Some reflections are labeled as example. The reciprocal lattice of coesite-II has a larger c/b ratio than coesite-I, due to the 

larger unit-cell. The number of reflections collected for coesite-II increased due to the lower symmetry.  
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Table 5.2: Parameters of the 3rd order Birch-Murnhagan EoS fit to coesite-I data 

Volume compressibility V 0 (Å
3) K 0 (GPa) K' K'' (GPa-1) χ2

weighted

Unit cell volume 547.26(66) 96(4) 4.11(38) [-0.042] 0.7355

SiO4 tetrahedra

Si1 2.1465(71) 283(23) [4] [-0.014] 1.2560

Si2 2.1428(40) 445(31) [4] [-0.008] 0.9840

Axial compressibility L0 (Å) K 0 (GPa) K' K'' (GPa-1) χ2
weighted

X1ǁa* 6.1710(51) 52(2) 3.7(3) [-0.070] 1.2676

X2ǁb 12.3621(57) 143(8) 3.6(8) [-0.026] 4.1513
X3ǁc 7.1751(19) 173(7) 2.5(6) [-0.026] 1.9640
Note:  Data used for BM3 EoS are reported in Table 1. Numbers in square brackets are implied values. X1 compressional 

direction is parallel to a* = a  sinβ. Numbers in parentheses are the esd's in the last decimal place of each value.

room pressure unit cell volume, V0, of 547.26(66) Å
3
, which within uncertainties of our measurements 

coincides with the V0 values reported in two other experimental high-pressure studies: i.e. 546.46(5) 

Å
3 

by Levien and Prewitt (1981) and 546.80(3) Å
3
 by Angel et al. (Angel et al., 2001). The unit cell 

volume is well within the range of the reported values from various XRD studies at ambient 

conditions of synthetic, e.g. 549.47 Å
3
 ((Araki and Zoltai, 1969)Araki and Zoltai, 1969) or 546.4(1) 

Å
3 
(Gibbs et al. 1977) and natural, e.g. 546.74(30) Å

3 
(Smyth et al., 1987) or 546.98(13) Å

3 
((Ikuta et 

al., 2007), samples. The total decrease of the unit cell volume from room pressure up to 20.30(15) 

GPa is about 14.2%, with a correspondent density increase of about 16.5 %. 

Table 5.1: Unit-cell parameters of coesite-I and II at various pressures

P  (GPa)a a  (Å) b  (Å) c  (Å) β V  (Å3) ρ  (g/cm3)

0.00010(1) 7.1436(51)b 12.3621(57)b 7.1752(19)b 120.248(76)b 547.26(66)b 2.92c

2.42(5) 7.0612(6) 12.2936(5) 7.1417(4) 120.520(9) 534.10(20) 2.99

5.16(6) 6.9837(6) 12.2255(5) 7.1081(4) 120.736(9) 521.60(20) 3.06

9.24(9) 6.8746(6) 12.1220(5) 7.0549(4) 120.965(10) 504.10(20) 3.17

12.14(9) 6.8070(7) 12.0623(5) 7.0223(4) 121.057(11) 493.94(18) 3.23

14.90(25) 6.7549(11) 12.0019(9) 6.9863(7) 121.075(18) 485.11(16) 3.29

17.80(5) 6.6921(11) 11.9470(9) 6.9581(7) 121.179(19) 475.95(15) 3.35

20.30(15) 6.6533(12) 11.9018(10) 6.9336(10) 121.250(20) 469.38(15) 3.40

27.52(13) 6.5591(10) 23.2276(14) 6.7953(9) 121.062(19) 886.84(19) 3.60

30.94(41) 6.5446(15) 23.0389(17) 6.7325(13) 121.37(3) 866.7(3) 3.68

Coesite-I (C 2/c)

Coesite-II (P2 1 /n)

Note:  aAverage values of pressures, measured before and after X-ray data collection;  bValues obtained by fitting BM3 EoS 

to the P-V  dataset with EOSfit; cLiterature value (Angel et al. 2003); Numbers in parentheses are the esd's in the last 

decimal place of each value.
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FIGURE 5.2. Unit-cell volumes, normalized 

with respect to the V0 BM3 parameter, plotted 

against pressure. Literature data are reported 

for comparison. The dashed line is a 3rd order 

Birch-Murnaghan EoS (BM3) fitted to the 

coesite-I P-V data from this study. The grey 

line is the 4th order BM EoS reported by Angel 

et al. (2001) for the sample X3 P-V data.  

Although Angel et al. (2001) suggested that a 4
th
-order BM-EoS is necessary to describe adequately 

the high-pressure behaviour of coesite, the normalized stress, FE, vs. Eulerian strain, fE, plot (Angel 

2000) constructed from our P-V data shows a linear trend consistent with a 3
rd

-order BM-EoS (Fig. 

5.3). The intersection of the linear fit through the FE data points with the FE-axis suggests a value of 

the bulk modulus,𝐾𝑇0, of about 95 GPa and the slope of such linear fits yields its pressure derivative 

𝐾𝑇0
′  of 4.3. Such results are in good agreement with the BM3-EoS parameters obtained by fitting our 

FIGURE 5.3. Pressure-volume data of coesite-I 

collected up to 20.3 GPa, plotted as 

normalized pressure, FE, against Eulerian 

strain, fE. Our data (circles) are compared with 

those of the X3 sample (diamonds) from 

Angel et al. (2001): both data sets are plotted 

using their original V0 (full symbols), as well 

as by substituting the values of V0 (see text). 

The uncertainties in FE and fE were calculated 

by propagation of the experimental 

uncertainties in volume and pressure, 

according to Heinz and Jeanloz (1984). The 

reported relationships are the linear fit through 

our data with the BM3 EoS V0 (top) and with 

the V0 from X3 sample (bottom). The two bulk 

moduli so obtained differ only slightly. 

Figure 2.
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P-V data, which are the following: V0 = 547.26 (66) Å
3
, 𝐾𝑇0= 96(4) GPa, 𝐾𝑇0

′  = 4.1(4). The value of 

the bulk modulus is very close to that reported by Levien and Prewitt (1981): 𝐾𝑇0= 96(3) GPa, which 

was obtained using a BM3 fit to their data collected up to 5.1 GPa. However, their pressure derivative 

is significantly larger (𝐾𝑇0
′ = 8 (2)). Our data are in excellent agreement with the BM3-EoS 

parameters obtained from the fit to the data collected up to ~9 GPa by Angel et al. (2001): i.e. 𝐾𝑇0= 

97.4(6) GPa and 𝐾𝑇0
′

 = 4.3(2). The FE-fE plot calculated for the P–V data of Angel et al. (2001) is also 

shown in Figure 3, for comparison. Our data are significantly more scattered than those from Angel et 

al. (2001), but clearly do not show the curvature of the data presented by Angel et al (2001). Since the 

values of V0 can have a strong effect on the FE-fE plot (Angel and Jackson, 2002) we have considered 

two further FE-fE plots: one using our volume data with V0 from the X3 sample of Angel et al. (2001), 

and one using the data from Angel et al. (2001) with the V0 values from this study (Fig. 5.3). The 

different V0 does not significantly affect the linear trend of our data and gives EoS parameters which 

are indistinguishable within the uncertainties. On the contrary, the FE-fE data of Angel et al. (2001) 

are clearly more dependent on the choice of V0 and the slight increase in V0 of 0.4 Å
3
 results in a FE-fE 

plot which is more similar to that of our data (Fig. 5.3).  

The evolution of the unit-cell axes under pressure is in good agreement with previous studies, as 

illustrated by comparison to the X3 data set of Angel et al. (2001) and it implies that the axial 

compression of coesite-I is very anisotropic (Fig. 5.4). Due to the monoclinic symmetry, one of the 

principal axis of compression is constrained to lie along the b-axis, and the other two principal axes 

must lie in the (010) plane. Previous analyses of the strain ellipsoid (Angel et al. 2001) showed that in 

the case of coesite, the principal axes of compression lie within uncertainties parallel to the a*=asinβ, 

b and the c axes, with the a* being the most compressible and the b and c axes showing similar 

compressional rates. We confirm this compressional regime (Fig. 5.4) and find that the axes of the 

strain ellipsoid rotate only ~2° up to 20.3 GPa, i.e. less than the uncertainty on their position.  
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FIGURE 5.4. Compressibility of the unit-cell parameters of coesite-I and II. Half-values of the b-constant for coesite-II is 

reported. Literature values are given for comparison. In addition to the relative unit cell constants, we also plot a*=a sinβ, 

which is the most compressible direction in coesite. Dotted lines are BM3 fits through our experimental data. BM3 fit of 

the β-angle was obtained from the BM3 fit to the a* values.  

 

The axial FE-fE plots are compared to the values from Angel et al. (2001) in a way similar to the unit 

cell volume (Fig. 5.5). The linear trend of our data is less affected by the variation of zero-pressure 

values, particularly in the case of the least compressible b-axis. The axial FE-fE plots constructed for 

the X3 dataset using our zero-pressure values indicate linearity that corresponds closer to our data. 

Following Angel (2000), estimates of the zero-pressure lattice constants as well as the linear moduli 

along the crystallographic axes have been obtained by fitting the cubes of the unit-cell parameters 
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with a 3
rd

-order Birch-Murnagham EoS. The resulting linear EoS parameters are the following: 

a0=7.1436(51) Å, K0(a)=67(3) GPa, K’=3.3(3); b0=12.3621(57) Å, K0(b)=143(8) GPa K’=3.6(9); 

c0=7.1752(19)Å, K0(c)=173(7) GPa, K’=2.5(6) and a*0.=6.1710(56), K0(a*)=52(2) GPa, K’=3.7(3). 

The linear moduli and their respective pressure derivatives obtained from the BM3 fits are in good 

agreement with the values determined from the axial FE-fE plots. 
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5.4.1.2 Mechanisms of compression  

The structure of coesite-I shown in Figures 5.6a and b is illustrating the characteristic features and the 

nomenclature in detail. As in previous studies, we find no evidence of kinking of the linear Si1-O1-

Si1 angle throughout the pressure range of the coesite-I stability field. The rate of compression of the 

four other Si-O-Si angles (Fig. 5.7), with the smaller angles being more compressible, is in good 

agreement with the experimental studies at lower pressures (Levien and Prewitt, 1981; Angel et al. 

2003). The ab initio calculations (Gibbs et al. 2000) suggest compressional rates similar to those 

obtained in all of experiments, although the calculated angles appear to be smaller than those 

measured. Decrease of the smallest Si1-O5-Si2 angle from 137.44º (ambient, Angel et al. 2003) to 

125.54º at 20 GPa contributes to the shortening along the b-axis. Kinking of the Si2-O2-Si2 angle 

(142.69º ambient to 127.70º at 20 GPa) brings the four-membered rings closer along [001]. However, 

the internal shape of the 4-rings in coesite-I is controlled by the much faster decrease of the Si1-O3-

Si2 angle with respect to the Si1-O4-Si2, which results in shearing of the rings along [001]. An 

increase of the O3-O3 ring diagonal by ~5% up to the transition pressure contributes to the large 

stiffness along the c-axis, giving rise to its stiffest linear modulus (Table 5.6).  

Two neighboring (010) planes of the rings can be seen as two semi-close-packed planes of O3 and O4 

oxygen atoms connected by the linear Si1-O1-Si1 angle (Fig. 5.6a). The spacing between these 

oxygen planes increases with pressure up to 12 GPa, in agreement with the lower pressure studies 

(Angel et al. 2003) but it levels off above ~12 GPa (Fig. 5.6a). This is probably a consequence of the 

fact that Si2 tilting has reached a limiting value and Si1 cannot rotate further around the Si1-Si1 axis. 

Further tilting of Si2 would invoke the Si1 to tilt as well, which is unfeasible due to the symmetry of 

coesite-I. 

5.4.1.3 Tetrahedral distortion 

The two symmetrically distinct SiO4 tetrahedra of the coesite-I structure respond differently to 

compression up to 20 GPa, following a trend similar to that observed at lower pressures (Levien and 

Prewitt, 1981; Angel et al. 2003). The Si1 tetrahedron shows a volume decrease of about 5.4 % and 

the Si2 of 4.4 % in the investigated pressure range. A larger increase in angular variance and 

quadratic elongation with pressure shows that the Si1 tetrahedron undergoes much more distortion 

than the Si2 tetrahedron (Table 5.5).  
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FIGURE 5.6. Structure of coesite-I at 20.3 GPa and of coesite-II at 27.5 GPa viewed in different directions. A) Coesite-I seen 

down the c-axis. Dominant features are the symmetric hollow channels that run parallel to [001], placed between the linear 

Si1-O1-Si1 angles. Dashed lines indicate semi-close-packed O3 and O4 planes of oxygens in (010) and the plot on the right 

shows the O3 and O4 distance under pressure. B) Coesite-I seen along the b-axis. Characteristic features are the four-

membered rings of corner sharing SiO4 tetrahedra. Each ring consists of two opposite Si1 and two Si2 tetrahedra connected 

by O3 and O4 atoms. Neighboring rings are connected by O2 atoms to form chains aligned parallel to the c-axis. The chains 

are not connected with the neighboring chains within the same (010) plane. Instead, they are linked to the chains from a plane 

above and a plane below alternately by O1 or O5 atoms. Dotted lines indicate various O-O distances (nomenclature after 

Angel et al. 2003) between unconnected chains within the same (010) plane and within the 4-rings (O3-O3 and O4-O4 

diagonals). The values of these distances are reported in Table 5.5. C) Coesite-II seen down the c-axis. The hollow channels 

parallel to the c-axis are asymmetric and are places between Si7-O4-Si5 (~178º) and Si2-O15-Si3 (~153º) angels. Few 

distinct Si tetrahedra are labeled. D) Planes of 4-rings in coesite-II seen along the b-axis. Each ring consists of four distinct Si 

tetrahedra. Dotted lines indicate similar O-O distances as in coesite-I, with oxygen nomenclature of coesite-II. Small sketch 

on the right illustrates two different sizes of 4-rings in coesite-II. 

The compression and distortion of the Si1 tetrahedron are accommodated by highly anisotropic 

shortening of the Si-O bonds, with the shortest Si1-O1 bond (1.5859(13) Å at 2.42 GPa) undergoing 

the largest compression (3.2%, Fig. 5.8). Similarly, the shortest O1-O4 distance (2.5841(30) Å at 2.42 

GPa) is the most compressible tetrahedron edge of the coesite-I structure, showing a decrease of 4.9% 

up to 20.3 GPa. This is a consequence of the larger distortion of the O1-Si1-O4 angle with respect to 

the rest of the tetrahedral (O-Si-O) angles (Table 5.5). In spite of large Si1-O1 bond compressibility 

and the absence of Si1-O1-Si1 kinking, the Si1-Si1 distance remains the longest cation-cation 

distance throughout the compression of coesite-I. The Si2 tetrahedron shows less anisotropic 
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compressional behaviour, with smaller changes in Si-O and O-O distances with pressure (Fig. 5.8), as 

well as smaller changes of O-Si2-O angles (Table 5.5). In contrast to Si1 and according to the 

expected behaviour with pressure, the shortest Si2-O3 bond is the stiffest bond of the Si2 tetrahedron 

and of the entire structure (0.1% compression). 

The major difference in compressibility of the two tetrahedral sites is clearly reflected in their 

respective bulk moduli, calculated for the tetrahedral volume changes: 283(23) GPa for Si1O4 and 

445(31) GPa for Si2O4. The Si1 tetrahedral site is anomalously compressible relative to SiO4 

tetrahedra in other silicates. To our knowledge, the only other common silicate minerals for which the 

reported bulk moduli of the tetrahedral Si sites are comparable to that of Si1 tetrahedron in coesite-I 

are zircon and forsterite (summarized in Smyth et al. 2000). Note, however, that in such structures the 

tetrahedra do not form three-dimensional framework as in the case of coesite.  

5.4.2 Phase transition and the structure of coesite-II  

The displacive phase transition from coesite-I to coesite-II is characterized by a change of symmetry 

from C 2/c to P 21/n (Fig. 5.6a and c). Due to the rearrangement of the atoms, doubling along the b-

axis is achieved, resulting in the disappearance of the C-centering after the transition, in a doubled 

unit cell volume, and in a number of molecular units Z=32 per unit cell. The asymmetric unit of 

coesite-II contains eight silicons and sixteen oxygens. The effect of the symmetry reduction can be 

better understood by observing the changes that occur within the hollow channels that run parallel to 

the c-cell edge (Fig 6a and c). In the coesite-I structure these chains are separated by the linear Si1-

O1-Si1 linkages, and they appear symmetric due to a 2-fold axis in [010] perpendicular to a mirror 

plane in (010). The mirror plane is placed in the middle of the channels, running exactly trough the 

O1 atoms.  

After the phase transition and distortion of the linear S1-O1-S1 angle (Fig. 5.7), the shape of these 

channels is distorted with consequent disappearance of the mirror plane and loss of the C center. 

Bending of the linear Si1-O1-Si1 angle results in four non-equivalent silicon atoms connected by two 

non-equivalent oxygens, thus forming two independent angles. These are Si7-O4-Si5 (~178º) and 

Si2-O15-Si3 (~153º). Very likely, the extreme compression of the shortest Si1-O1 bond drives the 

bending of the Si1-O1-Si1 angle and the consequent loss of the mirror plane. Above the transition, 

those Si-O distances within the Si5 and Si7 tetrahedra, which are related to an angle still very close to 

180º, compress down to ~1.52 Å at 30.94(41) GPa (Fig. 5.8). In the case of the Si2-O15-Si3, the 

previously linear angle decreases by nearly 30º and the related Si-O bonds increase to ~1.55 Å.  
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Upon completion of the phase transition, the planes described by the O3 and O4 oxygens do not 

appear semi-close-packed as in coesite-I (Fig. 5.6d) and all tetrahedra of coesite-II are subjected to 

tilting resulting in a steady reduction in Si-O-Si angles down to extreme values, the smallest being 

~120º (Fig. 5.7). The kinking enables the structure of the four-membered rings to become "loose" and 

less coplanar. The non-planar (i.e. outside of 010 plane) distortion of the rings contributes to the 

compression in all directions and the structure of coesite-II appears much more compressible than that 

of coesite I. Unlike coesite-I, which consists of only one characteristic 4- ring, there are two distinct 

rings, i.e. two alternating layers consisting of two different sizes of the 4-rings in the structure of 

coesite-II (Fig. 5.6d).  

Volume reduction of the coesite structure is most efficiently achieved by reducing the distance 

between the unconnected chains within the (010) plane. This is illustrated by the reduction of the 

distances between the six closest oxygen atoms (Table 5.6). The rate of this reduction is quite 

anisotropic. The greatest reduction is achieved along the a-axis, i.e. the O5a-O5c distance (O12-O2b 

in coesite-II) that compresses about ~23% down to ~2.4 Å (at 30.94 GPa). This oxygen-oxygen 

distance between the chains is shorter than the average tetrahedral O-O edge at this pressure. High 

reduction is achieved along c, as well, by ~14% reduction in O5a-O5b (O12-O2a) distance down to 

~2.6 Å at 30.94 GPa. 

FIGURE 5.7. of the Kinking five characteristic Si-O-

Si angles in coesite-I and their evolution above the 

phase transition (coesite-II). Open symbols are 

experimental literature data and the grey line is a 

trend obtained by ab initio calculations. Few angles 

are labeled in coesite-II, the rest is omitted for 

clarity. All values are given in Table 5.5. Two 

highlighted bonds Si7-O4-Si5 and Si2-O15-Si3 

result from the tilting of the linear Si1-O1-Si1 angle. 
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FIGURE 5.8. Si-O bonds for Si1 (left) and Si2 (right) tetrahedra in coesite-I. For the Si1 tetrahedron we also show the 

evolution of the shortest Si1-O1 bond above the phase transition in coesite-II. The two bonds related to the almost linear 

Si5-O4-Si7 angle are compressed down to ~1.52 Å at 30.9 GPa. 
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5.4.3 Further phase transitions 

At 30.94(41) GPa we observe reflections that, albeit weak, can be indexed by a triclinic unit cell 

coexisting with the coesite-II phase. The unit cell parameters of this phase are a=6.788(4) Å, 

b=7.040(4) Å, c=8.714(5) Å, α=69.47(5)
o
,
 
β=82.26(5)

o
, and γ=80.89(5)

o
 at 30.94(41) GPa. At 

34.20(28) GPa the intensities of the reflections for this triclinic phase are much stronger. At this 

highest pressure point we still observe some coesite-II reflections, but their intensities are too weak to 

allow for proper integration. The appearance of a triclinc phase is consistent with our previous Raman 

spectroscopy observation (Černok et al., 2014) that indicates a structural change near ~34 GPa to a 

phase with symmetry lower than that of coesite-II. This additional structural change is probably 

related to the bending of the remaining stiff Si5-O4-Si7 angle driven by the extremely short Si5-O4 

and Si7-O4 bonds, which are highly unlikely to compress any further.  

A possible explanation for the presence of two phases at ~31 GPa may reside on the fact that, 

although the triclinic phase is more stable than coesite-II at such pressure, the complete transition is 

hindered due to the slow kinetics of the transformation. If this is the case, coesite-II appears above 31 

GPa as an "overpressurized" phase out of its (meta)stability field. A similar behaviour was seen in 

cristobalite I, which compresses smoothly far out of its stability field, suppressing the formation of 

the more stable high-pressure polymorph cristobalite II (Dera et al. 2011).  
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5.5 Conclusion 

The displacive phase transition from coesite-I to coesite-II above 
~
20 GPa is driven by extreme 

shortening of the shortest and most compressible Si1-O1 bond (Fig. 5.8). In order to allow more 

compression of this individual bond the Si1-O1-Si1 angle, constrained by symmetry to be 180º in 

coesite-I, starts to bend with consequent breaking of the symmetry from C2/c to P21/n and formation 

of two different, independent angles. One of the angles remains close to 180º, though, whereas the 

other one decreases by nearly 30º. The tetrahedra in coesite-II are rearranged in such a way that two 

slightly different 4-membered rings are created (Fig. 5.6d). Our previous Raman spectroscopy study 

on the pressure-induced phase transition in coesite reveals that the main Ag vibration mode of coesite 

at ~521cm
-1

 is a breathing mode of the 4-membered rings. The two rings in coesite-II with two 

slightly different sizes are expected to have breathing modes at slightly different frequencies, and we 

indeed observed appearance of a doublet in the experimental Raman spectra upon the coesite-I to 

coesite-II transition (Chapter 4). The computational spectra of coesite-I under pressure reveal that two 

modes become most unstable between 20 and 30 GPa: a Bg Raman active mode at 77 cm
–1

 and an Au 

infrared active mode at 111 cm
–1

 (see the computed spectra in WURM database for details, 

http://www.webcitation.org/6NAEOl1G6). The softening of the Raman active mode was previously 

considered to be related to the structural instability (Hemley 1987). The computational data, however, 

clearly indicate that the Au mode involves large atomic displacement of the O1 atom from the linear 

Si-O-Si angle, while the Bg mode has no impact on it. Therefore, we conclude that the softening of 

the Au mode is more likely responsible for the symmetry breakdown and the bending of the Si-O-Si 

angle.  

The very short Si-O bond found in coesite and its high compressibility is a good example of how such 

bonds are restricted to the (almost) linear Si-O-Si geometry, and appear highly unfavorable in other 

Si-O-Si arrangements. This experimental evidence conforms well to theoretical predictions. For 

example, Oberhammer and Boggs (1980) ascribed short Si-O lengths to the highly ionic character of 

the bond and found that the ionicity of the bond increases as the length of the bond decreases. A later 

calculation by Nicholas et al (1992) contributed to this conclusion, by finding that the ionicity of the 

bond increases by ~25% if the Si-O-Si angle widens from 130º to 180° and the Si-O shortens. In 

general, the force field that governs the Si-O bond length and the related Si-O-Si angle, as well as 

their respective stretching and bending, can be seen as independent from the long-range forces of an 

entire crystal (Gibbs et al. 1994). Therefore, the sequence of the phase transitions and symmetry 

breakdowns in coesite under pressure is most likely controlled by highly compressible S1 tetrahedron 

and, in particular, by its most compressible Si1-O1 bond. 
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x y z U iso x y z U iso

2.42 GPa 27.52 GPa

 Si1    0.13887(24)    0.10923(10)    0.07142(18)    0.00571(41)

 Si2    0.50807(22)    0.15748(10)    0.54309(17)    0.00523(41)  Si1    0.20478(40)    ‐0.20401(8)    0.46914(35)    0.00559(47)

 O1  0.0000  0.0000  0.0000    0.01073(92)  Si2    0.32858(42)    ‐0.32003(8)    0.47855(36)    0.00543(46)

 O2  0.5000    ‐0.11219(36)   0.2500    0.00772(86)  Si3    0.62880(42)    ‐0.06085(8)    0.94771(35)    0.00486(46)

 O3    0.73923(60)    0.12738(27)    0.56621(47)    0.00866(66)  Si4    0.70453(40)    ‐0.30081(8)    0.38018(35)    0.00517(46)

 O4    0.31575(62)    0.10210(27)    0.32678(47)    0.01032(71)  Si5    0.89180(41)    ‐0.07579(7)    0.58105(34)    0.00510(46)

 O5    ‐0.02328(65)    0.21177(27)    0.02517(50)    0.00921(69)  Si6    0.77086(40)    0.04027(8)    0.55025(34)    0.00515(46)

5.16 GPa  Si7    0.58700(42)    ‐0.18435(7)    0.37450(36)    0.00516(45)

 Si1    0.13660(19)    0.11018(8)    0.07000(15)    0.00524(25)  Si8    0.72817(41)    0.05686(8)    0.94088(35)    0.00533(46)

 Si2    0.50930(18)    0.15704(8)    0.54508(14)    0.00510(25)

 O1  0.0000  0.0000  0.0000    0.01032(73)  O1     0.44079(104)    ‐0.30040(19)    0.33058(88)    0.00631(104)

 O2  0.5000    ‐0.10878(27)   0.2500    0.00635(65)  O2     0.14544(104)    ‐0.27186(19)    0.45578(85)    0.00657(105)

 O3    0.74830(49)    0.13069(20)    0.57351(39)    0.00891(51)  O3     0.88777(104)    ‐0.32975(19)    0.61640(88)    0.00662(105)

 O4    0.31886(49)    0.10081(20)    0.32531(40)    0.00964(53)  O4     0.73734(109)    ‐0.12909(20)    0.47533(91)    0.00902(111)

 O5    ‐0.02687(51)    0.21251(20)    0.02911(40)    0.00853(49)  O5     0.47143(110)    ‐0.19929(20)    0.52022(93)    0.00864(107)

9.24 GPa  O6     0.73618(113)    ‐0.02535(19)    0.59720(90)    0.00888(110)

 Si1    0.13451(19)    0.11145(7)    0.06828(14)    0.00513(23)  O7     0.81220(100)    ‐0.00947(19)    1.01289(85)    0.00539(104)

 Si2    0.50985(18)    0.15649(7)    0.54689(13)    0.00529(24)  O8     0.53945(106)    ‐0.06247(19)    1.12206(88)    0.00699(107)

 O1  0.0000  0.0000  0.0000    0.01190(67)  O9     1.08814(105)    ‐0.09258(18)    0.84076(86)    0.00531(104)

 O2  0.5000    ‐0.10426(23)   0.2500    0.00643(60)  O10    0.20972(105)    ‐0.16994(19)    0.67212(87)    0.00607(103)

 O3    0.75574(48)    0.13439(17)    0.58087(37)    0.00782(45)  O11    0.02704(105)    ‐0.17197(19)    0.24174(89)    0.00708(108)

 O4    0.32389(50)    0.09922(18)    0.32404(40)    0.00992(49)  O12    0.76450(110)    ‐0.23356(19)    0.39227(90)    0.00832(109)

 O5    ‐0.03370(47)    0.21271(18)    0.03181(36)    0.00844(45)  O13    0.72586(103)    0.07886(20)    0.71930(87)    0.00705(107)

12.14 GPa  O14    0.39220(108)    ‐0.04909(20)    0.71465(92)    0.00973(114)

 Si1    0.13325(19)    0.11217(7)    0.06720(13)    0.00570(27)  O15    0.71371(107)    ‐0.11932(19)    0.90380(92)    0.00928(114)

 Si2    0.50994(17)    0.15615(7)    0.54780(12)    0.00553(28)  O16    0.97940(115)    ‐0.05569(20)    0.41236(94)    0.01028(112)

 O1  0.0000  0.0000  0.0000    0.01353(68)

 O2  0.5000    ‐0.10218(24)   0.2500    0.00669(59) 30.94 GPa

 O3    0.76001(47)    0.13676(18)    0.58549(35)    0.00841(45)

 O4    0.32622(50)    0.09864(18)    0.32287(39)    0.00979(47)  Si1    0.20106(51)    ‐0.20373(10)    0.46011(47)    0.00753(78)

 O5    ‐0.03741(47)    0.21258(18)    0.03317(35)    0.00875(47)  Si2    0.32239(54)    ‐0.32007(10)    0.46922(50)    0.00774(79)

14.90 GPa  Si3    0.63015(53)    ‐0.06046(10)    0.94741(48)    0.00756(77)

 Si1    0.13137(19)    0.11291(7)    0.06571(13)    0.00487(25)  Si4    0.70065(54)    ‐0.30134(10)    0.37210(48)    0.00802(77)

 Si2    0.50954(17)    0.15583(7)    0.54838(13)    0.00445(26)  Si5    0.88998(52)    ‐0.07636(11)    0.58174(46)    0.00699(76)

 O1  0.0000  0.0000  0.0000    0.01368(69)  Si6    0.77115(50)    0.03963(10)    0.55068(45)    0.00665(78)

 O2  0.5000    ‐0.10041(24)   0.2500    0.00606(58)  Si7    0.58594(54)    ‐0.18504(10)    0.37046(50)    0.00748(75)

 O3    0.76338(49)    0.13854(18)    0.58882(37)    0.00784(45)  Si8    0.72692(51)    0.05769(10)    0.93825(47)    0.00772(78)

 O4    0.32655(53)    0.09786(18)    0.32154(41)    0.00905(47)

 O5    ‐0.04076(49)    0.21284(18)    0.03394(36)    0.00796(46)  O1     0.43607(141)    ‐0.29983(25)    0.32223(120)    0.00780(142)

17.80 GPa  O2     0.13900(134)    ‐0.27178(25)    0.44832(114)    0.00807(142)

 Si1    0.13063(21)    0.11348(8)    0.06491(16)    0.00970(29)  O3     0.88562(143)    ‐0.33040(27)    0.61051(125)    0.01114(150)

 Si2    0.50958(21)    0.15565(8)    0.54919(16)    0.00937(30)  O4     0.73619(143)    ‐0.13020(27)    0.47243(124)    0.01374(161)

 O1  0.0000  0.0000  0.0000    0.01782(77)  O5     0.46907(150)    ‐0.19970(27)    0.51681(132)    0.01224(157)

 O2  0.5000    ‐0.09804(27)   0.2500    0.00994(66)  O6     0.73390(139)    ‐0.02588(25)    0.59980(118)    0.00862(140)

 O3    0.76676(58)    0.13999(20)    0.59224(44)    0.01264(53)  O7     0.81109(136)    ‐0.00919(27)    1.01288(120)    0.01181(151)

 O4    0.32846(60)    0.09716(20)    0.32088(46)    0.01338(54)  O8     0.54118(142)    ‐0.06344(26)    1.12732(122)    0.01114(152)

 O5    ‐0.04371(56)    0.21274(21)    0.03537(42)    0.01253(54)  O9     1.08697(140)    ‐0.09403(26)    0.84255(113)    0.00807(152)

20.30 GPa  O10    0.20496(129)    ‐0.16907(25)    0.66384(109)    0.00666(143)

 Si1    0.13034(21)    0.11379(8)    0.06437(16)   0.00636(28)  O11    0.01992(151)    ‐0.17140(27)    0.23066(133)    0.01397(160)

 Si2    0.50942(21)    0.15551(8)    0.54951(16)   0.00582(28)  O12    0.76065(142)    ‐0.23402(25)    0.38418(130)    0.01025(150)

 O1  0.0000  0.0000  0.0000   0.01697(81)  O13    0.72485(130)    0.07951(26)    0.71142(114)    0.00849(143)

 O2  0.5000    ‐0.09678(28)   0.2500   0.00683(65)  O14    0.38789(138)    ‐0.04672(27)    0.71732(118)    0.01091(148)

 O3    0.76866(57)    0.14133(21)    0.59464(43)   0.00901(52)  O15    0.70703(151)    ‐0.11848(28)    0.88842(136)    0.01630(169)

 O4    0.33018(60)    0.09676(21)    0.32117(48)   0.01081(53)  O16    0.97500(142)    ‐0.05568(27)    0.41117(123)    0.01185(155)

 O5    ‐0.04608(56)    0.21279(21)    0.03575(43)   0.00925(53)

Table 5.4b: Fractional atomic coordinates and isotropic displacement 

parameters of coesite‐II at various pressures

Note:  Numbers  in parentheses  are the esd's  in the last decimal  place of each value. Note:  Numbers in parentheses are the esd's  in the last decimal  place of each value.

Table 5.4a: Fractional atomic coordinates and isotropic displacement 

parameters of coesite‐I at various pressures
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Table 5.5: Selected tetrahedral distances (Å                                              ) and angles (°) in coesite‐I at various pressures 

P  (GPa)    2.42    5.16    9.24    12.14    14.90    17.80    20.30

 Si1 tetrahedra 

 Bond length                      
 Si1‐O1        1.5865(13)    1.5770(10)    1.5665(9)    1.5602(9)    1.5537(9)    1.5484(10)    1.5440(10)

 Si1‐O4        1.6063(34)    1.6017(28)    1.5985(28)    1.5944(27)    1.5915(29)    1.5879(32)    1.5884(33)

 Si1‐O3    1.6174(32)    1.6087(26)    1.6034(24)    1.6030(23)    1.5993(23)    1.5953(26)    1.5948(25)

 Si1‐O5        1.6201(37)    1.6167(29)    1.6137(26)    1.6085(25)    1.6041(26)    1.6004(29)    1.6012(29)

 <Si(1)‐O>    1.6076    1.6010    1.5955    1.5915    1.5872    1.5830    1.5821

                      
Edge length                       

 O1‐O3    2.6368(44)    2.6164(35)    2.6048(33)    2.6004(31)    2.5939(33)    2.5851(37)    2.5848(37)

 O1‐O4    2.5841(30)    2.5607(23)    2.5284(22)    2.5085(22)    2.4852(22)    2.4663(26)    2.4568(27)

 O1‐O5    2.6222(37)    2.619(25)    2.6088(22)    2.5991(22)    2.5932(22)    2.5846(25)    2.5791(25)

 O3‐O4    2.6488(55)    2.6485(44)    2.6519(43)    2.6538(38)    2.6512(42)    2.6522(47)    2.6575(47)

 O3‐O5    2.6196(59)    2.5981(57)    2.5977(52)    2.5923(49)    2.5885(52)    2.5851(59)    2.5853(48)

 O4‐O5    2.6306(46)    2.6303(34)    2.6402(33)    2.6380(32)    2.6365(33)    2.6331(38)    2.6364(39)

 <O‐O> in Si1    2.6237    2.6122    2.6053    2.5987    2.5914    2.5844    2.5833

               
 O3‐Si1‐O1    110.74(14)    110.54(10)    110.51(9)    110.58(9)    110.70(9)    110.62(11)    110.81(11)

 O4‐Si1‐O1    108.43(14)    107.38(10)    106.04(9)    105.34(9)    104.39(9)    103.69(11)    103.29(11)

 O5‐Si1‐O1    109.61(17)    110.28(13)    110.23(12)    110.21(12)    110.40(12)    110.33(13)    110.13(13)

 O3‐Si1‐O4    110.52(20)    111.37(16)    111.83(15)    112.19(15)    112.38(15)    112.85(18)    113.17(17)

 O5‐Si1‐O3    107.93(17)    107.53(14)    107.07(12)    107.65(12)    107.81(12)    107.99(14)    107.94(14)

 O5‐Si1‐O4    109.60(18)    109.77(14)    110.55(13)    110.90(12)    111.18(12)    111.35(14)    111.48(14)

                      
 Tetrahedral volume     2.1380    2.0985    2.0803    2.0632    2.0444    2.0265    2.0228

 QuadraƟc elongaƟon     1.0004    1.0008    1.0015    1.0020    1.0026    1.0032    1.0037

 Angle variance    1.3210    2.6823    4.6662    6.3271    8.4654    10.5368    12.1043

Si2 tetrahedra                       
 Bond lenght                      

 Si2‐O4       1.6010(35)    1.5994(29)    1.5874(28)    1.5818(27)    1.5815(29)    1.5771(32)    1.5680(33)

 Si2‐O2    1.6070(19)    1.6033(15)    1.5996(14)    1.5949(14)    1.5889(14)    1.5884(17)    1.5860(17)

 Si2‐O3       1.5984(37)  1.6080 (30) 1.6030 (30)    1.5993(28)    1.6009(29)    1.5978(34)    1.5941(33)

 Si2‐O5    1.6187(36)    1.6096(27)    1.6069(24)    1.6086(23)    1.6046(24)    1.6042(27)    1.6018(27)

 <Si(2)‐O>    1.6063    1.6051    1.5992    1.5962    1.5940    1.5919    1.5875

                      
Edge length                      

 O2‐O3    2.6172(48)    2.6232(40)    2.6089(39)    2.5982(36)    2.5905(38)    2.5830(44)    2.5766(44)

 O2‐O4    2.6197(33)    2.6129(26)    2.5993(26)    2.5955(26)    2.5910(27)    2.5854(33)    2.5756(34)

 O2‐O5    2.6456(56)    2.6428(41)    2.6418(32)    2.6412(30)    2.6362(33)    2.6409(40)    2.6398(40)

 O3‐O4    2.6061(50)    2.6142(40)    2.5968(39)    2.5909(38)    2.5969(38)    2.5876(44)    2.5784(45)

 O3‐O5    2.6193(59)    2.6173(46)    2.6088(41)    2.6018(41)    2.5955(41)    2.5919(48)    2.5849(48)

 O4‐O5    2.6289(46)    2.6232(34)    2.613(31)    2.6103(30)    2.6066(31)    2.6068(35)    2.6003(35)

 <O‐O> in Si2    2.6228    2.6223    2.6114    2.6063    2.6028    2.5993    2.5926

               
 O2‐Si2‐O4    109.34(15)    109.25(12)  109.30(11)    109.58(11)    109.62(11)    109.52(13)    109.46(14)

 O3‐Si2‐O4    108.81(18)    109.16(14)    108.96(13)    109.07(13)    109.38(13)    109.18(15)    109.25(15)

 O5‐Si2‐O4    109.33(18)    109.56(14)    109.77(13)    109.81(13)    109.79(13)    110.05(15)    110.19(16)

 O3‐Si2‐O2    109.63(14)    109.48(11)   109.10(10)    108.86(10)    108.61(10)    108.33(12)    108.19(12)

 O5‐Si2‐O2    110.46(18)    110.54(14)    110.95(12)    111.07(11)    111.27(12)    111.62(13)    111.76(13)

 O5‐Si2‐O3    109.24(18)    108.83(14)    108.73(12)   108.40(12)    108.13(13)    108.09(15)    107.93(14)

                      
 Polyhedral volume     2.1261    2.1249    2.0984    2.0860    2.0775    2.0688    2.0528

 QuadraƟc elongaƟon     1.0001    1.0001    1.0002    1.0003    1.0003    1.0005    1.0006

 Angle variance    0.2276    0.3618    0.6527    0.8729    1.1825    1.6556    1.9684

Note:  Quadriatic elongation and tetrahedral variance calculated using PROGRAM METRIC Ver. 6.1 by Bartelmehs et al. 2002., which is  based on 

Robinson et al. 1971. Numbers in parentheses are the esd's in the last decimal place of each value.

Intratetrahedral angles

Intratetrahedral angles
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Table 5.6: Selected intertetrahedral distances (Å) and angles (°) in coesite-I at various pressures

P  (GPa)

Si1-O1-Si1 180 180 180 180 180 180 180

Si2-O2-Si2 139.46 (31) 136.76 (25) 133.36 (20) 131.82 (19) 130.50 (20) 128.64 (22) 127.70 (22)

Si1-O3-Si2 143.13 (24) 140.76 (20) 138.32 (17) 136.67 (17) 135.61 (18) 134.33 (21) 133.41 (20)

Si1-O4-Si2 149.40 (23) 149.15 (19) 148.28 (16) 147.91 (15) 147.28 (16) 146.63 (18) 146.17 (18)

Si1-O5-Si2 134.62 (27) 133.14 (22) 130.26 (18) 128.77 (18) 127.65 (18) 126.44 (20) 125.54 (20)

Si2-Si2 3.9109 (17) 3.8825 (14) 3.8416 (12) 3.8165 (12) 3.7914 (12) 3.7717 (14) 3.7560 (14)

Si1-Si1 7.0601 (6) 6.9829 (6) 6.8746 (6) 6.8070 (7) 6.7549 (11) 6.6921 (11) 6.6548 (15)

O3-O4 planes 2.9953 (54) 3.0163 (38) 3.0243 (34) 3.0348 (34) 3.0341 (34) 3.0335 (39) 3.0345 (39)

O(1)-O(1) 3.5703 (2) 3.5535 (2) 3.5274 (2) 3.5111 (2) 3.4931 (3) 3.4791 (3) 3.4679 (5)

O(3)-O(3) 4.0372 (39) 4.1094 (31) 4.1555 (31) 4.1860 (25) 4.2051 (32) 4.2216 (33) 4.2299 (36)

O(4)-O(4) 3.3062 (68) 3.2064 (56) 3.0910 (55) 3.0243 (55) 2.9836 (54) 2.9304 (66) 2.8983 (66)

O(1)-O(2) 3.3401 (21) 3.2815 (15) 3.2072 (10) 3.1655 (10) 3.1337 (11) 3.0929 (15) 3.0686 (17)

O(1)-O(3) 3.1052 (31) 3.0627 (24) 3.0177 (23) 2.9927 (19) 2.9719 (23) 2.9495 (24) 2.9346 (25)

O(1)-O(4) 3.2932 (47) 3.2953 (38) 3.2850 (37) 3.2775 (37) 3.2622 (37) 3.2513 (44) 3.2440 (44)

O5a-O5b 3.0561 (59) 2.9664 (47) 2.8680 (44) 2.8162 (35) 2.7754 (43) 2.7299 (44) 2.7042 (43)

O5a-O5c 3.1797 (71) 3.0718 (59) 2.9137 (49) 2.8314 (47) 2.7615 (48) 2.6931 (56) 2.6452 (56)

O5a-O5d 3.6448 (44) 3.6028 (35) 3.5494 (31) 3.5209 (28) 3.4965 (32) 3.4700 (35) 3.4501 (37)

20.30

Note:  Si1-Si1 and Si2-Si2 are distances across the hollow channels. O3-O4 planes are marked in Figure 6. Numbers in parentheses are the esd's in the last 

decimal place of each value. 

2.42 5.16 9.24 12.14 14.90 17.80
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6.1 Abstract 

In order to reconcile contradictory results available so far on high-pressure behaviour of α-cristobalite 

regarding different outcomes when the same starting material is compressed at different levels of 

hydrostaticity, we conducted series of experiments at high-pressures and at room temperature at 

variable stress conditions, using starting material in form of single crystals and powders. We find that 

in highly hydrostatic environment α-cristobalite remains untransformed to at least ~15 GPa. Under 

quasi-hydrostatic conditions, intermediated by cristobalite-II, α-phase undergoes a first-order 

reconstructive phase transition to cristobalite X-I above ~10 GPa at ambient temperature. The phase 

X-I is found to exist at least up to ~80 GPa and to convert back to the starting cristobalite upon 

pressure release. We solve the structure of cristobalite X-I - a polymorph containing kinked chains of 

octahedra similar to those in seifertite - by means of single-crystal X-ray diffraction. This polymorph 

shows a distorted anion close-packing arrangement with randomly distributed cations, thus belonging 

to the same family as the "3 x 2 zigzag" polymorph found on compression of quartz. The increase in 
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coordination number of silicon from 4 to 6 on cold compression has not been observed to occur at 

such low pressures (~10 GPa) in any other silica polymorph. In non-hydrostatic environment 

cristobalite eventually transforms to seifertite, the high-pressure silica polymorph (α-PbO2 type) at 

maximum of ~50 GPa. Seifertite formed far below its P-T thermodynamic stability field following the 

sequence of transitions α -> II -> X-I -> α-PbO2 bypasses the equilibrium formation of stishovite and 

CaCl2 structured polymorph, and, as reported earlier, it can be recovered to ambient conditions.  

6.2 Introduction 

The Si-O bond is significantly stronger than the bond of any other element with oxygen (Putnis, 

1992) thus providing for silica, SiO2, to be the dominant (~60 wt %) oxide constituent of the earth’s 

crust and it comprises ~45 wt % of the entire Silicate Earth (McDonough and Sun, 1995). Not only 

does this strong bond, that requires a lot of energy to be broken, causes the rich polymorphism 

amongst thermodynamically stable SiO2 phases, but it also plays the essential role in facilitating 

numerous metastable polymorphs to exist in a wide range of pressure and temperature conditions. In 

terms of studying the structure and behaviour of materials at elevated pressures utilizing cutting-edge 

experimental procedures, silica remains one of the most challenging compounds due to its relatively 

low X-ray scattering factor, as well as its abundant polymorphism.  

Cristobalite, a high-temperature, low-pressure polymorph of silica, that consists of an open 

framework of SiO4 tetrahedra, can be metastably preserved at ambient conditions in its α-form. 

Although it has a subordinate and rather exotic terrestrial occurrence among silica phases, α-

cristobalite is observed as the predominant SiO2 polymorph in various planetary materials: from dust 

particles in proto-planetary disks surrounding T-Tauri stars (Koike et al., 2013), over lunar basalts 

(Rasmussen et al., 2008) to chondrules and matrix of chondritic meteorites (Brearley and Jones, 

1998). Cristobalite was documented alongside all the natural occurrences of the high-pressure, post-

stishovite silica polymorph seifertite
.
(e.g. Bläß, 2013; Miyahara et al., 2013), related to the heavily 

shocked meteorites. The intriguing questions on importance of cristobalite high-pressure behaviour, 

however, arise from the fact that it was often documented in the meteorites that lack any high-

pressure silica polymorphs (Leroux and Cordier, 2006; Weber et al., 2000), albeit the rest of the 

mineral record indicates peak shock pressures exceeding 10 GPa, at which at least coesite or 

stishovite are expected to form and be preserved. The response of α-cristobalite to high-pressures has 

been a subject of numerous experimental (Dera et al., 2011; Dove et al., 2000; Downs and Palmer, 
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1994; Dubrovinsky et al., 2001; Onodera et al., 1997; Palmer et al., 1994; Tsuchida and Yagi, 1990) 

and theoretical (Donadio et al., 2008; Dubrovinsky and Belonoshko, 1996; Huang et al., 2006; 

Martoňák et al., 2007; Teter et al., 1998) studies for more than two decades, indicating abundant 

polymorphism at elevated pressures. Yet, no consensus has emerged on what is the exact sequence of 

the pressure-induced transformations, particularly due to contradictory outcomes arising when 

different levels of hydrostaticity are applied in experiments (Dera et al., 2011; Dubrovinskaia et al., 

2001; Prokopenko et al., 2001). The structure of the "bridging phase" that appears above ~10 GPa in 

either highly-, low- or non-hydrostatic conditions – hereafter cristobalite X-I – remained elusive in 

earlier attempts (Tsuchida and Yagi, 1990; Dera et al., 2011). Single-crystals of α-cristobalite have 

never been studied at pressures exceeding the formation of cristobalite X-I. Experimental studies 

(Dubrovinsky et al., 2001; Dubrovinskaia and Dubrovinsky, 2001; Prokopenko et al., 2001) carried 

out at non-hydrostatic conditions by using powders as starting material report transformation of α-

cristobalite, via intermediates cristobalite-II and cristobalite X-I, directly to the post-stishovite phase 

seifertite - α-PbO2-type silica. This "enigmatic" transformation path provides an evidence that 

seifertite, the highest-pressure polymorph of SiO2 ever found in nature (Dubrovinskaia et al., 2001), 

can form at pressures much lower than its thermodynamic equilibrium i.e. in excess of 80 GPa 

(Driver et al., 2010; Dubrovinsky et al., 1997; Grocholski et al., 2013; Murakami et al., 2003) 

bypassing formation of stishovite and post-stishovite CaCl2 polymorph. The structure of cristobalite 

X-I may therefore represent a direct link between the low-pressure (silicon in SiO4 tetrahedra) and the 

high-pressure (SiO6 octahedra) forms of silica.  

We conducted series of experiments at high-pressures and at room temperature in order to 

reconcile contradictory outcomes available so far, by compressing powders and single crystals α-

cristobalite in different environment thus providing different stress conditions. We mostly 

focused on the stability and structure of cristobalite X-I phase. We used diamond-anvil cells 

(DAC) for high-pressure experiments; in situ high-pressure data were obtained by Raman 

spectroscopy and synchrotron based single-crystal X-ray diffraction (SCXRD). The experimental 

investigations of cristobalite X-I were complemented by ab initio calculations of the Raman 

modes. After high-pressure treatment, recovered samples were additionally examined by powder 

X-ray diffraction (PXRD) and transmission electron microscopy (TEM). The results reveal that 

the mechanism which α-cristobalite adapts to respond to compression is even more sensitive to 

stress conditions than previously anticipated.  
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6.3 Experiments & methods 

6.3.1 Samples and high-pressure experiments 

For the experiments we used synthetic cristobalite as well as the natural samples kindly provided by 

Harvard Museum (Ellora Caves MGMH Cristobalite 97849). Composition of the starting material for 

synthesizing cristobalite was SiO2 glass of very low impurity content (Černok et al., 2014). 

Composition of natural cristobalite was measured using ICP-MS at BGI, and showed content of Al, 

Fe and Na in trace amounts of maximal of ~1000 ppm, comparable to that reported before (Peacor, 

1973.). Cristobalite was synthesized by heating the glass granules at the temperatures of ~1650 °C for 

3 hours and then cooling down slowly over 15 hours to ~1500 °C (temperature slightly higher than 

that of cristobalite-trydimite transition), and then rapidly quenched. This procedure allowed the 

growth of cristobalite crystals up to ~100 μm in linear dimension; however it was not possible to 

avoid twinning which occurs on cooling due to the transition from the cubic β-cristobalite to the 

tetragonal α-cristobalite. These crystals were of the sufficient quality for the Raman spectroscopy but 

for the single crystal X-ray diffraction we had to use the natural cristobalite. 

FIGURE 6.1. Photos of the representative DAC experiments. We carried out seven compression & decompression 

experiments on single crystals and powders of α-cristobalite up to variable pressures (max. ~83 GPa). All experiments were 

carried out at room temperature. R stands for ruby; C1, C2 and C3 are single crystals of cristobalite; C is powder of 

cristobalite. BA-DAC 1 & 2 are the single crystal set-ups, analyzed at synchrotron. EXP 6 & 7 are powder samples 

analyzed in situ using Raman spectroscopy, and upon quenching by in-house X-ray diffractometer and TEM. 



_______________________________________________________________________Manuscript 3 

 

93 

High-pressure experiments were carried out on both single crystals and powders (Fig. 6.1; Table 6.1). 

All single crystal experiments were conducted in quasi-hydrostatic conditions, using a pressure-

transmitting medium, whereas powders were also studied in non-hydrostatic environment. We used 

piston-cylinder BX90 type diamond anvil cells (DAC) produced at BGI (Kantor et al., 2012) with 250 

μm culet size of the anvils. Samples were loaded together with a ~5 μm in diameter ruby sphere into a 

cylindrical pressure chamber of 30–40 μm height and ~125 μm diameter drilled in a pre-indented 

rhenium gasket. Neon, used as pressure transmitting medium, was loaded into the DAC using the BGI 

gas loading system (Kurnosov et al., 2008). We chose neon for the pressure-transmitting medium, 

because it was shown that helium, providing slightly better hydrostaticity, can be easily incorporated 

in cavities of the cristobalite structure (Sato et al., 2013). For Raman experiments we used Ia type 

diamonds with low fluorescence. For in situ single crystal X-ray diffraction we used Boehler-Almax 

diamond anvils (Boehler and De Hantsetters, 2004) and apertures of 80°, to allow for large reciprocal 

space coverage.  

6.3.2 Raman spectroscopy 

Raman spectroscopy measurements were performed using a Dilor XY Raman spectrometer with Ar
+
 

ion laser (514.5 nm, Coherent Innova 300). The spectrometer is equipped with confocal optics, a 

CCD detector cooled by liquid nitrogen, and a double-stage spectrometer with a 1800 g/mm grating, 

resulting in spectral resolution of 1 cm
-1

. The output power was varied according to the sample signal 

between 0.3 and 1.0 W. The spectrometer was calibrated using the silicon peak at 520 cm
-1

. Raman 

spectra were collected between 100 and 1200 cm
-1

 in all DAC experiments at room temperature by 

pressurizing the stating material in steps of several GPa up to a maximum of ~83 GPa, and, in the 

same manner, also during decompression to ambient conditions. Data were typically collected for 120 

Exp1 & Exp4

Single crystals of α-cristobalite up to ~60 GPa, in neon pressure 

medium: Raman spectra recorded on compression & decompression; 

synchrotron XRD carried out on the quenched samples; TEM on Exp1. 

Exp5
Rapid compression on a single crystal up to 12 GPa and immediate 

quench; Raman spectroscopy.

Exp6
Powder with no pressure medium up to ~50 GPa; quenched sample

analyzed by in-house XRD + TEM

Exp7
Powder with pressure medium up to ~50GPa; quenched sample 

analyzed by Raman spectroscopy

BA-DAC1 
(Böhler-Almax DAC): In-situ synchrotron single crystal X-ray 

diffraction up to ~83 GPa (ESRF ID09A & Petra III)

BA-DAC 2 In situ  synchrotron SC-XRD at 14.1 GPa (ESRF ID27)

Table 6.1: List of the conducted experiments.
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seconds, using Labspec software. Peak positions in the Raman spectra were determined using 

Lorentzian peak fitting setup in Igor Pro v. 6.22 software.  

6.3.3 In-house X-ray diffraction 

Single crystals of α-cristobalite were selected at the Bayerisches Geoinstitut (BGI) based on their 

optical quality – size, transparency, crystal shape, surface appearance, etc. Very small crystals (up to 

~30 μm in linear dimension) were tested using a rotating anode high-brilliance Rigaku diffractometer 

with MoKα radiation (λ=0.7080 Å) operated at 60 kV and 50 mA, equipped with Osmic focusing X-

ray optics and a Bruker Apex CCD detector. The same diffractometer was used to analyze the 

quenched powder from the EXP6. The fine-grained powder was collected on a capillary and powder-

diffraction data were collected for 3600 seconds. To improve the quality of the data, we subtracted 

the pattern collected on an empty capillary for the same duration of time. 

6.3.4 Synchrotron X-ray diffraction 

The structural behaviour of cristobalite was investigated up to ~83 GPa at room temperature. High-

pressure single crystal X-ray diffraction experiments were performed at the beamlines ID09A and 

ID27 at ESRF (Grenoble, France) and at the Extreme Conditions Beamline (ECB, P02.2) at PETRA 

III in Hamburg. At each pressure point, wide-scan diffraction images were collected in the ω range of 

± 40 ° for 3 s. In addition, 80 (or sometimes 160) independent step-scan diffraction frames were 

collected with time exposure of 1 s/step in the same ω range. At ID09A, data were collected for the 

experiment BA-DAC1 up to the pressure of phase transition α-cristobalite to cristobalite –II (~4.5 

GPa) using 30 μm X-ray beam with a wavelength of 0.4144 Å and a MAR555 flat panel detector, 

located at the distance of 300 mm from the sample. At PETRA III we continued the experiment on 

the same crystal up to ~83 GPa GPa, using 2 × 4 μ m 2 (FWHM) X-ray beam with a wavelength of 

0.29004 Å. The detector used was a PerkinElmer XRD1621 flat panel, located at the distance of 

400.8 mm. At ID27 we analyzed new crystal loaded as BA-DAC2 at 13.8 GPa. A PerkinElmer flat 

panel detector was located at 389 mm. The wavelength of the used radiation was 0.3738 Å. Pressure 

was determined using the ruby pressure gauge (Mao et al., 1986) both before and after collection of 

X-ray. As well as by using neon EOS reported by Fei et al. (Fei et al., 2007). Single-crystal data have 

been reduced with the CrysAlis software package (Oxford Diffraction) and analyzed with the 

SHELX97 (Sheldrick, 2008) program package as implemented in the WingX software (Farrugia, 

1999). Isotropic structure refinements of intermediate polymorphs were performed based on F
2
 

starting from the atomic coordinates for α-cristobalite and cristobalite II at ambient conditions, 

reported by Dera et al. (Dera et al., 2011). The structure of cristobalite X-I was solved by direct 
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method using SHELXS and refined by full matrix least squares in the isotropic approximation using 

SHELXL, both programs being implemented in SHELX97 software.  

6.3.5 TEM sample preparation and Focused Ion Beam (FIB) sputtering 

Two samples recovered after high-pressure experiments were prepared for the TEM analyses, the 

single crystal from experiment EXP4 and powder from the EXP6. We aimed at investigating the 

crystal from BA-DAC1 but it was unfortunately lost during preparation. Two different sample 

preparation methods were applied.  

The larger amount of the fine-grained EXP6 powder was first analyzed by PXRD and then prepared 

for additional TEM analyses. The agglomerate of several grains was crushed between two glass 

slides. The obtained powder was dissolved with a drop of ethanol. On this drop we placed a copper 

grid with at lacey carbon film on which the powder remained fixed after the ethanol evaporated. 

The EXP4 single crystal, as well as the small amount EXP6 powder which remained fixed to the 

rhenium gasket after the DAC was opened, were prepared using Focused Ion Beam (FIB) sputtering. 

The EXP4 quenched crystal were fixed by superglue to a glass, so that only a very thin layer of the 

superglue was covering the surface (< 3 μm), and coated by a ~15 nm thin carbon layer. The EXP6 

powder was extracted directly from the gasket. We used two dual-beam instruments, one FEI 

QuantaTM 3D FEG located at the Faculty of Geosciences, Geography and Astronomy at the 

University of Vienna and one newly installed FEI Scios dual-beam instrument located at BGI, 

Bayreuth. The sample preparation followed the general path of Ga
+
 ions being accelerated by 

applying an accelerating voltage of 30 kV. During foil extraction by FIB the sample surface was 

oriented perpendicular to the ion beam incidence direction by sample tilting. An Omniprobe 100.3 

micromanipulator and an Easylift system with a tungsten needle were used respectively for in situ lift-

out of the pre-thinned foil and transfer of the foil to a Cu-grid. The foil was fixed to the tungsten 

needle was fixed to the foil by Pt deposition. The foil was finally thinned at both sides using 

progressively lower ion beam currents from 1.0 nA to 30 pA in order to produce ~100 nm thin, 

electron-transparent foils of the quenched material. The final polishing was perfomed at lower 

accelearation voltages, down to 2 kV to minimize surface amorphization (e.g. Kato, 2004; Schaffer et 

al., 2011). 

6.3.6 Transmission electron microscopy  

The FEI Titan G2 80-200 with ChemiSTEM technology at BGI was operated at an acceleration 

voltage of 200 keV, event thought the X-FEG allows obtaining very high brightness; we tuned the 

microscope to lower the current and minimize beam damage of the sensitive samples. The particles 
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were either first imaged in BF mode or in STEM mode. For the former, we either used a selected area 

aperture of 10 or 40µm to obtain diffraction pattern (SEAD). The composition of the agglomerates 

was confirmed using EDX-ray spectroscopy either in scanning transmission electron microscopy 

(STEM) in combination with the high angle annular dark field (HAADF), bright field (BF), dark field 

(DF) detector or in nano-diffraction. Some particles were imaged in high resolution mode and 2D 

Fourier transformation patterns were calculated to obtain the d-spacings and angles between so 

obtained diffraction spots. 

6.3.7 Ab initio calculations  

We analyze the phonon softening also from first-principles calculations. We determine the ground-

state properties using standard density-functional theory (Kohn and Sham 1965; Payne et al. 1992; 

Martin 2003) in the ABINIT implementation, based on planewaves and pseudopotentials (Gonze et 

al. 2002, 2009). Starting from the crystal structure refined in this study we determine the theoretical 

structure of cristobalite X-I at three different steps: 10, 40 and 100 GPa. Then we compute the energy 

derivatives to build the dynamical matrices and the Raman tensors in the framework of the density-

functional perturbation theory (Baroni et al. 2001; Gonze et al. 2005; Veithen et al. 2005). We 

employ a 4x4x4 grid of special k points (Monkhorst and Pack) to sample the electron density in the 

reciprocal space and a kinetic energy cutoff of 38 Hartrees (1 Hartree = 27.2116 eV). With these 

parameters the precision of the calculation is typical on the order of 0.001 Hartree in energy and 

better than 1 GPa in pressure. We store all the Raman spectra computed under pressure on the 

WURM website (http://www.wurm.info). More details of the Raman calculations can be found in the 

original WURM paper (Caracas and Bobocioiu, 2011).  

6.4 Results and discussion 

6.4.1 Transformation path and the effect of hydrostaticity 

Single-crystal experiments, carried out under quasi-hydrostatic conditions in Ne pressure-transmitting 

medium, indicated that the pressure-induced transformation path of α-cristobalite to its final product 

largely depends on the geometry of stresses applied to the crystals i.e. hydrostaticity. This effect is 

illustrated in Figure 6.2: three different in size α-cristobalite single crystals inside the same pressure 

chamber are surrounded by neon pressure medium. Upon compression, the smallest and the thinnest 

crystal C3 (~10 μm), that does not bridge between the anvils, thus remaining in highly hydrostatic 
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conditions, retains the structure of α-cristobalite up to at least ~15 GPa. On the other hand, the two 

larger crystals (C1 & C2) are bridged by anvils and undergo a displacive phase transition to 

cristobalite-II near 1 GPa, and, following this transitional path, eventually transform to cristobalite X-

I just above ~10 GPa, supporting earlier findings (Prokopenko et al., 2001; Dera et al., 2011). The 

spectra of cristobalite X-I can be followed up to ~80 GPa under compression (the maximal pressures 

studied here). All experiments carried out on powders, regardless on the presence of the pressure-

transmitting medium, showed no difference in the transformation path, and resulted in formation of 

seifertite (Figs. 6.8, 6.9), in agreement with previous experiments (Dubrovinsky et al., 2001; 

Dubrovinskaia et al., 2001; Prokopenko et al., 2001).  

6.4.2 The "highly" hydrostatic compression 

The thinnest crystal of α-cristobalite does not bridge between the anvils and experiences highly 

hydrostatic compression, thereby retaining the tetragonal structure up to at least ~15 GPa. Above this 

pressure we observed that single crystal α-cristobalite disintegrated into a powder-like material. The 

Raman spectra collected on α-cristobalite far outside its stability field ("overpressurized"), up to ~15 

GPa are shown in Figure 6.2. The complementary XRD analyses delivered three important 

conclusions: 1) α-cristobalite can transform to cristobalite-II at pressures higher than ~1.5 GPa (in 

BA-DAC1 α-cristobalite was last observed at ~3 GPa, before it transformed to cristobalite-II); 2) it is 

impossible to distinguish between α-cristobalite and cristobalite-II above ~2 GPa solely based on the 

main Ag mode position, because the doublet characteristic of cristobalite-II merges into one intense 

peak upon further compression, having the same pressure shift as that of the α-cristobalite main mode 

(see below); 3) the "overpressurization" of α-cristobalite (in BA-DAC1, as well as in crystal C3 of 

BA-DAC2), is consistent with the observation by Dera et al. (2011); however, we do not find any 

evidences that it is caused by very rapid compression far beyond the α->II transition pressure (~1.5 

GPa) as suggested by Dera et al. (2011). The observed transition at higher pressure (BA-DAC1), as 

well as the coexistence of α-cristobalite with cristobalite-II and cristobalite X-I (BA-DAC2, Fig. 6.2) 

to at least ~14 GPa strongly suggest that the main cause for the onset of the α->II transition is the 

change in stress conditions. Moreover, in order to test Dera et al. (2011) hypothesis we conducted an 

experiment applying the rapid compression (EXP5) by instantly increasing pressure to ~9 and then 

~12 GPa. We still observed formation of phases II and X-I. The XRD analysis of the compressed α-

cristobalite was measured at 1.55 and 14.1 GPa. It shows nice diffraction pattern of a single crystal 

with no indication of twinning, resulting in good R values of the integration and refinement (Table 

6.2).  
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Table 6.2: Unit cell parameters and refinement statistics of α-cristobalite and cristobalite-II. 

P ruby [GPa] a  [Å] b  [Å] c  [Å] β [°] V  [Å3] ρ  [g/cm3] R int R 1

α-cristobalite (P 41212)

in air#Bruker 0.00 4.9806(15) 6.9260(30) 171.82(11) 2.33 0.053 0.042

BA-DAC1#ID09A 1.55 4.8520(7) 6.6683(13) 156.99(7) 2.54 0.045 0.078

BA-DAC2#ID27 14.1 4.5202(15) 5.9645(16) 121.87(7) 3.27 0.021 0.067

cristobalite-II (P 21/c)

BA-DAC1#ID09A 4.50 8.0750(60) 4.5745(3) 8.9600(30) 121.03(7) 279.7(18) 2.88 0.046 0.150
Note:  The structures  were refined starting from the atomic coordinates  of the respective polymorphs  reported by Dera 

et a l . (2011). Numbers  in parentheses  are the esd’s  in the last decimal  place of each value. 

FIGURE 6.2. In situ Raman spectra collected on 

three different single crystals of α-cristobalite at 

1.1, 4.6, 8.6 and 15.0 GPa and at room 

temperature. Inset shows the DAC pressure 

chamber seen at 14.1 GPa. In quasi-hydrostatic 

conditions the starting cristobalite (red) 

transforms via intermediate cristobalite-II 

(green) to cristobalite X-I (blue), but it retains its 

initial structure (orange) in the case of high 

hydrostaticity (smallest crystal size). All spectra 

are unsmoothed, the background is subtracted. 

Ar+ laser was used (514 nm excitation 

wavelength) with ~0.8 W incident beam power. 
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6.4.3 Quasi-hydrostatic compression: α -> II ->X-I transitions 

6.4.3.1 α-cristobalite and cristobalite-II 

We started the compressional experiments using α-cristobalite. The formation of cristobalite-II was 

observed near ~1±0.2 GPa in most of the Raman experiments. Representative Raman spectra of one 

of the compression experiments are shown in Figure 6.2. The displacive transition to cristobalite-II is 

consistent with previous observations (Palmer et al., 1994), characterized by a decrease in intensity of 

the strongest Ag mode located at ~410 cm
-1

 followed by the appearance of an additional peak of 

comparable intensity near it, at slightly lower frequency, as well as an increase in the total number of 

vibrational modes due to the symmetry reduction from P41212 to P21/c. The position of the main Ag 

mode continuously changes upon transition, in cristobalite-II. We, too, observe the cross-over of the 

two near modes described earlier (Palmer et al., 1994) that contributes to an abrupt increase in 

intensity upon further compression, after the two modes merge together. 

Upon the transition to cristobalite-II, the intense twinning is initiated. Analyzing one of crystal 

domains we were able to refine the structure with final R indices of ~15% (Table 6.2). The twinning 

is also observed in the previous study (Dera et al., 2011). The measured unit cell volumes of the 

polymorphs are within the error comparable to the previous studies (Dera et al., 2011; Dove et al., 

2000; Downs and Palmer, 1994; Palmer and Finger, 1994). The parameters of the third-order Birch-

Murnhagan equation of state (BM3 EOS) previously reported for α-cristobalite V0=171.42 Å
3
, 

FIGURE 6.3. Unit-cell volume compressibility of α-cristobalite (red) and 

cristobalite-II (green; half unit cell volume) from this study, compared to 

various literature data. Full symbols are this study.  
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K0=11.5(7) GPa and K´=9(2) (Dera et al. 2011) reproduce well our measured volumes even at the 

highest pressure (Fig. 6.3). However, we were not able to fit the EOS neither to our nor to literatures 

values using the parameters reported for cristobalite-II (Dera et al., 2011): V0=348(14) Å
3
, K0=25(2) 

GPa and K´=4. Instead, we add our data point to the literature data set and refine following 

parameters: V0=348(14) Å
3
,
 
K0=8(4) GPa and K´=10(4). The EOS parameters we obtain by fixing the 

value of K´ to 4 are indistinguishable from those reported by Dera et al. (2011) within the error; 

however, they do not reproduce the P-V data. 

6.4.3.2 Formation of cristobalite X-I 

Cristobalite-II is observed up to ~11 GPa, after which it undergoes a first-order transition to 

cristobalite X-I, consistent with previous observations (Yahagi et al., 1994; Prokopenko et al., 2001). 

The abrupt change in Raman spectra appearance suggests that the structure of X-I phase is quite 

distinct from its α- and II precursors (Fig. 6.2). The spectra of cristobalite X-I can be followed up to 

~80 GPa under compression (Fig. 6.4a), the maximal pressures studied here. On the decompression 

FIGURE 6.4. In situ Raman spectra collected under compression (A) and decompression (B) of cristobalite X-I. The pressure (in GPa) is 

indicated on the right of the spectra. Upon decompression, cristobalite X-I transforms back to the starting α-cristobalite near 2 GPa.  

A B 
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route Raman modes of cristobalite X-I can be followed down to ~2 GPa , when it transforms back to 

the starting α-cristobalite (Fig. 6.4b, 6.7a). Due to similarity in spectra of α- and II phase, we cannot 

be sure whether the phase II is obscured on the decompression path or it exists in a very narrow 

range. In either case, the hysteresis of ~8 GPa suggests that the formation of the X-I phase involves a 

first-order phase transition. The experimental spectra of cristobalite X-I at various pressures were 

complemented with computational spectra, with which they show remarkable agreement throughout 

the pressure range (within 5 cm
-1

 or better, Fig. 6.5a and b). The computational spectra were 

calculated starting from the atomic coordinates obtained in this study (see below). None of the Raman 

modes is showing softening under pressure, strongly suggesting that cristobalite X-I, although 

thermodynamically metastable and unquenchable to ambient conditions, can exist in a wide pressure 

range.  

6.4.3.3 The structure of cristobalite X-I 

We reveal the structure of cristobalite X-I shown in Figure 6.6 by means of in situ synchrotron-based 

single crystal X-ray diffraction studies. All previously reported studies of this phase were based on 

powder diffraction insufficient to solve the structure. The atomic positions and structural refinements 

from this study are presented in Table 6.3. The structure was solved and refined in two independent 

experiments, analyzing different crystals in separate DAC loadings, at ~11 and ~14 GPa, respectively. 

In the first attempt we were only able to obtain a model of the structure, but the very weak intensities 

of the diffraction spots had led to poor refinement statistics (Rint=5 %, R1=18%). However, the second 

experiment (~14 GPa) delivered data of sufficient quality for the proper structural solution and 

refinement, also confirming that the model of the structure is correct. Atomic parameters of the 

structure with lattice parameters: a=6.5700(23) Å, b=4.0633(6) Å, c=6.8345(45) Å, β=98.00(6)°, 

V=180.69(15) Å
3
 in P21/n ( Z=8, ρ=4.42 g/cm

3
) determined by single crystal XRD at 14.1 GPa are 

reported in Table 3. The refinement parameters are as follows: total number of unique reflections 209, 

Rint=4.6%, R1=9.3%, wR2=0.2588, GooF=1.127, 30 parameters refined, 0 restrictions.  

 
Table 6.3: Structure of cristobalite X-I at 14.1 GPa in P 21/n. 

Atom Site Occupancy x y z U iso  [Å2]

Si1 2d 1 0 0.5 0.5 0.0412(12)

Si2 4e 1 -0.1398(2) 0.49819(16) 0.1205(3) 0.0310(11)

Si3 4e 0.5 -0.2282(6) -0.0061(4) 0.7663(9) 0.0416(11)

O2 4e 1 -0.2097(4) 0.2355(6) 0.5462(6) 0.0307(12)

O3 4e 1 -0.0446(5) 0.7240(9) 0.7099(6) 0.0379(13)

O4 4e 1 -0.1686(5) 0.7311(8) 0.3306(7) 0.0362(12)

O5 4e 1 -0.0772(5) 0.2738(8) -0.0844(7) 0.0384(12)

Note:  P2 1 /n  i s  SG Number 14, b-unique, setting 1. Tranformation matrix to P2 1/ c :        

[100 0-10 -10-1]. U iso  [Å2] i s  i sotropic displacement paramter.
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The polymorph cristobalite X-I found above 10 GPa in quasi-hydrostatic conditions belongs to the 

family of high-pressure silica phases comprised of a distorted hexagonal close-packed array of 

oxygen ions in which silicon atoms fully or partially occupy octahedral sites (Liu et al., 1978, Teter et 

al., 1998; Dubrovinsky et al., 2004). In the structure of cristobalite X-I, the "3x2 zigzags" of edge-

sharing octahedra, theoretically proposed by Teter et al. (1998) and later demonstrated in a P21/c 

post-quartz phase by means of powder XRD analyses (Haines et al., 2001) are formed by fully 

occupied Si positions. However, the fully-occupied octahedra do not account for the stoichiometric 

SiO2: Si1 has the site multiplicity of 2, and Si2 that of 4. The zigzags are surrounded by two half-

occupied Si3 octahedra, thereby providing exact stoichiometric ratio. The concept of randomly 

distributed Si cations over half of the octahedral sites was proposed by Liu et al. (1978) as the 

modified niccolite structure, but such structure has never been observed by a single-crystal study 

before. Another unique feature of this structure is the connectivity of the zigzags: the five octahedra 

in one row (3 fully-occupied surrounded by 2 half-occupied) are joined to the adjacent row by six 

octahedra distributed in a 2x2x2 pattern. Due to symmetry constraints, only one of the half-occupied 

positions of this element can be filled, thereby resulting in four (2x2) edge-sharing octahedra, an 

arrangement never proposed before. Seen in the 010 plane, the structure can be visualized as 

containing 3x2 zigzag chains separated by one half-occupied  

Figure 10.  

 

FIGURE 6.5. Pressure dependence of the Raman active modes 

in cristobalite X-I (left) at ambient temperature obtained 

experimentally (blue) and theorethically (red). Comparison of 

the theorethical and experimental spectra for 10 GPa (right). 
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P [GPa] a  [Å] b  [Å] c  [Å] β [°] V  [Bohr3] V  [Å3]

0.0 6.6415 4.1035 6.8863 98.0 1259.16 186.59

10.0 6.5808 4.0337 6.8240 98.0 1213.43 179.81

20.0 6.5289 3.9741 6.7684 98.0 1175.95 174.26

30.0 6.4832 3.9222 6.7179 98.0 1143.51 169.45

40.0 6.4419 3.8764 6.6719 98.0 1115.03 165.23

60.0 6.3694 3.7985 6.5898 98.0 1066.58 158.05

80.0 6.3066 3.7341 6.5179 98.0 1026.55 152.12

100.0 6.2509 3.6794 6.4535 98.0 992.47 147.07

Table 6.4b: Unit-cell parameters of cristobalite X-I obtained by 

ab initio  calculations.

Note:  Numbers  in parentheses  are the esd’s  in the last decimal  place 

of each va lue. 

FIGURE 6.6. Structure and compressibility of cristobalite X-I. Birch-Murnaghan Equation of State fitted to the P-V data (left) 

obtained in experiment (blue) and by ab initio calculations (red). The structure of cristobalite X-I (right): dark blue are fully 

occupied octahedra (Si1 and Si2), light blues are half-occupied positions (Si3) and yellow-edged octahedra represent the "3x2 

skeleton". 

P ruby [GPa] a  [Å] b  [Å] c  [Å] β [°] V  [Å3] Rint

10.75(20) 6.664(11) 4.1066(7) 6.894(1) 98.35(5) 186.7(3) 0.05

14.10(10) 6.611(11) 4.0700(14) 6.853(5) 98.40(1) 182.4(3) 0.05

17.91(12) 6.582(1) 4.0443(6) 6.852(9) 98.13(4) 180.6(2) 0.08

22.95(34) 6.580(1) 4.0120(6) 6.802(13) 98.25(5) 177.7(3) 0.06

32.06(53) 6.556(15) 3.9654(8) 6.771(2) 98.16(8) 174.1(4) -

47.94(10) 6.446(9) 3.8848(5) 6.670(1) 98.01(4) 165.4(2) 0.03

60.95(77) 6.393(1) 3.8371(7) 6.630(11) 98.05(5) 161.1(3) 0.07

69.65(55) 6.400(3) 3.8236(15) 6.527(4) 97.01(2) 158.5(7) 0.04

Note:  Numbers  in parentheses  are the esd’s  in the last decimal  place of each va lue. 

Table 6.4a: Experimental unit-cell parameters of cristobalite X-I at various 

pressures.
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octahedron, placed between the kinks of the two adjacent chains. The Si3 octahedron is considerably 

larger in comparison to Si1 and Si2, and has one bond (1.91 Å) and volume Voct=7.4 Å
3 

similar to 

seifertite at ambient conditions. The Si1 and Si2 are more similar to stishovite at relevant pressure in 

terms of bond lengths and volume.  

The theoretical calculations of the Raman spectra were restricted to two extreme fully-occupied Si3 

positions, so that the zigzags consisted of rows containing either 1) five and three, or 2) four fully 

occupied octahedra. In either case the connecting element between the rows contained 2 x 2 fully 

occupied octahedra. The first arrangement resulted in Raman spectra highly inconsistent with the 

experimental data, however the spectra computed using the second arrangement show remarkable 

agreement with experimentally obtained Raman spectra (Fig. 6.5).  

The continuous and smooth evolution of the unit cell volume with pressure (Fig. 6.6) can be followed 

up to 80 GPa. By fitting the experimental P-V data with a 3
rd

-order Birch-Murnaghan equation of 

state (BM3-EoS), we obtain following room pressure parameters by fixing K’ to 4: V0=193.18(51) Å
3
, 

K0=230(7) GPa. Starting from this value of V0, we construct the plot of the normalized stress, FE, vs. 

Eulerian strain, fE, (Angel, 2000) from our P-V data, and find that it reflects linearity of data 

consistent with a BM3 fit, yielding comparable values of the bulk modulus, K0, of about 228 GPa and 

its pressure derivative K’ of 4.3.  

The ab initio calculations result in systematically smaller values of the lattice constants and the unit-

cell volumes (Tables 6.4a and b). The volume-offset has the largest value at zero-pressure (ΔV0=9 Å) 

and it decreases with pressure. The BM3 fit to the theoretically obtained P-V data yield slightly higher 

K0=261(6) and K’=4.15. Although data of much better quality are required to constrain the 

compressional behaviour of cristobalite X-I with better accuracy, it is certain that the bulk modulus of 

this phase is considerably lower than that of any other high-pressure SiO2 phase containing silicon in 

octahedral coordination – stishovite (300-310 GPa), CaCl2 (320-330 GPa) or seifertite (320-330 GPa) 

(summarized in Grocholski et al., 2013). This conforms well to the fact that the structure contains 

significant amount of partially occupied octahedra. Important to note is that metastable polymorphs 

are considered extremely difficult in studying their compressional behaviour, because they usually do 

not have such wide range of existence, thus the X-I phase can be considered exceptional.  

The pressure dependence of the Raman modes (dν/dP) of cristobalite X-I, where ν is the ambient-

pressure phonon frequency and P is the pressure, was derived from the data presented in Figure 6.5 

and it ranges from 0.9(1)-3.2(1) cm
-1 

/GPa. These values match well with pressure shifts reported for 

the only two octahedra-based SiO2 forms studied by Raman spectroscopy, the rutile structured 

stishovite and its high-pressure, CaCl2-structured polymorph. Based on the zero-pressure bulk 
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modulus K0=230(7) GPa determined in this study and using the formulation of the mode-Grüneisen 

parameter as γν=(K0/ν) (dν/dP), we obtain an average of γ=0.7±0.1. None of the Raman bands is 

showing softening under pressure, strongly suggesting that cristobalite X-I, although 

thermodynamically metastable and unquenchable to ambient conditions, can exist in a wide (or even 

wider than we studied) pressure range. 

6.4.3.4 The quenched sample 

Raman spectra collected on the samples recovered from the experiments carried out up to variable 

maximal pressures or compressed at different rates show signature similar to that of the starting α-

cristobalite. Given that the Raman spectra of all these products look very similar (Fig. 6.7), we 

conclude that both slow compression followed by either a rapid quench (Exp1) or slow 

decompression (Exp4), as well as a rapid compression (exp5) up to only 12 GPa followed by 

immediate pressure release, resulted in the same product. Samples recovered from Exp1 and Exp4 

were investigated by wide-scan synchrotron XRD and both samples give a strong signal of α-

cristobalite. Unfortunately, Exp4 was lost during further sample preparation, so we only investigated 

Exp1 by means of TEM. The sample (Exp1) was recovered after being compressed to ~50 GPa. 

Raman spectra collected during compression in Exp1 are indistinguishable from the spectra obtained 

in several other compression experiments. At the maximal pressures achieved in all these experiments 

we always evidenced cristobalite X-I phase as the final compressional product. 

TEM foil from the Exp1 sample, prepared by FIB was not equally thinned throughout the sample. 

Even during the thinning procedure we were able to see internal structural features indicating 

domains of variable crystallinity. Quenched crystal from the Exp1 is solid and compact, primarily 

composed of amorphous matrix in which isolated, crystalline clumps of several ~100 nm up to 1 μm 

in size can be observed (Fig. 6.7). Amorphous matrix has lamellar appearance intersected by layers 

that are crystalline. We investigated most of the crystallites and all of them can be indexed as α-

cristobalite. Representative diffraction patterns are shown in the inset in Figure 6.7. Cristobalite was 

relatively stable under the electron beam and we did not observe it undergoing amorphization during 

the exposure to the beam and during acquisition. Most of the cristobalite crystallites are lamellarly 

twinned, with three distinct lamellae directions. However, most of the crystals in the sample showed 

similar orientation, indicating that the crystallites had belonged to the same single crystal prior the 

initial crystalline material underwent amorphization.  
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Cristobalite X-I is not quenchable and it is believed to partially convert back to α-cristobalite upon 

pressure-release, however most of the high-pressure phase does not convert into crystalline material 

but it rather remains amorphous. Another possible interpretation is that the amorphous material 

formed already under compression and that only a small amount of initial α-cristobalite had 

transformed to cristobalite X-I. The amorphous matrix might cause broadening of the main Raman 

bands found on the quenched samples (Fig. 6.7).  

6.4.4 Non-hydrostatic compression  

6.4.4.1 Formation of seifertite 

In the experiments on powders, upon compression up to ~50 GPa we find seifertite as the final 

product. The experiment without pressure medium (Exp6) is a repetition of an earlier experiment 

(Dubrovinsky et al., 2001; Dubrovinskaia et al., 2001; Prokopenko et al., 2001), that investigated only 

a non-hydrostatic compression. The experiment on powder surrounded by neon (Exp7) is similar to 

the one performed earlier by (Yagi and Yamakata, 2000). In agreement with previous studies, in both 

FIGURE 6.7. Representative Raman spectra collected on the single crystals (SC) recovered from various pressures and under 

different compressional rates, compared to the starting α-cristobalite (left). Fractured crystalline grain (dark grey to black) 

surrounded by amorphous matrix (right). The inset shows diffraction pattern indexed as α-cristobalite along zone axix [-1 1 0], 

indicating that the entire grain has the same crystallographic orientation. Black reflections in the inset are from this study, 

whereas the red reflections are simulated electron diffraction spots, starting from the structure reported by Dera et al. 2011. 

Closed red symbols correspond to allowed reflections; open symbols are the forbidden reflections that appear in SAED due to 

dynamical diffraction effects. 
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experiments on powders with and without the pressure-transmitting medium, we followed the 

sequence of transitions α->II->X-I by means of in situ Raman spectroscopy. Above 20 GPa we lost 

the signal from the sample and we do not recover it up to the maximum compression (~50 GPa) nor 

during slow decompression down to pressures very close to ambient. At room pressure we again 

could see a weak signal, which improved significantly by opening the DAC and exposing the sample 

to the laser beam directly (Fig. 6.8). Therefore we cannot confirm that cristobalite X-I is the last 

phase occurring prior formation of seifertite, but as no changes in powder-diffraction pattern of this 

phase have ever been reported previously prior the transition, it seems justified to assume that no 

other phases form in this  sequence. 

6.4.4.2 Quenched seifertite 

The sample analyzed by Raman spectroscopy remained stable after 120 seconds exposure to a 1.2 W 

direct Ar
+
 laser beam and was afterwards analyzed by powder XRD and TEM. The collected Raman 

spectrum of the sample recovered after compression to ~50 GPa is almost identical to the spectrum 

reported in a similar experiment (Prokopenko et al., 2001) and it is quite close to the theoretically 

computed spectra of seifertite which could be found in WURM database (Fig. 6.8). There are no 

apparent similarities between the Raman spectra of seifertite and cristobalite X-I, with the main 

difference being the strongest mode in seifertite close to 500 cm
-1

, which is absent in the spectrum of 

X-I phase.  

FIGURE 6.8. Raman spectrum of recovered seifertite (red), collected outside diamond anvil cell. Ar+ laser beam conditions: 

excitation wavelength 514 nm; power 0.7 W, acquisition 3x120 seconds. For comparison, Raman spectra of experimentally 

(grey) and computationally (symmetry labeled bulks) obtained seifertite is given.  
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The sample was afterwards placed on a glass capillary and analyzed using an in-house powder 

diffractometer. Thus obtained two-dimensional image (Fig. 6.9) contains a halo at d > 4.5 Å, 

indicating large amounts of amorphous material. The poor crystallinity gives rise to broaden 

diffraction rings and their weak intensities, so that no proper data integration was possible. But the 

relative intensities and peak positions show very good agreement with a product of a similar 

experiment on cristobalite cold-compression (Prokopenko et al., 2001), as well as with seifertite 

formed at equilibrium conditions (Grocholski et al., 2013). All measured reflections correspond very 

well to those of seifertite (α-PbO2 structured silica) and we calculated the orthorhombic unit cell in 

Pbcn space group by given peak positions, hkl indices and relative intensities (Table 6.5) to be: 

a=4.067(21) Å, b=5.090(38) Å, c=4.477(14) Å.  

At last, the same material determined as seifertite by means of Raman spectroscopy and XRD, was 

analyzed by TEM. We applied two different methods of sample preparation: 1) we crushed the 

sample removed from the glass capillary and dispersed it on lacey carbon; 2) we prepared an electron-

transparent foil out of the remnant material found inside the gasket using an FIB instrument. Both 

techniques showed similar outcomes. The analyzed material contained small crystallites (~100 nm) 

surrounded by amorphous matrix. The crystallites were highly unstable under the beam and became 

FIGURE 6.9. Powder-diffraction analysis of the sample recovered from 50 GPa, using an in-house diffractometer compared 

to earlier studies: Prokopenko et al. (2001) compressed cristobalite to ~50 GPa at room temperature and without pressure 

medium and quenched seifertite; Grocholski et al. (2013) quenched seifertite synthesized at high PT conditions.  
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amorphous instantly during data 

acquisition, resulting in poor electron 

diffraction pattern. We performed the 

analyses by alternating between a direct 

SAED (large surface, lower beam current, 

longer exposure) and a High Resolution 

TEM mode (more selective, high beam 

current, shorter acquisition time), in order 

to collect diverse information of the 

material. From the diffraction 

measurements in HRTEM mode on isolated 

grains we derived FFT (Fast Fourier 

Transform) diffraction images. The d-

spacings we obtain by FFT can be 

interpreted as reflections of seifertite, 

however the indexing agrees with the α-

cristobalite unit cell even better than with 

the cell of seifertite (Fig. 6.10). We suspect 

that the beam could cause short-range 

Table 6.5: XRD and TEM reflections of quenched seifertite

hkl (Pbcn )

XRD d [Å] I/I0 HRTEM d [Å] d [Å] I/I0

4.004 20
3.558 40
3.176 76 3.1807 70 110
2.96 13 2.94

2.785 7
2.395 4
2.597 63 2.58 2.5963 67 111

2.51 2.5231 11 020
2.249 21 2.29 2.2473 12 002

2.2001 10 021
2.026 27 2.0485 2.5 200
1.954 100 1.9703 65 102

1.9383 66 121
1.843 13 1.8354 13 112

1.7485 2 211
1.677 7 1.6782 4 022
1.59 1 1.5903 4 220

1.557 68 1.556 33 130
1.515 58 1.5139 81 202

1.4993 69 221
1.47 1 1.4704 1 131

1.439 1 1.3554 17 113
1.2982 2

1.27 70 1.2882 100

Seifertite (El 

Goresy et al. 2008) 
Our study

α-cristobalite 

seifertite 

FIGURE 6.10. FFT (Fast Fourier Transform) diffraction pattern derived from HRTEM images of isolated grains within the 

EXP6 powder sample. The d-spacings we obtain by FFT can be indexed by cristobalite and seifertite, in this particular 

direction. Due to the instability under the beam, only one orientation of the specimen was acquired. 
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transformation of highly unstable seifertite to more stable cristobalite, before the entire material 

becomes amorphous. To obtain good diffraction pattern of this material was difficult due to the small 

particle size and its relatively high beam sensitivity compared to the quenched cristobalite of EXP1 

(Fig. 6.7). This beam sensitivity is interpreted as a result of poor crystallinity. Following the 

interpretation by Biskupek and Kaiser (2004), we find our maximal Δd/d error of 6.3% for the 

(110seif) acceptable, given the small size of the grain, extraordinary instability of the sample under the 

beam as well as the fact that the sample is not a compact but rather loose powder. We eliminated the 

possibility of ruby, graphite, diamond and stishovite by EDS and indexing trials. The indexing of 

diffraction patterns seemed more efficient and less erroneous when direct SAED measurements were 

performed. Due to destruction of material, direct diffraction was rarely possible. In one such 

measurement we were able to index only cristobalite and no seifertite, however, we cannot conclude 

based on this sole example that seifertite is completely absent from the sample.  

6.5  Conclusions and Implications 

Cristobalite was often documented in the meteorites that lack any high-pressure silica polymorphs 

(e.g. Weber et al., 2000; Leroux and Cordier, 2006), albeit the rest of the mineral record indicates 

peak shock pressures exceeding 10 GPa, at which at least coesite or stishovite are expected to form 

and be preserved. Most of cristobalite in shocked materials is believed to form after pressure release 

due to high post-impact temperatures, but here we propose that it can form as a product of X-I phase 

back-transformation. Understanding the pressure-induced transition sequence of cristobalite, capacity 

of the cristobalite X-I structure to "hold" under pressure, as well as taking into account its stability at 

slightly elevated temperatures (Dubrovinsky et al., 2001), there is a great possibility that this phase 

can be accommodated in (quasi)-hydrostatic environment where temperature is not sufficient to form 

stishovite, removing all its high-pressure signature once the pressure is released and it back-

transforms to the α-form. The reconstructive transition that involves increase in coordination number 

of silicon from four in (α- or II) cristobalite to its six-fold coordinated polymorph X-I does not require 

any thermal activation; however the high-pressure polymorph cannot be preserved at ambient 

conditions. 

Cristobalite was documented alongside all the natural occurrences of the high-pressure, post-

stishovite silica polymorph seifertite
.
(e.g. Miyahara et al., 2013; Bläß, 2013), related to the heavily 

shocked Martian or Lunar meteorites. As shown in our experiments, also in a non-hydrostatic 

environment cristobalite follows α -> II -> X-I transformation path, but if the pressures are 
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sufficiently high (~37-40 GPa according to (Dubrovinsky et al., 2001; Tsuchida and Yagi, 1990; Yagi 

and Yamakata, 2000) it will eventually transform quenchable seifertite, bypassing the equilibrium 

formation of stishovite and CaCl2 structured polymorph. Although the burning question - what is the 

lowest pressure and temperature at which seifertite can form - remains unclear, an ever growing 

number of evidences speaks in favor of seifertite formation far below its thermodynamic stability. To 

this adds our finding that 4-to-6 increase in coordination number of silicon in cristobalite occurs as 

low as ~10 GPa without requiring substantial heating, and can be followed by seifertite formation at 

highest of about ~50 GPa in a non-hydrostatic environment. This leads us to the conclusion that the 

transformation path via the X-I phase is a scenario of seifertite formation more likely to occur in 

nature than via its equilibrium, supported by the argument that seifertite-cristobalite parageneses is 

commonly observed in in shocked meteorites. This, in turn, raises the question whether any of the 

natural seifertite occurrences represents a formation at equilibrium conditions.  

Based on our observation, we conclude that particularly in quasi-hydrostatic or non-hydrostatic 

conditions cristobalite may occur on decompression path after and could not, therefore, be used as a 

proof of the absence of high-pressures. Neither cristobalite nor seifertite should be considered reliable 

tracers of the peak shock conditions. Keeping in mind the similarity in structures of cristobalite X-I 

and seifertite, we conclude that if there were any phases intermediating the two polymorphs, then they 

are formed by a simple rearrangement of the octahedra within the chains. Cristobalite X-I has a 

structure most similar to that of seifertite (containing kinked chains of octahedra) ever studied in 

terms of precise single-crystal analysis and determination of exact atomic positions. To our 

knowledge, single crystals of seifertite have never been produced. Given a relatively simple 

experimental procedures for the X-I-> seifertite transition, it seems justified to propose similar 

experimental procedure in order to investigate single-crystal properties of seifertite in the future.  
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