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Abstract

The hydration state and transport of water into the deep Earth is of interest in many

disciplines of the geoscienti�c community. The hydration state changes the physical prop-

erties of many minerals like the electrical conductivity, the elastic properties or the melting

and solidi�cation conditions. To determine the distribution and transport mechanisms of

water in the deep Earth, the e�ect of hydrogen on the elastic properties of nominally an-

hydrous minerals and the elasticity of hydrated phases at high-pressure and -temperature

conditions are important factors. The elastic properties of a phase are correlated to the

aggregate velocities which are evaluated by seismic techniques as tomographic imaging.

Geophysical remote sensing techniques can map the physical properties of the deep Earth

and numerical modelling tries to reproduce the processes within the Earth. To draw con-

clusions, concerning the hydration state of the investigated area, from these data, results

from laboratory experiments and geophysical observations have to be evaluated together.

Ringwoodite and Phase Egg are two high-pressure phases that are stable under conditions

of the lower transition zone and for Phase Egg even the upper lower mantle. Ringwoodite

is associated with a possible large water storage capacity and Phase Egg is a hydrated

phase that could be relevant for water transport into the deep mantle. Diamond inclu-

sions have shown that, at least in some regions, hydrous ringwoodite occurs in the deep

Earth. As well as the chemical compositions associated with Phase Egg. In this thesis,

two projects have been conducted to evaluate the elastic behaviour of these two phases.

(Mg,Fe)2SiO4 ringwoodite is a nominally anhydrous mineral but experiments have shown

that it can incorporate up to 2-3 wt%H2O as defects into its structure. For this reason,

ringwoodite is considered to be a candidate for deep Earth water storage. At low pressure,

a reduction of the aggregate velocities with increasing hydration state has been found by

single-crystal Brillouin spectroscopy studies. This implied the idea that the hydration

state of the lower transition zone could be determined from seismological observations.

These attempts are often not consistent with one another and neither with studies using

electro-magnetic sensing techniques. The comparison of di�erent studies from the litera-

ture is hampered by di�erent chemical compositions, chemical characterisation, di�erent
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experimental setups and high-pressure and high-temperature conditions. We developed

a technique to focused ion beam tailor the shape of single-crystal samples to semicircles

to load a total of four chemically diverse ringwoodite samples in the pressure chamber

of one diamond anvil cell. With this technique we were able to measure the full elastic

tensor for three samples of Fo891 composition with a water content ranging from 0.21 -

1.71 wt%H2O plus one sample of the Mg-endmember Fo100 ringwoodite with 0.42 wt%H2O.

For the �rst time, a consistent dataset could be produced to a maximum pressure of 22.08

GPa. The results show that hydration lowers the aggregate velocities of ringwoodite at

low pressures but not as much as assumed from earlier studies. Additionally, the study

shows that this e�ect further reduces with increasing pressure and that at pressures of

the lower transition zone the velocities become inseparable. From the Fo89 samples, two

simple equations describing the hydration and pressure dependency of the shear and lon-

gitudinal aggregate velocities could be derived. Comparison between the Fo100 sample of

this study and literature data showed that these equations are also applicable to the Mg-

endmember. One Brillouin spectroscopy measurement at simultaneous high-pressure and

-temperature conditions of 500 K and 19.9 GPa did not indicate a change in the hydration

dependency at this elevated temperature. Applying these �ndings to a pyrolitic model

showed that the hydration induced variation in the aggregate velocities at transition zone

pressures is very small. The resolution of seismic studies today might not be high enough

to resolve the hydration state of the transition zone from aggregate velocities alone.

The subduction zones are of uppermost importance for the transport of hydrogen into

the deep Earth. It has been shown that aluminium containing phases are stable to higher

pressures compared to their magnesium equivalents. Phase Egg has a chemical stoichiom-

etry of AlSiO3OH. Earlier a structure re�nement at ambient conditions from a powder

di�raction study revealed a monoclinic P21/n structure. The bulk modulus and its pres-

sure derivative are also reported from a high-pressure powder di�raction study. In this

thesis, the �rst single-crystal x-ray di�raction study on Phase Egg is presented. In a syn-

chrotron single-crystal experiment di�raction patterns to a maximum pressure of 23 GPa

were collected and structure re�nements were performed at ambient conditions and eight

1(Mg0.89,Fe0.11)2SiO4
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high-pressure points. The compression data revealed a similar bulk modulus at ambient

conditions but a higher pressure derivative as reported in earlier studies. We could con�rm

that the highest compression is along the b-lattice despite this lattice being the shortest.

The main compression mechanism was so far assumed to be due to oxygen-oxygen bonds.

From the here presented data we assume that the distortion in the silicon octahedron,

which was already observed at room pressures, is an important compression mechanism

below 15 GPa. The Si-O4 bond decreases with increasing pressure until a regular six-fold

coordination is restored at pressures above 15 GPa. The regularization of the silicon co-

ordination goes along with a reduction in the unique β angle which stagnates at 97.8° at

15 GPa. This stagnation is in agreement with the literature but has never been discussed

before.
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Zusammenfassung

Der Wassergehalt und der Transport von Wasser in die tiefe Erde sind in vielen Disziplinen

der Geowissenschaften von Interesse. Der Wassergehalt verändert die physikalischen

Eigenschaften vieler Minerale wie die elektrische Leitfähigkeit, die elastischen Eigen-

schaften oder die Schmelz- und Ausfrierbedingungen. Um die Verteilung und die Trans-

portwege von Wasser in der tiefen Erde zu bestimmen, muss der E�ekt von Wasser auf

die elastischen Eigenschaften von nominell wasserfreien und wasserhaltigen Hochdruck-

phasen bestimmt werden. Die elastischen Eigenschaften sind mit den Ausbreitungs-

geschwindigkeiten der Minerale korreliert, welche durch seismologische Techniken wie

seismischer Tomographie verwendet werden. Geophysikalische Messtechniken können die

physikalischen Eigenschaften der tiefen Erde abbilden und numerische Modelle versuchen,

die Prozesse innerhalb der Erde zu reproduzieren. Um Rückschlüsse über den Wasserge-

halt in dem Untersuchungsgebiet zu ziehen müssen Laborexperiment und geophysikalische

Messungen gemeinsam interpretiert werden.

Ringwoodit und Phase Egg sind zwei Hochdruckphasen, die unter den Bedingungen der

unteren Übergangszone stabil sind und im Fall von Phase Egg sogar im oberen unteren

Mantel. Diamanteinschlüsse haben gezeigt, dass zumindest in einigen Regionen wasser-

haltiger Ringwoodit in der tiefen Erde vorkommt. Es wurden ebenfalls Einschlüsse ge-

funden die der chemischen Zusammensetzung von Phase Egg entsprechen. In dieser Ar-

beit wurden zwei Projekte durchgeführt, um die elastischen Eigenschaften dieser beiden

Phasen zu messen.

(Mg,Fe)2SiO4 Ringwoodit ist ein nominell wasserfreies Mineral, allerdings haben Exper-

imente gezeigt, dass es 2-3 gew.%H2O als Defekte in seine Struktur einbauen kann. Aus

diesem Grund wird Ringwoodit als Kandidat für einen Wasserspeicher in der tiefen Erde

angesehen. Bei niedrigem Druck wurde in früheren Studien mittels Einkristall Brillouin-

spektroskopie eine Verringerung der Ausbreitungsgeschwindigkeiten mit zunehmendem

Wassergehalt gemessen. Dies lies den Schluss zu, dass der Wassergehalt der unteren Über-

gangszone aus seismologischen Beobachtungen ermittelt werden könnte. Die Interpreta-

tionen waren weder miteinander noch mit Leitfähigkeitsstudien konsistent. Der Vergleich
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verschiedener Brillouin Studien aus der Literatur wird durch unterschiedliche chemische

Zusammensetzungen, deren Charakterisierung, unterschiedlichen Versuchsaufbauten und

unterschiedlichen Hochdruck- und Hochtemperaturbedingungen erschwert. Wir haben

eine Technik entwickelt, um Einkristallproben mithilfe eines fokussierten Ionen Strahls als

Teilkreise zu zuschneiden, um insgesamt vier chemisch verschiedene Ringwoodit Proben

in die Druckkammer einer Diamantstempelzelle zu laden. Mit dieser Technik konnten

wir den vollständigen elastischen Tensor für drei Proben mit Fo892 Zusammensetzung

und mit einem Wassergehalt von 0,21 - 1,71 gew.%H2O plus eine Probe Mg-Endglied

Fo100 Ringwoodit mit 0,42 gew.%H2O messen. Erstmals konnte ein konsistenter Daten-

satz bis zu einem maximalen Druck von 22,08 GPa erstellt werden. Die Ergebnisse zeigen,

dass der Wassergehalt die Ausbreitungsgeschwindigkeiten von Ringwoodit bei niedrigen

Drücken senkt, allerdings nicht so stark wie in früheren Studien angenommen. Zusätzlich

zeigt die Studie, dass dieser E�ekt mit steigendem Druck weiter abnimmt und dass bei

Drücken der unteren Übergangszone die Geschwindigkeiten ununterscheidbar werden. Aus

den Fo89 Proben konnten zwei einfache Gleichungen abgeleitet werden, die die Wasser-

und Druckabhängigkeit der Scher- und Transversalgeschwindigkeiten beschreiben. Der

Vergleich zwischen der Fo100 Probe dieser Studie und Literaturdaten zeigt, dass diese

Gleichungen auch für das Mg-Endglied anwendbar sind. Eine zusätzliche Brillouinspek-

troskopie Messung bei gleichzeitig Hochdruck- und Temperaturbedingungen von 500 K

und 19,9 GPa ergab keinen Hinweis auf eine Veränderung der Wasserabhängigkeit bei

dieser erhöhten Temperatur. Die Anwendung dieser Ergebnisse auf ein pyrolytisches Man-

telmodell zeigte, dass die Variation der Ausbreitungsgeschwindigkeiten bei Drücken der

Übergangszone sehr gering ist. Die Au�ösung der seismischen Untersuchungen ist heute

vermutlich nicht hoch genug, um den Wassergehalt der Übergangszone allein aus den

Ausbreitungsgeschwindigkeiten aufzulösen.

Für den Transport von Wasser in die tiefe Erde sind die Subduktionszonen von höchster

Bedeutung. Es hat sich gezeigt, dass aluminiumhaltige Phasen im Vergleich zu ihren Ma-

gnesiumäquivalenten auch noch bei höheren Drücken stabil sind. Phase Egg hat eine Stö-

chiometrie von AlSiO3OH. Eine frühere Strukturverfeinerung bei Umgebungsbedingungen

2(Mg0.89,Fe0.11)2SiO4
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aus einer Pulverbeugungsstudie ergab eine monokline P21/n-Struktur. Das Bulkmodul

und seine Druckableitung wurden ebenfalls aus einer Hochdruck-Pulverbeugungsstudie

ermittelt. In dieser Arbeit wird die erste Röntgenbeugungsstudie an einem Phase Egg

Einkristall beschrieben. In einem Synchrotronexperiment wurden Beugungsmuster bis zu

einem maximalen Druck von 23 GPa gesammelt und Strukturverfeinerungen bei Raumbe-

dingungen und acht Hochdruckpunkten durchgeführt. Die Kompressionsdaten zeigen ein

ähnliches Kompressionsmodul bei Raumbedingungen, aber eine höhere Druckableitung,

als in früheren Studien berichtet. Wir konnten bestätigen, dass die höchste Kompressi-

bilität entlang der b-Achse vorliegt, obwohl diese Achse die kürzeste ist. Bisher wurde

angenommen, dass der vorrangige Kompressionsmechanismus auf Sauersto�-Sauersto�-

Bindungen zurückzuführen ist. Aus den hier vorgestellten Daten gehen wir davon aus,

dass die Verzerrung im Siliziumoktaeder, die bereits bei Raumdruck beobachtet wurde, ein

Hauptmechanismus der Kompression unter 15 GPa ist. Mit zunehmendem Druck nimmt

die Si-O4 Bindungslänge ab, bis bei Drücken über 15 GPa eine regelmäÿige sechsfach

Koordinierung wiederhergestellt ist. Die Regularisierung der Siliziumkoordination geht

einher mit einer Reduzierung des β-Winkels, der bei 97,8° bei 15 GPa stagniert. Diese

Stagnation stimmt mit Literaturdaten überein, wurde aber bisher nie diskutiert.
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Abbreviations:

Abbreviation Full name

Institutions

BGI Bayerisches Geoinstitut
GFZ GeoForschungsZentrum
UCL University College London

Technical terms

BX90 Brillouin scattering-x-ray di�raction diamond-anvil cell
with a 90° opening angle

DAC Diamond-anvil cell
EELS Electron energy loss spectroscopy
ELNES Electron loss near edge spectroscopy
EMPA Electron microprope analysis
FIB Focused ion beam
FTIR Fourier transform infrared spectroscopy
SIMS Secondary ion mass spectroscopy
TEM Transmission electron microscope
XRD X-ray di�raction

Others

pfu per formular unit
SCO San-Carlos olivine

Constants:

Name Symbol Value SI-unit

Avogadro constant Na 6.022140 · 1023 mol−1

Speed of light c 2.997925 · 108 m s−1

Mass of H2O MH2O 18.01528 · 10−3 kg mol−1
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Nomeclature:

Name Symbol SI-unit common unit relation

General

Ambient unit-cell volume V0 m3 Å3 10−30

Pressure P Pa GPa 109

Temperature T K K -
Density ρ kg m−3 g cm−3 103

Mass M kg g 10−3

Wave number k m−1 cm−1 102

Wavelength λ m µm 10−6

Chemical characterisation

Hydration concentration c mol m−3 mol L−1 103

Magnesium to iron ratio Fo - - -
Ferric to ferrous iron ratio Fe - - -
Electron mean free path Λ m nm 10−9

Electron cross section ς m−1 nm−1 109

Elemental mass ratios CE
M

Intensity I - - -
Integrated area, FTIR spectra Ai m−2 cm−2 104

Sample thickness t m µm 10−6

Molar absorption coe�cient ε m mol−1 L mol−1 cm−2 101

Element content pfu �� pfu - -
Formular unit Z - - -
Anderson-Grüneisen parameter γ0 - - -
Grüneisen parameter δT - - -

Elasticity

Longitudinal velocity VP m s−1 km s−1 103

Shear velocity VS m s−1 km s−1 103

Bulk modulus K Pa GPa 109

Shear modulus G Pa GPa 109

Finite Eulerian strain f - - -
Normalised pressure F Pa GPa 109

Scattering angle Θ deg deg -
Elastic constants cij Pa GPa 109

Compilane tensor elements sij Pa−1 GPa−1 10−9

Stress tensor elements σij Pa GPa 109

Strain tensor elements εij - - -
Anisotropy A - - -
Phonon wave number q m−1 cm−1 102

Wave frequency ω /Ω s−1 s−1 -
Phonon phase velocity ν m s−1 km s−1 103
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Name Symbol SI-unit common unit relation

X-ray analysis

R-indices Rint - - -
for structure Rsigma - - -
re�nement wR2 - - -

R1 - - -
Goodness of �t GooF - - -
Structure factor Fhkl - - -
Strain tensor elements eij - - -
Strain modulus Eii - - -
d-spacing d m Å 10−10
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1. Introduction

The Earth is a dynamic planet, volcanism and earthquakes have fascinated and terri�ed

people throughout human history. But it took until the middle of the past century to

�nally prove Alfred Wegner's theory [1] of the movement of tectonic plates. This answered

the question of plate motion but at the same time opened up many more questions and

gave new momentum to the geoscienti�c community. It also brought the processes in the

deep Earth into the focus of interest. Technical developments in mineral physics such as

the large volume multi-anvil press or the diamond-anvil cell enabled scientists to synthe-

sise and characterise many minerals that are believed to be present in the deep Earth.

At the same time, the improvement of seismological networks and increased computa-

tional power made a view inside the Earth possible. The open questions are answered

in a multidisciplinary approach, �ndings get more and more acknowledged and used over

the boundaries of the di�erent disciplines. One of the topics that get acknowledged in

all disciplines is the cycling of volatile elements in the deep Earth. The common aim is

to understand and explain to what extend volatile elements such as hydrogen, nitrogen

or carbon are transported inside the deep interior of the Earth, how they in�uence the

physical properties of the material and how their presence can be measured.

Evidence for the presence of water in the Earth's mantle is provided by diamond in-

clusions. Diamond inclusions are the only probes available from deep within the Earth.

These inclusions preserve not only the chemical composition but also the structure of the

phases. In 2004, Pearson et al. [2] reported on a hydrous ringwoodite inclusion suggesting

an at least partially hydrated transition zone. An inclusion of Ice-VII found in diamonds

from several di�erent origins provides further support for a hydrated transition zone [3].

A diamond inclusion with the chemical composition of Phase Egg [4] and an inclusion of

CaSiO3 in a perovskite structure [5] provide evidence that the subducted oceanic crust

reaches into the Earth's lower mantle.

Subducting slabs transport volatile elements as hydrogen into the deep Earth and in-
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troduce chemical and thermal heterogeneities. To what depth and extend the hydrogen

could be transported and stored in the Earth depends on the pressure and temperature

stability �eld of hydrous phases (e.g. Phase Egg) and the capability of di�erent minerals

to incorporate hydrogen into their nominally anhydrous structure (e.g. ringwoodite).

56% of the upper mantle, up to 660 km depth, are made up of olivine and its two high-

pressure polymorphs wadsleyite and ringwoodite, Figure 1.1. This is based on the pyrolitic

mantle model by Ringwood [6]. This makes ringwoodite the most abundant mineral be-

tween 520 and 660 km depth. Both wadsleyite and ringwoodite can incorporate large

amounts of hydrogen into their structure. This suggests that the transition zone could

serve as a water reservoir in the deep Earth.

Phase Egg is only a minor phase in the Earth, regarding its volumetric abundance. Nev-

ertheless, as part of the Al2O3:SiO2:H2O system it can be an important phase for the

subduction related hydrogen transport into the lower mantle. It has been shown that

aluminium containing phases are stable at higher pressure- and temperature-conditions

as their magnesium containing equivalents.

Figure 1.1: Sketch of the mineral composition of the Earth's mantle of a pyrolitic mantle
composition. Inspired by [7, Figure 1].
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Variations in seismic velocities within the Earth can be determined by seismic tomog-

raphy. Seismic tomography models re�ne an aggregate velocity map that explains the

measured travel times between a number of earthquakes and the receiver stations best.

By convention bins faster than average are marked with blue colours to symbolise colder

regions and slower bins are marked red for hotter areas. The e�ect caused by chemical

variations are usually less pronounced than the thermal ones. In areas where subduction

takes place local tomography models reveal areas of higher velocities, Figure 1.2. Those

are interpreted as subducting slabs that are colder than the surrounding mantle material.

Figure 1.2: 2D slides of 3D tomography around the Paci�c plate. Several di�erent sub-
duction regimes can be identi�ed, modi�ed from [8, Figure 3]

Some of them such as Izu Bonin get stuck in the transition zone, emphasising the pos-

sibility of a deep Earth water storage. Others like Tonga or Central America proceed into

the lower mantle opening the possibility of hydrogen being transported deeper into the

Earth.

There have been attempts to determine the amount of water in the transition zone based

on the variation in electrical conductivity, viscosity and aggregate velocities [10�14]. The

results di�er from a nearly saturated to a dry transition zone. The reasons for this varia-

tions could lay in both the interpretation of the geophysical dataset or the experimentally
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derived parameters.

One of the most important parameters is the elasticity, like the bulk and shear modulus

K and G, the elastic constants cij, as well as the density ρ. Those are the parameters

from which the aggregate seismic longitudinal and shear velocities, VP and VS, can be

calculated. But chemistry is not the only factor which varies the propagation velocities of

seismic waves. Pressure and temperature also in�uence these parameters. The develop-

ment of diamond-anvil cells enables us to perform Brillouin spectroscopy (K, G, cij) and

x-ray di�raction (K and ρ) experiments at high-pressure and -temperature conditions.

With these experiments, we can quantify the in�uence of hydrogen on the elastic proper-

ties of mantle minerals at mantle relevant pressures and high temperatures.

The aim of this study is to provide further inside into:

1. the hydration dependency of the elastic properties of ringwoodite at high pressure

and temperature using single-crystal Brillouin spectroscopy and x-ray di�raction.

2. the structure and compression behaviour of Phase Egg at high pressure.

1.1. Ringwoodite

Ringwoodite is a high-pressure polymorph of olivine. It has a cubic Fd3m structure and

a stability �eld between 19-24 GPa and 1200-1800 K [15, 16]. Mineral physics experi-

ments have shown that the nominally anhydrous ringwoodite structure (Mg,Fe)2SiO4 can

incorporate up to 2-3 wt.%H2O of "water" as hydroxyl defects. To incorporate hydrogen

into the ringwoodite structure silicon, magnesium or iron cations have to be substituted.

Three di�erent substitution mechanism are suggested for this [17]:

V ′′Mg + 2H∗∗ Mg vacancy substituted by two H,

Mg′′Si + 2H∗∗ Si vacancy substituted by one Mg plus two H,

V ′′′′Si + 4H∗∗∗∗ Si vacancy substituted by four H.
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First principle calculation [17] suggest a ratio of 64:10:25 for the above mentioned mech-

anism and NMR spectroscopy [18] derived, considering the uncertainties, a similar ratio

of 50:15:35. The determination of the position of the hydrogen atoms with x-ray di�rac-

tion is very di�cult. The e�ect of di�erent starting compositions in synthesis multi-anvil

experiment is not investigated but it cannot be excluded that they have an e�ect on the

incorporation mechanism. The transition zone minerals wadsleyite and ringwoodite can

incorporate much more hydrogen than olivine. Therefore the transition zone is considered

to be a possible water reservoir.

1.1.1. State of research

A number of Brillouin spectroscopy measurements have been performed on ringwoodite

single crystals, Figure 1.3. The conditions range from measurements at ambient pressure

over separated high-pressure (max. 23.4 GPa [19]) and high-temperature (max. 923 K

[20]) measurements to one dataset at simultaneous high-pressure and high-temperature

(16.3 GPa / 673 K [21]). But not only the P/T conditions di�er between the studies. Also,

the chemical compositions of the used single-crystals vary in both the iron to magnesium

ratio (Fo87 - Fo100) and the hydration state (0 - 4.68 mol L−1).

The comparison of di�erent studies is hampered by three major di�culties:

1. Di�erent chemical characterisation methods.

2. Di�erent pressure and temperature conditions.

3. Di�erences in experimental set-ups and evaluation processes.

1.1.2. Aim of this study

Better constraints on the e�ect of iron and hydrogen incorporation on the elastic con-

stants of ringwoodite are necessary to evaluate the hydration state of the transition zone.

Within this study, I developed a methodology to perform comparable single-crystal Bril-

louin spectroscopy and x-ray di�raction studies at high pressures and temperatures. The

measurement of several single-crystal samples in one diamond-anvil cell enables a direct
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Figure 1.3: Sketch of the chemical composition of all single-crystal Brillouin spectroscopy
measurements on ringwoodite. The literature data are marked with pentagons and colour
coded [19�24]. The blue and green symbols represent the chemical composition of ring-
woodite single-crystals measured in this study.

comparison of the physical properties and the evaluation of the e�ect of di�erent chemical

parameters at extreme conditions. In this study, four single-crystal ringwoodite samples

with di�erent chemical compositions have been measured, Figure 1.3. Using the Fo89

samples the e�ect of hydration on the elastic constants was determined up to pressures as

expected in the Earth's transition zone. The Mg-endmember sample is used to see if the

Mg to Fe ratio has an e�ect. With a heated diamond-anvil cell, the e�ect of temperature

was evaluated even if temperatures, as expected in the transition zone, were not reached

due to the limitations of resistive heating.

1.2. Phase Egg

Phase Egg is a phase in the Al2O3:SiO2:H2O system with a chemical composition of

AlSiO3OH and has a monoclinic P21/n structure [25], Figure 1.4. It is stable under

pressure and temperature conditions as expected in the transition zone and upper lower

mantle [26, 27]. Its stability at high pressures and the chemical composition make Phase
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Egg a candidate to contribute to the hydrogen transport into the transition zone and

lower mantle. The phase was named Phase Egg by M. W. Schmidt [28] to credit R. A.

Eggleton, who was the �rst to report it [29].
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3

Figure 1.4: Sketch of the Phase Egg structure along the a-lattice direction. Dark blue
octahedra contain silicon atoms and light blue ones aluminium atoms. Hydrogen atoms
are situated in the empty channels.

1.2.1. State of research

The stability �eld of Phase Egg is relatively well constrained [26, 27, 30] even though dif-

ferent studies slightly disagree. The predictions range between 16.5-26 GPa and 800-1600

°C [26, 27] and are consistent with the �ndings that incorporation of aluminium increases

the temperature stability �eld of phases. Phase Egg was �rst reported by Eggleton et

al. 1978 [29] as a new aluminium silicate phase with an Al:Si ratio of 1:1. A structure

re�nement at ambient conditions from powder x-ray di�raction was performed Schmidt et

al. 1998 [25]. They resolved the P21/n structure and the bond lengths in the silicon and

aluminium octahedra. A study at high pressure was performed by Vanpeteghem et al. in

2003 [31]. This high-pressure study to 36 GPa was performed on a powder sample and the

data were �tted to a third order Birch-Murnaghan equation of state. The bulk modulus

at ambient pressure and its high-pressure derivative were re�ned to K0 = 157(4) GPa and
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K ′0 = 6.5(4). In the structure re�nement at ambient pressure, an elongated Si-O4 bond is

reported but neither further mentioned nor separated from the calculation of the average

Si-O bond distance. The high-pressure compressional study limits their compressional

evaluation to the unit-cell volume and does not mention the reduction and stagnation of

the unique β−angle with pressure. The interpretation of the anisotropic compression in

b-direction was so far concentrated on oxygen-oxygen bond and the symmetrization of

hydrogen bonds.

1.2.2. Aim of this study

The aim of the study described in Chapter 7, was to perform the �rst single-crystal study

on Phase Egg. A single-crystal study has the advantage of a well de�ned sample, a more

homogeneous pressure within the sample and better constraints for a structure re�nement.

With high-pressure structure re�nements, the compression mechanism for the structure

can be further evaluated and understood. The pressure evolution of the elongated Si-

O4 bond can be evaluated. For Phase Egg, O-O and O-H bonds were suggested to be

relevant for a change in compression above 15 GPa [31]. A high-pressure single-crystal

x-ray di�raction study with synchrotron radiation provided intensity data with su�cient

quality for a compressional and structure re�nement study to transition zone pressure

conditions. For the �rst time, the evolution of the atomic bond-lengths in Phase Egg was

measured up to a pressure of 23 GPa.
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2. Methods

In the following, all methods used are described in short chapters. From the sample

synthesis to the chemical characterisation, followed by sample preparation and the prepa-

ration of diamond-anvil cells. The chapter concludes with the measurement techniques,

single-crystal x-ray di�raction and Brillouin spectroscopy. Further mathematical calcula-

tions to some topics can be found in the appendix and much more detailed descriptions

in the quoted literature.

2.1. Sample synthesis

Multi-anvil large volume presses are widely used to synthesise high-pressure and -tempera-

ture phases, the most common press is the 6/8 Kawai type. In this type of apparatus

a uniaxial strain is converted to a homogeneous pressure by the use of six outer steel

anvils that enclose a cube made up by eight WC cubes with truncated edges that hold an

octahedral high-pressure assembly in the centre, Figure 2.1 [32].

Figure 2.1: Sketch of second stage anvils of a 6/8 Kawai type multi-anvil apparatus and
an octahedral high-pressure assembly. Inspired by [32, Figures 8 and 9]

The pressures that can be achieved in the centre of the assembly are dependent on

the load, the truncation edge length of the WC cubes and the octahedron edge length.
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The octahedron is made of MgO. This material gets mechanically weak at high tempera-

tures and serves as a good pressure transmitting medium to ensure a hydrostatic pressure

regime. As can be seen in Figure 2.1 a hole is drilled into the octahedron. The encapsu-

lated starting material is placed inside the hole alongside a heater and other components

for insulation, temperature monitoring and mechanical support.

The iron containing ringwoodite samples H4071, H4164 and H4166 in this study were

synthesised by Takaaki Kawazoe and the S5050_2 Phase Egg sample by Martha Pamato

at the Bayerisches Geoinstiut (BGI). The Mg-endmember ringwoodite was synthesised by

Monika Koch-Müller at the GFZ-Potsdam. The synthesis conditions for the ringwoodite

samples can be found in Table 6.3 and for Phase Egg in Chapter 7.

2.2. Chemical characterisation

Careful and extensive characterisation of the chemical composition of the run products

is the �rst step for a successful study and of even greater importance for comparative

studies as described in Chapter 6. Four di�erent methods were used for a full chemical

and structural characterisation and the calculation of the density of the samples in this

study:

� Fourier transform infrared spectroscopy (FTIR) to determine the hydration state

��,

� Mössbauer spectroscopy, in combinations with electron energy loss spectroscopy

(EELS), to measure the ferric to ferrous iron ratio Fe,

� electron microprobe analysis (EMPA) to derive the element per oxygen ratio ��/�,

� single crystal x-ray di�raction for the unit-cell volume V0 of the samples.

A short introduction into all methods is given in the following chapter and a sketch,

visualising the process of combining the methods to derive the density, is shown in Figure

2.2.
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Figure 2.2: Sketch of the work�ow to obtain the density for a sample.

2.2.1. Fourier transform infrared spectroscopy

To obtain a FTIR-spectrum a coherent white light source is combined with a Michel-

son interferometer to produce a beam with time dependent variations of the intensity in

a chosen spectral range. A Michelson interferometer is made of one beam splitter and

two mirrors, one stationary one moving. The incoming white light is redirected by the

beam splitter to the two mirrors. The re�ected beams are recombined and interfere with

each other. Depending on their path length di�erence some frequencies are extinguished

(destructive interference) and others are enhanced (constructive interference). The light

coming out of a Michelson interferometer has constantly changing intensities for certain

frequencies.

This beam is then directed on a sample and collected by a detector. Within the sample,

speci�c frequencies are absorbed by atomic vibrations related to the incorporation of hy-

drogen. Di�erent bonds absorb di�erent frequencies. The resulting interferogram displays

the absorbance as a function of the position of the moving mirror. A Fourier transforma-

tion is used to change from the mirror position domain to the wavelength domain. This

absorption spectrum can then be further evaluated. Following the Lambert-Beer-Law and

choosing suitable absorption coe�cients and integration boundaries the water or hydro-

gen content in the mineral structure can be obtained. The uncertainty in the derived
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hydrogen content is usually given with 30 - 50 % due to several independent uncertainties

when considering di�erent studies [33, 34].

Vibration modes Text

The deconvolution of the FTIR spectrum and the molar absorption coe�cient depends

on the investigated phase. Therefore some details on the hydration incorporation and

vibration modes of ringwoodite are summed up here.

Ringwoodite does not contain hydrogen in its regular crystal structure, it is nominally

anhydrous (Mg,Fe)2SiO4. The hydrogen incorporation mechanism is a topic still under

debate. Not only which substitution mechanisms are present but also in which ratio they

are present and whether or not the iron oxidation state has an e�ect [35, 36] is not �nally

answered yet. For the Mg-endmember both �rst principle calculations [17] and NMR

spectroscopy [18] suggest three major substitution mechanisms:

V ′′Mg + 2H∗∗ Mg vacancy substituted by two H,

Mg′′Si + 2H∗∗ Si vacancy substituted by one Mg plus two H,

V ′′′′Si + 4H∗∗∗∗ Si vacancy substituted by four H.

The ratio of these mechanisms is suggested to be 64:10:25 [17]. There was no way to

measure the ratios in our samples.

The FTIR spectrum displays several di�erent vibration modes. The literature [33, 36�

38] agrees upon three main features: One around 3100 cm−1 which can contain several

vibration modes, plus two features at around 3680 cm−1 and 2500 cm−1. The latter one is

by all studies identi�ed as a vibrational overtone that does not originate directly from the

hydrogen incorporation. What is still matter of debate is the assignment of the vibrational

modes to the incorporation mechanisms and the actual number of modes that should be

used for the deconvolution of the spectrum. Also the presence and relevance of a feature

at around 3500 cm−1 is suggested by some [35] and rejected by others [36].
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Fringe-correction Text

The measurements were conducted on double side polished single-crystal platelets, this

can result in birefringence. These oscillations have to be removed before a full analysis

can be conducted. The correction suggested by Neri et al. 1987 [39] is followed.

Two conditions have to be ful�lled: A) The spectra must be linear in energy and the

measurement points must be equally spaced and B) The amplitude of the fringe must be

comparable over the entire region.

In three steps the birefringence is removed from the spectrum. First the fringe wave

number kf is determined over a suitable region with low information density (background

only). In the following step the spectrum is shifted plus/minus half a wave number,

I±(k) = I(k ± kf/2). The birefringence oscillations are eliminated by the recombination

of shifted and unshifted spectra.

Ic(k) =
2 · I(k) + I(k + kf/2) + I(k − kf/2)

4
(2.1)

An example for a corrected spectrum can be seen in Figure 2.3.
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Figure 2.3: Example of a fringe corrected FTIR-Spectrum.

Baseline correction and area determination Text

After eliminating the fringe a baseline correction has to be performed. In this study,
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the commercial software Origin is used for baseline correction, peak �tting and area

calculation. The baseline is de�ned by about 15 hand-picked points with a spline function.

The baseline is then subtracted from the spectrum.

The area under the peak is �tted with Voigt functions (described in Chapter A.1). The

main feature at 3100 cm−1 was deconvoluted with two peaks.

Lambert-Beer-Law Text

The calculation of water content with FTIR is based on the Lambert-Beer-Law, where

the intensity ratio is described with an exponential function with the thickness of the

sample t, the concentration c and the absorption coe�cient ε∗ as parameters.

I = I0 exp(−ε∗ · c · t) (2.2)

A = log10

(
I0

I

)
= ε · c · t (2.3)

The thickness t of the sample normalises the intensity or rather the calculated area A

of the spectrum. With the integrated area Ai, the molar hydration concentration c can

be calculated by using the molar absorption coe�cient ε. Ringwoodite is an optically

isotropic mineral. Unpolarised FTIR can be performed. To account for all three directions

the area has to be multiplied by three, this leads to the following equation.

c =
3 · Ai
ε

[mol L−1] (2.4)

[Ai] = cm−2 [ε] = L mol−1cm−2

Molar absorption coe�cient, ε Text

Over the years many di�erent molar absorption coe�cients have been proposed, most

of them empirical. It has been shown that mineral speci�c coe�cients are favourable

over general ones [37]. It has also been shown that earlier mineral unspeci�c calibrations

[34, 40] underestimate the hydration of nominally anhydrous minerals as for example

ringwoodite. In comparative experiments, it is necessary to use one calibration for all

samples to not introduce artifacts into the dataset.
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For this study, the calibration of Thomas et al. 2015 [33] is used. This study was

conducted on ringwoodites with a chemical composition from forsterite to fayalite and

reports a molar absorption coe�cient for molecular water H2O. The absorption coe�cient

is dependent on the wave number k∗ of the highest peak in the spectrum (strongest OH-

band ∼ 3100 cm−1).

εT (k∗) = 761228− 207.35 · k∗ (2.5)

[k∗] = cm−1 [εT ] = L molH2O
−1cm−2

Calculation Text

In this study for each sample several measurements, spatially distributed over the sample,

were conducted. The obtained integrated areas and positions of the strongest OH-band

were averaged. These values were inserted in the Equations 2.4 and 2.5 to get a molar

water concentration cH2O with the unit [cH2O] = molH2O L−1.

In the literature the hydration state is often given in wt.%H2O. For this conversion, the

density ρ of the mineral and the mass of molecular water MH2O is necessary.

cwt = 100 · MH2O · cH2O

ρ
[wt.%H2O

] (2.6)

The density adds a not negligible amount of uncertainty. The author promotes the use of

the molar concentration and this dimension will be used in the following chapters.

Calculation of hydrogen per formula unit, �� text

The result from the FTIR analysis is an equivalent of H2O molecules as mol/L. To cal-

culate the amount of hydrogen atoms per formula unit the ambient unit-cell volume V0

and the formula unit for the mineral (Z = 8 for ringwoodite) have to be used. Please pay

attention to the dimension of V0 as [V0] = L.

�� = 2 · cH2O · V0 · Z−1 ·Na (2.7)

σ�� = 2 · Z−1
√
V 2

0 · σcH2O
+ c2

H2O
· σ2

V0
(2.8)
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DAC measurements Text

FTIR measurements are not only possible in air but also in situ inside a diamond-anvil

cell [38]. The measurement method is the same as in air but the signal intensity is reduced

due to the diamonds and the pressure transmitting medium.

2.2.2. Mössbauer spectroscopy

In this study Mössbauer spectroscopy is used to determine the iron oxidation state of the

ringwoodite samples Fe = Fe3+/
∑
Fe, results can be found in Table 6.4 and the spectra

in Figures 2.5, B.1 and B.2. A more extended description than the following can be found

for example in Dickson and Berry 1986 [41] and others.

The principle of Mössbauer spectroscopy Text

Rudolf Mössbauer discovered in 1958 that a nucleus in a solid can absorb and emit

gamma rays without recoil. The energy is preserved because the solid matrix in which

the nucleus is embedded compensates. The speci�c energies at which no recoil takes

place are dependent on the direct atomic environment of the speci�c atom. Therefore

Mössbauer spectroscopy is a probe of the atomic environment through speci�c Mössbauer

isotopes. Not all isotopes show a Mössbauer e�ect. Good candidates should have low-lying

excited states and a short lifetime of these states. 57Fe has the best characteristics for

Figure 2.4: Sketch of the working principle of a Mössbauer apparatus, with the moving
source on the left and the stationary sample (middle) and source (left). An example
spectrum is shown on the far right, inspired by [42, Figure 1]

Mössbauer spectroscopy. A 57Co source is used which decays to 57Fe with 91% probability
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to end in an excited state which emits 14.4 keV gamma rays when falling to the ground

state. These 14.4 keV are the energy around which the Mössbauer spectrum is scanned.

A range of wavelengths is scanned by making use of the �rst Doppler e�ect. The absorber

and detector in a Mössbauer apparatus are kept at a constant position and the source is

moved back and forth along the axis of the set-up, Figure 2.4. As shown in Figure 2.5, a

Mössbauer spectrum is characterised by absorption. The dips are the energies at which

gamma rays from the source are absorbed and re-emitted in a di�erent direction. In an

unperturbed state, a Mössbauer spectrum would show one peak at the original energy

emitted by the source (v = 0 mm s−1). In a more complex solid hyper�ne interactions

between the nucleus and the atomic electrons lead to a shift and splitting of the peaks. The
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Figure 2.5: Mössbauer spectrum of sample H4166. The x-axis of Mössbauer spectra is
always given as the velocity of the source.

isomer shift is a shift of the peak away from the original emittance energy. It represents,

under the assumption of a spherical charge distribution around the nuclei, the di�erence

in the electron density around the absorber and emitter nuclei which changes the energy

levels. This electron density varies for example by di�erent electron con�gurations as they

are present in Fe2+ and Fe3+. Therefore the isomer shift is an important indicator for the

determination of the iron oxidation state of mineral samples.

The charge distribution for the excited state of 57Fe is not spherical but is described by

a nuclear angular momentum of I = 3/2. This results in a symmetric splitting of the
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excited state and accordingly to a splitting of the dip in the Mössbauer spectrum called

quadrupole splitting.

The isomer shift and the quadrupole splitting can appear together. A Mössbauer spectrum

is usually composed of several components of di�erent nuclei states in the absorber and

has to be deconvoluted.

Ferric to ferrous iron ratio determination with Mössbauer spectroscopy Text

As mentioned earlier the isomer shift is an important measure for the oxidation state.

For a sample where iron is present as a mixture of Fe3+ and Fe2+ two sets of peaks

with di�erent isomer shifts and di�erent quadrupole splitting are observed. These are

deconvoluted and the integrals are calculated. The ratio between the calculated areas

scales directly with the ratio of the abundance of the components in wt.% in the material.

Fe =
Fe3+∑
Fe

(2.9)

2.2.3. Electron energy loss spectroscopy

The interaction of a focused high energy electron beam with a material of any kind is a

complex process with many di�erent types of interaction. In this short introduction only

those processes relevant for electron energy loss spectroscopy, EELS, will be mentioned,

more precisely for Fe L23 electron loss near edge spectroscopy, ELNES. If an electron beam

passes through a sample some of the electrons interact with the material and exchange

energy.

How strong one e�ect contributes to a spectrum depends on the probability with which

an electron is scattered due to the e�ect. It is described by the mean free path Λ or the

cross section ς = 1/Λ. An event with a small mean free path will result in a larger number

of events and will contribute more to the spectrum.

The dominant inelastic scattering process is plasmon excitation. A plasmon is a quasi-

particle which describes the oscillation of the valence electrons in a solid. The excitation

of a plasmon reduces the energy of the incident electron by 5 - 30 eV (low-loss energy

spectrum, Figure 2.6). This signal does not contain information about the oxidation state
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of iron, but can be used to estimate the thickness of the sample. To get information about
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Figure 2.6: On the left side a low loss energy spectrum and a high loss energy spectrum
on the right. The background of the spectra, especially high loss, is due to bremsstrahlung.

the oxidation state of iron we analyse single electron excitation. This e�ect, where incident

electrons eject electrons from the inner atomic shells, has a mean free path which is about

an order of magnitude lower than that of plasmon excitation, resulting in much lower in-

tensity, but with much higher energies 10 - 1e3 eV (high-loss energy spectrum, Figure 2.6).

Groundstate Iron Fe26

1s2 2s2 2p6 3s2 3p6 3d6 4s2

Cation State Fe2+

1s2 2s2 2p6 3s2 3p6 3d6 L-Transition−−−−−−−→ 1s2 2s2 2p5 3s2 3p6 3d7

Cation State Fe3+

1s2 2s2 2p6 3s2 3p6 3d5 L-Transition−−−−−−−→ 1s2 2s2 2p5 3s2 3p6 3d6

L2 2p1/2 → 3d3/2

L3 2p3/2 → 3d3/2 & 3d5/2

For the determination of the oxidation state of iron, we observe the L2 and L3 electron
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excitation. One electron from the 2p state is excited to a 3d state. The excitation energy,

which is equivalent to the energy loss of the incident beam, for these transitions is di�erent

in ferrous Fe2+ and ferric iron Fe3+. The fall back from the di�erent excited states to the

original state will release photons with slightly di�erent energy. The ratio between ferric

and ferrous iron is calculated from the deconvolution of the high energy loss spectrum.

2.2.4. Electron microprobe analysis

In electron microscopy, a sample is probed with a focused electron beam. Di�erent inter-

action mechanisms between the sample and the electrons produce a number of radiations

that can be detected and are used in di�erent analytical techniques. The electron mi-

croprobe analysis (EMPA) uses the characteristic x-rays emitted by the sample. This

radiation occurs when the electrons from the beam scatter a bound electron from the

innermost shell of an atom in the sample. This leaves a vacancy which is �lled with an

electron from an upper shell of the atom. The energy that is released by this fall to the

lower shell is radiated in the x-ray frequency range. The exact frequency is characteristic

for individual atoms. The chemical composition of the sample can be calculated from the

intensity of the atom speci�c radiation in comparison with well de�ned standards. In this

study the following standards were used to measure a total number of seven elements:

olivine (Mg, Fe, Si), wollastonite (Ca), spinel (Al), MnTiO3 (Mn) and metallic nickel (Ni).

To get a good statistic hundreds of points are measured on a single sample.

Data analysis and treatment Text

The hundreds of data-points do contain some obvious outliers in the order of < 5 %.

These can be results of measurements at cracks, chemical anomalies, or just technical

problems of the microprobe. They can be identi�ed by two means: A) The overall sum of

the elements is � 100, B) A plot of two elements against each other for all points should

show a statistic distribution positive and negative outliers can be found and removed.

Case A was observed in all samples and is common in microprobe measurements. An

example for case B was found in run H4166. One line of the measurements showed more

than 10 times less iron than any of the other three lines on the same crystal or the 17
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lines on the other crystals. A temporal malfunction of the machine was assumed and the

line was removed from the data.

Fe3+-correction Text

In electron microscopy, it is not possible to distinguish between Fe2+ and Fe3+. These

have the same activation energy and show therefore the same signal. All iron is considered

to be in the form of ferrous FeO. The ratio of ferric to the total amount of iron Fe can be

determined by Mössbauer or electron energy loss spectroscopy, as explained in Chapters

2.2.2 and 2.2.3. Ferric iron has the oxide form of Fe2O3, to simplify the calculation it is

reduced to FeO1.5. The result of the microprobe analysis can be adjusted using the mass

ration between FeO1.5 and FeO (R = 1.11) and the amount of ferric iron Fe.

FeO = N wt.% −→ FeO = (1− Fe) ·N [wt.%] (2.10)

FeO1.5 = Fe ·N · 1.11 [wt.%] (2.11)

The uncertainty in the ferric iron ration, up to 50 %, is much bigger than that of the

microprobe analysis, about 1 %. The error propagation is as follows:

σFeO =
√

(1− Fe)2 · σ2
N +N2 · σ2

Fe (2.12)

σFeO1.5 = 1.11 ·
√
Fe2 · σ2

N +N2 · σ2
Fe. (2.13)

Element ratio determination Text

The oxide mass ratios COX
M are split into elemental mass ratios CE

M from which the molar

element to oxygen ratios are calculated.

EX OY → [COX
M ] = wt.% (2.14)

CE
M = COX

M · X ·ME

X ·ME + Y ·MO

(2.15)

where X is the molar number of the element and Y the molar number of oxygen. The

element mass ratios are now transformed to molar element ratios dividing by the molar
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mass of the element ME and molar metal to oxygen ratios can be determined.

CE =
CE
M

ME

(2.16)

CE

CO
=

��

�
(2.17)

Oxygen normalisation Text

The results of the EMPA are molar ratios between the di�erent elements ��/�, usually

metals over oxygen. The amount of oxygen per formula unit is known from the structure

(� = 4 for ringwoodite). With a rule of three the amount of every other element per

formula unit can be calculated for a 'dry' formula not considering hydrogen atoms at this

point.

Hydrogen correction Text

The incorporation of hydrogen into the ringwoodite structure is still under discussion, see

Chapter 2.2.1. The substitution mechanism on the octahedral side with a silicon-vacancy

does seem more likely than the one on the tetrahedra side with a magnesium-vacancy

but no �nal conclusion can be drawn. If no hard evidence can be presented which would

support one mechanism over the other an equal distribution over these sides is applied.

The molecular form of hydrogen is H2O with a hydrogen to oxygen ratio of 2:1. Therefore

the amount of oxygen atoms in the 'dry' formula is reduced by ��/2. Finally, the element

ratios are recalculated with the rule of three to four oxygen in the case of ringwoodite.

(MgM§�, Fe2+
���2 , Fe

3+
���3) Si��©� H�� O4

Mass some

The mass can now be calculated by adding up the molar ratios multiplied by the atomic

mass for all measured elements, including those not mentioned in the stoichiometric for-

mula.

Mmol =
N∑
i=1

��i ·M��i [g mol−1] (2.18)

24



The mass per unit-cell is determined by multiplying the molar mass times the number

of moles per unit-cell Z. This can be then used together with the unit-cell volume from

x-ray di�raction to calculate the density of the crystal.

MUC = Z ·Mmol [g] (2.19)

Iron to magnesium ratio Fo Text

The octahedral side can be occupied by either magnesium or iron. The ratio between

these two is a standard value mentioned to characterise and compare samples of olivine

and its high-pressure polymorphs, ranging from the Mg-endmember forsterite Fo100 over

the assumed mantle ratio with 10 % iron Fo90 to the Fe-endmember fayalite Fa.

Fo = 100 · M§�

M§� + ���2+ + ���3+
(2.20)

2.3. Focused ion beam cutting

Figure 2.7: Polished and fo-

cused ion beam cut ringwoodite

sample.

The use of the focused ion beam machine for sample

preparation in experimental mineralogy is mostly known

as a tool for the preparation of samples for transmission

electron microscopy. It is now also established as a tool

to customize single-crystal samples in a way that is not

possible with traditional means [43].

A FIB machine accelerates gallium ions and sputters ions

out of the surface of the sample. Over several hours

this mills the desired shape out of the sample. For the

purpose to place several single-crystals into the pressure

chamber of one DAC as described in detail in Chapter

5 double side polished samples are �xed on pins and several semi-circles can be cut from

the platelet, Figure 2.7. There are several advantages for this kind of sample preparation.

Samples which would be too large for loading can be cut into suitable size, from one

single crystal several samples can be cut and the shape can be chosen in a manner that
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several samples can be placed in the same pressure chamber. The last point is especially

interesting for Brillouin spectroscopy measurement of single-crystals with symmetry lower

than cubic where two samples with di�erent orientations can be measured simultaneously

[44, 45]. For the matter of this study is the measurement of four ringwoodite samples

with di�erent chemical compositions at the exact same conditions the motivation to cut

quarter circles from single-crystal samples.

2.4. Diamond-anvil cell

The diamond-anvil cell (DAC) is a well established tool in high-pressure mineral and

material physics. It has undergone many improvements and modi�cations in the past 40

years to increase the number of techniques with which it can be used, the temperature

range that can be achieved in the samples and foremost to widen the pressure range

which can be generated [46]. The basic mechanism has stayed the same. In short, two

Seat

Gasket

Diamond Anvil

Sample + Ruby

                  opening angle

Figure 2.8: Sketch of the working principle of a diamond-anvil cell.

�at top polished diamonds are used as anvils, between these anvils a gasket, e.g. a thin

pre-indented Re platelet is placed. In a hole in this platelet the sample and a pressure

transmitting medium are loaded, Figure 2.8. The hydrostatic pressure in this chamber

can be increased when the diamonds are pushed together by the use of the surrounding

cell body, Figure 2.9. The two diamond windows allow access to the sample along the

compressional direction with all kinds of radiation that are not too much absorbed by the

diamonds. An example is x-ray radiation for structure determination and laser radiation

for Brillouin and Raman spectroscopy and laser heating. Some cells are designed for axial

access through the gasket but those will not be discussed further.
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2.4.1. BX90

The BX90 diamond-anvil cell is a piston cylinder type cell which was specially designed to

have a wide opening angle on both sides of the cell, Figure 2.9 [47]. This 90° conical axial

opening is a major advantage for the use of Brillouin spectroscopy and angle-dispersive

x-ray di�raction which gave the cell its name. A technical sketch and two pictures of

a real cell can be found in Figure 2.9. The 90° opening angle of the BX90 can only be

Figure 2.9: Sketch of a BX90 cell modi�ed from [47, Figure 1] and a diamond-anvil and
seat combination with a 90° opening angle. On the right side two photos of the piston and
cylinder of a real diamond-anvil cell with an external ring heater and a thermocouple.

achieved by the use of specially cut diamonds and anvils that allow the placement of the

diamond within the seat [47].

2.4.2. Pressure determination

The pressure within the pressure chamber of the DAC is determined by the use of ruby

(Al2O3:Cr) �uorescence spectroscopy. Al2O3:Cr ruby has two de�ned peaks at ambient

conditions commonly referred to as R1 and R2 at 694.24 nm and 692.81 nm respectively

[48]. Mao et al. 1986 [49] derived the following relation for the behaviour of the R1 peak
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at pressure.

P (∆λ) =
A

B
·

[(
1 +

∆λ

λ0

)B
− 1

]
(2.21)

∆λ = λ− λ0

P (λ) =
A

B
·

[(
λ

λ0

)B
− 1

]
(2.22)

With λ0 and ∆λ the wavelength of the R1 peak maximum at ambient pressure and the

increase in wavelength with pressure are de�ned. A and B are the �tting variables where

A dominates the slope at lower pressures and B at higher. The error for the calculated

pressure can be derived from the following error propagation:

σP =
A

λ0

·
(
λ

λ0

)B−1

·
(
σ2
λ +

λ2

λ2
0

· σ2
λ0

)1/2

. (2.23)

The shift of the ruby �uorescence line is well calibrated for pressures up to 150 GPa at

room temperature by Dewaele et al. 2008 [50]:

A = 1920 GPa, B = 9.61

P (∆λ) =
1920

9.61
·

[(
1 +

∆λ

λ0

)9.61

− 1

]
. (2.24)

Several other well re�ned calibrations are available [48, 49, 51]. For measurements in

heated diamond-anvil cells, pressure cannot be determined by ruby �uorescence alone,

even though a temperature calibration does exist [52]. The optimal solution would be

a cross correlation with a temperature sensitive maker as e.g. Sm:YAG. If this is not

possible a cross correlation with e.g. the unit-cell volume of the sample can be done if a

su�cient thermal equation of state is available.

2.4.3. Heated diamond-anvil cell

For this study, a resistively heated diamond-anvil cell was chosen. The collection time of

several days for one full set of Brillouin spectra require a heating system that is stable for
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Heater

TC

Ar/H 
Gas

Figure 2.10: A diamond-anvil cell
prepared for a high-pressure and -
temperature experiment. Attached
to a power source for the heater and
a thermocouple (TC) reader.

such long times. Another factor that favours resistive over laser heating in a single-crystal

Brillouin spectroscopy setting is that the entire sample should be heated homogeneously

and that all samples should have the same temperature. Therefore a 0.5 mm platinum

wired ceramic ring heater with a diameter of ∼2 cm was chosen for this study as can

be seen in Figure 2.9. To prevent the oxidation of the gasket and diamonds at high

temperature the entire cell is �ushed with an argon-hydrogen gas mixture [32]. Therefore

the cell is embedded in a holder to connect the heater, thermocouple and gas �ow, Figure

2.10.

2.5. Single-crystal x-ray di�raction

Probably the most important analysing tool in experimental high-pressure mineral physics

is x-ray di�raction. Especially for single-crystal samples x-ray di�raction is a powerful

tool to determine the evolution of unit-cell parameters and through structure re�nement

structural features as bond lengths and angles with pressure.

The re�ections that are scattered from a crystalline structure have two important prop-

erties, the position and the intensity. The position of the re�ections are de�ned by the

atomic lattices in the crystalline material and follow Bragg's law [53].

2 · d · sin(Θ) = n · λ (2.25)

This equation describes the incident angle Θ at which a beam with wavelength λ shows

constructive interference in a regular atomic distribution with a layer distance d, Figure
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2.11. Di�erent d-spacings can be measured when the crystal is moved inside the beam

and di�erent positions are probed. From a list of re�ections and their spacial relation to

one another the structure and lattice parameter of the crystal can be derived, Chapter

2.5.1.

Figure 2.11: A sketch illustrating the scattering in a crystal lattice following the Bragg
condition [53, Figure 3.5].

2.5.1. Unit-cell volume determination

To determine the lattice parameter and resulting from that the unit-cell volume of a

single-crystal from XRD measurements the position of the peaks is used to re�ne the

UB-matrix elements. This matrix describes the crystals symmetry plus its orientation

relative to the coordinate system of the machine.

The advantage of an area detector is that many re�ections can be detected in a short

amount of time. But not only the re�ections of the sample are detected. At high pressure

also the re�ections of the diamonds and the gasket are detected plus scatter or secondary

re�ections. But not only unwanted re�ections are a problem, also the accuracy with

which the position of the peak can be determined is hampered by e.g uneven background

or over-saturation.

The major advantage of the use of point detectors, is that only prede�ned sample peaks

are scanned. The peak positions can be measured with very high precision. Due to

experimental aberrations, each individual position deviates slightly from its true position.
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To account for this e�ect and estimate a reasonable uncertainty, King and Finger [54]

introduced the 8-position centring method. For each re�ection in the list not only this

re�ection is measured but in total eight equivalent positions. By comparing the angles

of the peak positions between these eight positions, a correction for the di�ractometer

aberration and the crystal o�sets can be calculated (implemented e.g. in SINGLE [55]).

This approach takes much more time than the measurements with an area detector.

2.5.2. Equation of state

The bulk modulus K is the parameter describing the volume V evolution with pressure

P and is the inverse to the compressibility. Following Angel 2000 [56] and Poirier 2000

[57]. KS

K = −V · ∂P
∂V

(2.26)

All equation of state expressions and formulae are empirical, there is no thermodynamic

basis to it [56]. There are several well established P-V and P-V-T equations of state in

use. In this chapter only the Birch-Murnaghan equation of state is described which is a

re�ned Murnaghan equation of state [58] proposed by Birch in 1947 [59]. This equation

of state expresses the volume compression as a Taylor series of the �nite Eulerian strain.

f-F plot some

In an Eulerian scheme, the coordinates of the unstrained state are expressed as a function

of the strained state which is accessible with measurements. The Eulerian �nite strain f

is de�ned as

f =
1

2
·

[(
V0

V

)2/3

− 1

]
. (2.27)
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The free energy or normalised stress F is expressed as a power law of the �nite strain.

F = a(T ) · f 2 + b(T ) · f 3 + c(T ) · f 4 + . . . (2.28)

F =
N∑
i=1

ci(T ) · f i+1 (2.29)

The order of the equation of state depends on the order of the exponent in the �nite strain.

The fourth order Birch-Murnaghan equation of state is evolved from the normalised stress

together with the de�nition of the isothermal bulk modulus at zero pressure.

K0T = − lim
P→0

(
1

Θ
· ∂F
∂V

)
T

(2.30)

F =
P

3 · f
· 1

(1 + 2 · f)5/2
(2.31)

For a fourth order Birch-Murnaghan equation of state, the normalized pressure as a

function of the �nite strain the bulk modulus and its �rst and second pressure derivatives

are re�ned.

F = K0 +
3

2
·K0 · (K ′0 − 4) · f +

3

2
·K0

[
K0 ·K ′′0 + (K ′ − 3) · (K ′0 − 4) +

35

9

]
· f 2︸ ︷︷ ︸

= 0 for 3rd order

(2.32)

⇒ K ′′0 = − 1

K0

[
(K ′0 − 3) · (K ′0 − 4) +

35

9

]
(2.33)

More commonly used than the fourth order equation of state is the third order equation

of state. In this case the f2 term is zero and the K′′ value is de�ned by K0 and K′. Which

degree of the Birch-Murnaghan equation is adequate for a dataset can be evaluated with

a f − F -plot. A third order equation should be used if the data plots linear with a slope

greater than zero.

3rd order Birch-Murnaghan equation of state some

Using the de�nition of the Eulerian �nite strain and the description of the normalised

pressure in Equation 2.27, the Equations 2.31 and 2.32 can be rearranged to a description
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of the pressure.

P =
3 ·K0

2
·

[(
V0

V

)7/3

−
(
V0

V

)5/3
]
·

{
1 +

3

4
· (K ′ − 4)

[(
V0

V

)2/3

− 1

]}
(2.34)

This equation can be �tted to a set of pressure P and volume V data where the ambient

condition unit cell volume V0, the bulk module K0 and the pressure derivative K ′0 can be

re�ned. In this study EoSFit7 [60] was used for re�ning these parameters.

Adiabatic bulk modulus some

The x-ray di�raction measurements (photon scattering on the crystal lattice) for lattice

parameters gives isothermal parameters and hence moduli. The parameters we derive with

Brillouin spectroscopy (inelastic photon-phonon scattering) are adiabatic. They can not

be compared directly but are correlated through the thermal expansion α, the Grüneisen

parameter γ and the temperature T [61].

KT = −V
(
∂P

∂V

)
T

=
KS

1 + α γ T
(2.35)

KS = KT · (1 + α γ T ) (2.36)

2.5.3. Absolute pressure

An equation of state can not only be used to de�ne the compression behaviour of a

material but also to determine the pressure in an experiment. Such an experiment has to

ful�l several conditions to qualify for these calculations.

� The experiment has to have several isothermal measurements at di�erent pressures.

� The unit-cell volume and the bulk modulus have to be derived at these pressure

points.

� A well constrained ambient pressure unit-cell volume.

The bulk modulus at high pressure can be derived for example by Brillouin spectroscopy

(Chapter 2.6) and the pressure derivative can be �tted to an Eulerian �nite strain equa-
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tion (K0, K ′0). These adiabatic parameters have to be converted to isothermal parameter,

Equation 2.35. The pressure (Equation 2.34) can be determined with these parameters

and the ratio between the unit-cell volume at ambient condition and high-pressure vol-

ume from x-ray di�raction. With the combination of Brillouin spectroscopy and x-ray

di�raction, the ruby pressure calibration can be omitted. The calculations are internally

consistent.

2.5.4. Structure re�nement

Much information can already be extracted from the pressure behaviour of the lattice

parameter and the unit-cell volume. But to understand the true compression mechanism,

the bond distances, polyhedral volumes, tilting and distortion have to be investigated.

To derive these parameters a structure re�nement is performed. In this iterative process,

the position of the atoms in a structure is moved in a way that the electron charge

distribution resembles the structure factors for the re�ections measured with XRD. The

structure re�nements in this study were done using the ShelX program [62] implemented

in the WinGX system [63]. For small molecules, the program uses a full matrix re�nement

method with a full correlation matrix to derive the standard uncertainties for all geometric

parameters.
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Figure 2.12: Sketch of the working mechanism of structure re�nement with SHELXL
modi�ed from "The SHELX-97 Manual".

After the structure is solved further data reduction can be performed. For each set of

(h k l) the structure factor F is calculated. For this, the chemical composition has to be

added to use the correct scattering factors f . The fractional coordinates (u, v, w) = (x/a,

y/b, z/c) are calculated from the atomic coordinates (x, y, z) and the lattice parameters

(a, b, c).

Fhkl =
N∑
j=1

fj e
2π i(huj+k vj+l wj) (2.37)

This list of re�ections with accompanying squared structure factor |F |2 is the experimen-

tal data set to which the structure is re�ned. This factor is proportional to the wave

scattered from all atoms in the unit-cell that satisfy a speci�c Bragg condition. These

values are written in a *.hkl data �le, Figure 2.12. Additional to the data �le an instruc-

tion �le *.ins has to be provided. This �le has to contain the cell parameters including

uncertainties, symmetry operations, scattering and displacement factors for the atoms.

Further instructions can be added, e.g. displacement factors and site occupancies.

Two parameters are de�ned to evaluate the quality of the measured dataset. The closer
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these values are to zero the more consistent is the dataset.

Rint =

∑
|F 2
o − F 2

o (mean)|∑
F 2
o

(2.38)

Rsigma =

∑
σ(F 2

o )∑
F 2
o

(2.39)

Two more R-indices are de�ned to evaluate the deviation between the computed Fc and

measured Fo structure factors. These parameters should be as close as possible to zero.

wR2 =

[∑
w(F 2

o − F 2
c )2∑

w(F 2
o )2

]1/2

(2.40)

R1 =

∑
||Fo| − |Fc||∑
|Fo|

(2.41)

The quality of the �tting procedure is evaluated by the Goodness of Fit (GooF). This

parameter should converge to 1. Incorporated in this parameter are also the number of

parameters p, the number of re�ections n and a weighting parameter w.

GooF =

[∑
w(F 2

o − F 2
c )2

n− p

]1/2

(2.42)

2.5.5. In-house measurements

In this study, three di�erent in-house XRD systems were used. All of them are placed at

the Bayerisches Geoinstitut (BGI) in Bayreuth.

XCalibur some

The Oxford XCalibur is a combination of a four-circle kappa cradle with a Sapphire

2 CCD area detector. A MoKα (λ = 0.70937 Å) radiation source operated at 50 kV

and 40 mA is used together with a graphite monochromator. The system can be used for

single-crystals mounted on �bres at ambient conditions as well as diamond-anvil cells. The

CrysAlis package (Oxford Di�raction 2006) was used to solve the structure and determine

the UB-matrix or to integrate the intensity data for structure re�nement (Chapter 7).
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Huber some

An Eulerian four-circle Huber di�ractometer equipped with a MoKα radiation source

and a point detector was used to determine the unit-cell parameters of Phase Egg at

ambient conditions (Chapter 7) and to determine the quality and orient the ringwoodite

single-crystals (Chapter 5 and 6).

Brillouin system some

The major advantage of the Brillouin spectroscopy system at BGI in Bayreuth is that it

is coupled with a MoKα rotating anode x-ray radiation source using a multilayer optics

and equipped with a point detector. The diamond-anvil cell is mounted on a four-circle

goniometer and not only 300 K measurements but also high-temperature di�raction can

be collected. All measurements reported in Chapter 6 were performed on this system.

2.5.6. Synchrotron measurements

Synchrotron facilities provide a x-ray beam which has not only a smaller wavelength

than regular in-house systems but is also much more focused and more intense. The

high-pressure measurements on a Phase Egg single-crystal (Chapter 7) were performed

at the Extreme Conditions Beamline P02.2 at Petra III at the Deutsches Elektronen

Synchrotron (DESY) in Hamburg. The beam had a wavelength of λ = 0.2907 Å and a

size of 2 x 4 µm2. During one measurement the cell was rotated ± 34° around the vertical

axis, perpendicular to the compression axis. The di�raction pattern was collected on a

PerkinElmer area detector.

2.6. Brillouin spectroscopy

Brillouin spectroscopy is an inelastic scattering technique from which the elastic prop-

erties of a material can be determined. With this method, the full elastic tensor of a

single-crystal can be determined and further the elastic moduli and aggregate velocities

calculated. Brillouin scattering can be measured inside a diamond-anvil cell to derive

the elastic behaviour of a material at high-pressure and/or high-temperature conditions.
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The following chapter will �rst describe the physical principles of elasticity, especially in

materials with cubic symmetry, to later explain Brillouin scattering and how to derive

the elastic constants from a Brillouin spectroscopy measurement.

2.6.1. Single-crystal elasticity

Stress σij and strain εij on a solid medium are described by second rank tensors. They

are linked via the sti�ness tensor cijkl or the compliance tensor sijkl which are fourth rank

tensors.

σij = cijkl · εkl (2.43)

εij = sijkl · σkl (2.44)

i, j, k, l ∈ {1, 2, 3}

A full fourth rank tensor has 81 entries. In the compliance and sti�ness tensors, not all

entries are independent. Due to the absence of net body torques and rotation, the tensor

is symmetric and the independent entries reduce to 36. Since fourth rank tensors are

di�cult to handle, Voigt notation was introduced to reduce a symmetric tensor by half

its dimension. This reduces the equation above to the following.

σi = cij · εj with cij = cji (2.45)

εi = sij · σj with sij = sji (2.46)

i, j ∈ {1, 2, 3, 4, 5, 6}

It follows that cij and sij are symmetric and the maximum amount of independent non-

zero elastic constants cij is 21 in a triclinic case. With an increase of symmetry, this

number will decrease to a minimum of 2 independent non-zero elastic constants in an

elastically isotropic material. Minerals which belong to the same Laue symmetry class

have the same number of constants.
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Elastic and sti�ness tensor, cubic some

In a cubic case only three independent non zero entries are left due to symmetry opera-

tions, namely c11, c12 and c44.

C =



c11 c12 c12 0 0 0

c12 c11 c12 0 0 0

c12 c12 c11 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 c44



Since the upper right and lower left quadrants have all zero entries the other two quadrants

can be treated independently when inverting the entire matrix.

C1 =


c11 c12 c12

c12 c11 c12

c12 c12 c11



C−1
1 =

1

c3
11 + 2 · c3

12 − 3 · c11 · c2
12

·


c2

11 − c2
12 c2

12 − c11 · c12 c2
12 − c11 · c12

c2
12 − c11 · c12 c2

11 − c2
12 c2

12 − c11 · c12

c2
12 − c11 · c12 c2

12 − c11 · c12 c2
11 − c2

12



C2 =


c44 0 0

0 c44 0

0 0 c44



C−1
2 =


c−1

44 0 0

0 c−1
44 0

0 0 c−1
44
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The inverse of the elasticity tensor C is known as the compliance tensor S and the elements

in a cubic case are de�ned as follows.

s11 =
c2

11 − c2
12

c3
11 + 2 · c3

12 − 3 · c11 · c2
12

(2.47)

s12 =
c2

12 − c11c12

c3
11 + 2 · c3

12 − 3 · c11 · c2
12

(2.48)

s44 =
1

c44

(2.49)

Elastic moduli, cubic some

To calculate the bulk and shear moduli two di�erent boundaries can be chosen. The

Reuss bound expresses uniform stress as the Voigt bound represents uniform strain. In

the case of cubic crystals, those are equal for the bulk modulus but di�erent for the shear

modulus.

Bulkmodulus

K =
c11 + 2 · c12

3
(2.50)

Shearmoduli

GR =
5

4 · s11 − 4 · s12 + 3 · s44

GV =
c11 − c12 + 3 · c44

5

GA =
GR +GV

2
=

25 + (c11 − c12 + 3 · c44) · (4 · s11 − 4 · s12 + 3 · s44)

40 · s11 − 40 · s12 + 30 · s44

(2.51)

The aggregate longitudinal velocities VP and shear velocities VS can than be calculated

from the elastic moduli and the density ρ.

VP =

√
K + 4/3 ·G

ρ
(2.52)

VS =

√
G

ρ
(2.53)

40



Elastic Anisotropy some

The parameter for the elastic anisotropy is not as precisely de�ned as the constants and

moduli. Karki et al. 1997 [64] suggested a di�erence between the moduli of the (100)

direction and an opposing n0 direction, all divided by the c11 elastic constant.

AX =
MX [n0]−MX [100]

c11

(2.54)

This can be expressed either as an overall elastic anisotropy A or speci�ed for the di�erent

velocity modes.

A =
2 · c44 + c12

c11

− 1 (2.55)

AP =
2 · A

3
AS1 = −A

2
AS2 = −3 · A

8
(2.56)

2.6.2. Brillouin scattering

Figure 2.13: Sketch of a Brillouin spectroscopy experimental set-up modi�ed from [65,
Figure 7].

A Brillouin spectroscopy system is made up of three main components, Figure 2.13. The

laser which provides a monochromatic phonon source, the sample which is often mounted

on a goniometer to provide alignment and rotation opportunities and a Fabry-Perot in-

terferometer which is able to resolve the small frequency di�erences in the signal. In
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between di�erent optical tools such as lenses, mirrors, beam splitter and other elements

are installed to guide the beam and improve the signal.

With Brillouin spectroscopy, di�erent material properties can be derived. The main goal

here is to determine the elastic coe�cients from velocities of propagating acoustic waves,

which can be determined from the frequency shift of the peaks in the Brillouin spectrum,

see Figure 2.14 left and Equations 2.57 - 2.61. From the intensities of the peaks in the

spectrum, the elasto-optic coupling coe�cient of the material can be calculated and the

line width of the peaks contain information about viscous properties of the material stud-

ied. A dispersion curve visualises to which degree the material is elastically anisotropic

[65], see Figure 2.14 right.
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Figure 2.14: (a) A typical Brillouin spectrum and (b) spatial velocity dispersion curve.

In Brillouin spectroscopy, a monochromatic laser is directed on a sample and photon-

phonon scattering takes place. The scattering process, Figure 2.15, is truly inelastic but

can be treated as quasi-elastic since the phonon energy, hence wave vector, is much smaller

compared to the photon energy. Treating this as quasi-elastic scattering has the major

advantage that the calculation of the scattering geometry is simpli�ed and the resulting

frequency shift, Equation 2.57, can be calculated easily.
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≈

Figure 2.15: Scattering geometry with ki and ks being the incoming and scattered photon
wave numbers and q the acoustic phonon wave number. The scattering angle is labelled
as Θ. Modi�ed after [65, Figure 1].

ks = ki ± q ωs = ωi ± Ω

q = 2 ki sin

(
Θ

2

)
Ω = q · ν

⇒ ωs = ωi ± 2 ν ki sin

(
Θ

2

)
(2.57)

With ks,i, ωs,i being the scattered and incident photon wave number and frequency respec-

tively and q, Ω phonon wave number and frequency as well as the phonon phase velocity

ν. The spectrum is symmetric, Figure 2.14(a), with a Rayleigh-peak, elastic scattering, in

the middle with much greater intensity and pairs of Stokes, negative velocities, and anti-

Stokes, positive velocities, peaks. In a Stokes scattering event, energy is transferred from

the photon to the phonon during scattering and vice versa in an anti-Stokes scattering

event. In a solid, both transversal and longitudinal waves can propagate. This results in

a maximum of three sample peaks in the Brillouin spectrum representing two transversal

and one longitudinal mode [66].

To probe not only one but several crystallographic orientations, the sample is rotated

along the compressional axis, Figure 2.16. Plotting the derived velocities against the ro-

tation angle a graph showing the anisotropy curve, Figure 2.14(b), is obtained. From the

phase velocities measured along di�erent phonon propagation directions the elements of
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Figure 2.16: Rotation of a Brillouin spectroscopy sample to probe several crystallo-
graphic orientations.

the elastic tensor cijkl can be calculated by solving Christo�el's equation3 by the least

square method.

|cijkl qj ql − ρω2 δik| = 0 (2.58)

For cubic crystal symmetry, the solution is quite simple when the phonon wave vector

orientation is known [67]. Shown below are the solutions for a crystal of cubic m3m class,

cij in Voigt notation.

q̂ = (1, 0, 0)
ω̂L = (1, 0, 0) ω̂T1 = (0, 1, 0) ω̂T2 = (0, 0, 1)
ρν2 = c11 ρν2 = c44 ρν2 = c44

q̂ = (1, 1, 0)/
√

2

ω̂L = (1, 1, 0)
√

2 ω̂T1 = (1,−1, 0)
√

2 ω̂T2 = (0, 0, 1)
ρν2 = (c11 + c12 + 2c44)/2 ρν2 = (c11 − c12)/2 ρν2 = c44

Table 2.1: Calculations for elastic constants from the propagation velocities in a crystal
with a cubic m3m symmetry with known phonon vectors q̂, [67, p.1046, table 2].

Brillouin spectroscopy can be performed under non-ambient conditions. High-pressure

and high-temperature experiments can be conducted for example in diamond-anvil cells.

3The Christo�el equation is a solution of the equation of motion as an elastic continuum, ui wave

equation, ρ∂2ui

∂2t = cijkl
∂2uk

∂xj∂xl
.
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More information on these will be presented in the next chapter. One condition in which

Brillouin scattering is di�cult to use is for very low temperatures since the scattering

probability is decreased and the intensity of the signal reduced. The requirements on

sample preparation for Brillouin spectroscopy are relatively high, compared to e.g. x-

ray di�raction. When using a forward scattering symmetry as in this study the samples

have to be double side polished to highest possible degree. For the laser to pass through

the sample, it should be transparent and should not absorb in the laser wavelength to

avoid heating and thermal stress or disintegration of the sample. To be able to neglect

re�ection and transmission e�ects on the surfaces not only the sample but the entire

DAC should be symmetric and all parts plane parallel. A thorough investigation of the

e�ects of misalignment and the introduced uncertainties can be found in the literature

[68, Appendix].

2.6.3. Brillouin spectroscopy analysis

Peak �tting

For the spectrum analysis the commercial software Origin (versions 2015 and 2016) was

used. The spectra were smoothed prior to the �tting with a 4th order polynomial Savitzky-

Golay �lter with a 12 point window length algorithm. Peaks were �tted with a Voigt peak

function, a combination of Lorentz and Gauss function, either alone (Vp, low shift Ne)

or in pairs (Ghosts, Diamonds, Vs and Ne). The Stokes, anti-Stokes and an overlay of

both were �tted individually. The �nal peak position and its uncertainty is calculated

as an arithmetic mean of the three �ts. To convert the channels in a frequency o�set

the ghosts were used as internal calibration. The laser wavelength is λ = 532 nm for all

measurements and the mirror spacing is L1 = 8 mm and L2 = 7.25 mm for the points

below and above 8 GPa respectively. ∆C is the channel di�erence between the central

shift and the �rst ghost, meaning the one with the lower frequency shift. From this, the

frequency shift per channel δν can be calculated for each spectrum individually, with c

being the speed of light.

45



δν =
c

2L
· 1

∆C
(2.59)

ν̂ = δν · C =
c

2L
· C

∆C
(2.60)

To transform the frequency shift ν̂ to velocities v the laser wavelength λ and the scattering

angle θ have to be known. A MgO single-crystal standard is measured before and after

each experimental run to calibrate the scattering angle [69].

v =
ν̂ · λ

2 sin(θ/2)
(2.61)

For each orientation in χ the velocities of the longitudinal VP and the visible transverse VS

acoustic wave are calculated. In addition, also the velocities of the pressure transmitting

medium Ne VNe and for the diamonds VD1 and VD2 are determined.

Local determination of cij

The elastic constants can be determined for each condition individually or as a consistent

isothermal dataset. In the individual �tting, the longitudinal and shear velocities for each

condition are �tted to the Christo�el equation following Every et al. 1979 [70]. The

unit-cell volume and hence the density is taken from the single-crystal x-ray di�raction

and is not re�ned. The result is a dataset with three elastic constants for each pressure

point but with no whatsoever correlation between the individual pressure points. This

method gives us an estimate on how big the scatter of the data is and whether or not

uncertainties are estimated correctly. To derive pressure derivatives the elastic modulus

can be �tted to e.g. the model by Stixrude and Lithgow-Bertelloni 2005 [71]. This model

is based on the �nite Eulerian strain as the equation of state discussed earlier.

f =
1

2
·

[(
V0

V

)2/3

− 1

]
(2.62)
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The elastic constants cijkl are evolved from a third order expansion of the free energy and

are described by the following equation.

cijkl = (1 + 2 · f)5/2 (c0
ijkl + (3 ·K0 · c′0ijkl − 5 · c0

ijkl) · f (2.63)

+

[
6 ·K0 · c′0ijkl − 14 · c0

ijkl −
3

2
·K0 · δijkl (3 ·K ′0 − 16)

]
· f 2)

Where c0
ijkl and c

′0
ijkl are the elastic constants at ambient conditions and their pressure

derivatives. The bulk modulus K can be calculated from the elastic constants as can be

seen in Equation 2.50 for a cubic symmetry. Hence the bulk modulus at ambient pressure

K0 and the according pressure derivative K ′0 are also dependent on the elastic constants

and those not independent of one another.

Global determination of cij

If one has an isothermal dataset the di�erent pressure points can be �tted together to

get one consisted dataset. For this, the Christo�el equation and the Stixrude model,

Equations 2.58 and 2.63, are �tted simultaneously. Each pressure point not only has to

full �ll the conditions of the Christo�el equation but also has to give reasonable results in

relation to the other pressure points. Measurements with bad data quality, for example,

due to peak overlap with the pressure medium or loss of the longitudinal signal to the

diamond peak, get less in�uence on the overall result. From this �tting, we get as a result

the intercept and pressure derivative for each elastic constant. From thereon the elastic

moduli and aggregate velocities can be calculated.
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2.6.4. Setup Bayreuth

Figure 2.17: A photo of the combined Brillouin spectroscopy and single-crystal XRD
system at BGI Bayreuth during a high-temperature measurement.

The Brillouin scattering system in Bayreuth is special because its set-up enables the mea-

surement of not only Brillouin spectroscopy but also single-crystal XRD (Chapter 2.5.5)

without removing the sample from the goniometer. This makes it possible to measure the

unit-cell volume of the samples at the same temperature conditions at which the acoustic

propagation velocities are measured and no additional assumptions (e.g. thermal expan-

sion coe�cients) have to be applied to solve the Christo�el equation at high temperature.

The Brillouin system is operated with a 532 nm laser and a scattering angle of 80° in a

forward scattering symmetry. The signal is detected by a Fabry-Perot interferometer with

a photodiode detector. The measurements of the ringwoodite samples at simultaneous

high pressure and temperature were performed on this system.
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2.6.5. Setup Hamburg

Figure 2.18: A photo of the Brillouin spectroscopy system in the laser lab of the Extreme
Conditions Beamline at the Deutsches Elektronen Synchrotron (DESY) in Hamburg.

This Brillouin system is owned by the GFZ Potsdam but is installed in the laser lab of

the Extreme Conditions Beamline at the Deutsches Elektronen Synchrotron (DESY) in

Hamburg. The system is operated in a forward scattering symmetry with a scattering

angle of 50° and an operating laser wavelength of 532 nm. Like the system in Bayreuth,

this system is also equipped with a Fabry-Perot interferometer and photodiode detector.

This system is not used for high-temperature measurements. All high-pressure Brillouin

spectroscopy measurements at room temperature reported in Chapters 5 and 6 were

collected on this system.
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3. Synopsis

The hydration state of the Earth's mantle and especially the transition zone is highly

debated. It is not only of relevance in mineral physics but also in seismology, geodynamic

modelling and geoelectric measurement techniques. The geophysical remote sensing tech-

niques map the distribution of physical properties, such as acoustic propagation velocities,

in the deep Earth. To interpret this data and give it a mineralogical meaning experimen-

tal �ndings have to be added. As the geophysical models get more and more detailed the

demands on the experimental extreme conditions geosciences rise. New methods have to

be applied and a more separated view on the in�uence of di�erent variables has to be

explored.
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Figure 3.1: (a) Picture of a four sample loading with chemically di�erent ringwoodite
single-crystals and (b) VS anisotropy curve for all compositions at 3.2 GPa and ambient
temperature (all velocities are normalised) [72, Figure 4].

The e�ect of chemical variations on physical properties of materials can only be eval-

uated by comparative studies. As described in Chapter 1.1.1 most studies are hampered

by di�erences in characterisation, measurement techniques and experimental uncertain-

ties especially under high-pressure and -temperature conditions. In the �rst paper, a

novel sample preparation and DAC loading technique are presented. The method to

load several custom FIB cut samples in the pressure chamber of one DAC can be ap-

plied not only to Brillouin spectroscopy but also other spectroscopic and x-ray di�raction
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methods. In addition to the advantage of this method for comparative studies is it also

applicable to measure di�erent orientations of low symmetry crystals at identical pres-

sure and temperature conditions. In this study, we present �rst results on simultaneous

single-crystal Brillouin spectroscopy measurements of two single crystals of iron bearing

wadsleyite with di�erent orientations. It was possible to derive the full elastic tensor

at 11.1(1) GPa and room temperature. The availability of propagation velocities from

two di�erent oriented crystals enables a direct integrated data �tting procedure for all

tensor elements. An example of the use of FIB tailored samples for the comparison of

chemically diverse samples is given for ringwoodite. To investigate the e�ect of water on

the elastic properties of ringwoodite four FIB tailored quarter circles were loaded in one

diamond-anvil cell. Three samples with about Fo90 composition and di�erent hydrations

states, from almost anhydrous to nearly saturated, and one Mg-endmember with low

water content were loaded. The reduction of shear velocities with increasing water and

iron content can already be seen in the anisotropy curve, Figure 3.1. The possibility of

direct comparison between di�erent compositions at high-pressure and high-temperature

experimental conditions eliminates uncertainties arising from di�erent experimental set-

ups. The advantages for a multi-sample loading approach from Brillouin spectroscopy

of orthorhombic wadsleyite have been presented. We also showed that the technique is

applicable up to at least four samples and that the e�ect of hydration and iron content

in ringwoodite single-crystals can be observed by Brillouin spectroscopy in ringwoodite.

The novel loading technique described in the �rst paper laid the ground to perform

the study described in the second one. The aim of this paper is to determine the e�ect

of water on the elastic properties and aggregate velocities of ringwoodite at HP/HT con-

ditions. Earlier attempts to determine this e�ect su�ered from di�culties in combining

studies made by di�erent laboratories and major extrapolations. Brillouin spectroscopy

measurements on a diamond-anvil cell loaded with four samples of chemically diverse ring-

woodite have been performed to a maximum pressure of 22.08 GPa. Eight high-pressure

points were measured and additionally one measurement at simultaneously high pressure

and high temperature at 500(20) K and 19.9(4) GPa is reported for all four samples.
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Figure 3.2: Measured high-pressure acoustic wave velocities of (Mg0.89Fe0.11)2SiO4 ring-
woodite in comparison to previously published work, [73, Figure 1].

In this study we could show that the e�ect of hydration on the aggregate velocities is

not only smaller than expected so far but also that the e�ect decreases with increasing

pressure, Figure 3.2. The comparison with data reported in the literature shows some

discrepancies. The discrepancies can have many di�erent origins such as experimental

set-up, chemical characterisation or hydration incorporation mechanism. This empha-

sises the necessity for comparative studies. From the three iron containing samples an

equation for the aggregate velocities was derived which takes the hydration state and its

reduction with pressure into account. These formulas were then used to calculate the

variation of aggregate velocities in a pyrolytic material dependent on the pressure and the

hydration state of the ringwoodite component. The result is that the hydration induced

variations in the aggregate velocities likely lay under the resolution of seismic tomography

at transition zone pressures. The fourth sample with a Fo100 composition was used to

discriminate whether the formula is also applicable to the Mg-endmember. A hydration

correction of the �tted velocities to the amount of water reported by Wang et al. 2006

[19] was applied and it �ts very well the aggregate velocities reported in the literature.

One measurement at simultaneous high-pressure and elevated temperature did not give

indications for a change of the pressure dependency with temperature. The use of the

aggregate velocities alone is therefore not suitable to estimate the hydration state of the

Earth's transition zone. The sensitivity of tomographic models is most likely not high
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enough and the range of possible water content within the uncertainties is too big.

Not only wadsleyite and ringwoodite can store water in the transition zone. The mono-

clinic Phase Egg AlSiO3OH structure bears 7.5 wt% H2O in its ideal formula. It is part

of the Al2O3:SiO2:H2O system and is stable at transition zone conditions. This system is

important in the context of subduction processes and the aluminium phases show a higher

temperature stability than the magnesium endmember. The compressibility and the struc-

tural evolution with high pressure can give important clues for the high stability �eld. In

this third study, the �rst single-crystal x-ray di�raction high-pressure study on Phase Egg

is presented. Earlier x-ray di�raction studies were performed on powder samples, Schmidt

et al. 1998 [25] did a structure re�nement at ambient conditions and Vanpeteghem et al.

2003 [31] a compression study up to 40 GPa. In the here presented study a maximum

pressure of 23.33(5) GPa was reached which is well within the expected stability �eld of

the phase. The volume compression data was �tted to a third order Birch-Murnaghan

equation of state, which revealed a bulk-modulus of K0 = 153(8) GPa at ambient pressure

which is within uncertainties in agreement with the literature data. However, our studies

suggest a much higher pressure derivative of K ′0 = 8.6(1.3). We could con�rm the b-axis

as the most compressional even though it is the shortest. The compression ratio along

the a- and c-lattice in our study is comparable with the one present in the literature, only

along the b-axis our study is slightly less compressible than the literature. This could be

connected to the fact that this is also the only lattice that does not show any scatter in the

zero pressure values between di�erent studies. Vanpetheghem et al. 2003 [31] suggested

high compressible oxygen-oxygen bonds to be the origin of the high compressibility along

the b-lattice based on structure re�nements performed at ambient conditions and com-

putational studies on δAl-OH. We performed eight high-pressure structure re�nements

and identi�ed the Si-O4 bond in the silicon octahedron to be the most compressible in

the entire structure, Figure 3.3. At pressures lower than 15 GPa the silicon octahedron

is distorted with one elongated bond. This distortion was already observed at ambient

pressure by Schmidt et al. 1998 [25]. With increasing pressure, the distortion is reduced

and at pressures above 15 GPa, a regular 6-fold coordination of the Silicon octahedron
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is reached. This change in the compression regime is also visible in the unique β angle

which decreases at lower pressures and stagnates at around 15 GPa at 97.8°. This angle

evolution with pressure is in very good agreement with literature data and proceeds until

at least 36 GPa but was not discussed or mentioned so far.

1.75

1.8

1.85

1.9

1.95

2

0 2 4 6 8 10 12 14 16 18 20 22 24

Pressure [GPa]

Si−O4
Si−O3
Si−O2
Si−O2
Si−O1
Si−O1

B
on

d 
di

st
an

ce
s 

[Å
]

Figure 3.3: Bond distances between the silicon and the oxygen atoms in the silicon oc-
tahedron, [74, Figure 4A].
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5. Multi-sample loading technique for comparative

physical property measurements in the

diamond-anvil cell

K. Schulze, J. Buchen, K. Marquardt and H. Marquardt

Bayerisches Geoinstitut, University Bayreuth, Bayreuth, Germany

5.1. Abstract

We present a method to perform improved measurements of the e�ects of chemical vari-

ability on physical properties of single-crystal samples in the diamond-anvil cell by em-

ploying a multi-sample approach. By customizing the sizes and shapes of the samples

using a focused ion beam machine the simultaneous loading of relatively large crystals

into a single sample chamber becomes feasible. To illustrate the potential of this ap-

proach, elastic properties of four single-crystals of ringwoodite with di�erent chemical

compositions have been measured at high pressure. Our results suggest that the multi-

sample approach allows for the quanti�cation of small e�ects of chemical variations, such

as iron and hydrogen incorporation, on physical properties. Furthermore, we discuss the

possibility of using the multi-sample approach to load several crystals with di�erent crys-

tallographic orientations of the same material into one sample chamber in order to map

out the direction dependence of anisotropic physical properties.

Keywords: multi-sample loading, diamond-anvil cell, focused ion beam machine, Bril-

louin spectroscopy, mantle-minerals

5.2. Introduction

A quantitative understanding of the physical response of materials to applied pressure

is needed to advance science in several disciplines, including solid state physics, mate-

rials sciences, and Earth and planetary sciences. Compression experiments performed

in a diamond-anvil cell (DAC) allow for measuring a wide range of physical properties
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of materials at non-ambient conditions through the application of di�erent techniques,

such as x-ray di�raction and optical spectroscopy [1]. Many of these studies aim for an

understanding of the e�ects of chemical substitutions on certain physical properties. In

Earth and planetary sciences, it is of key importance to quantify how physical properties

of mantle minerals change with the incorporation of major elements such as iron and

aluminium or volatile elements, such as hydrogen and nitrogen, in their structure. In

Earth's mantle, however, the expected variations in chemical composition in the major

mineral phases are comparably small and the associated e�ects on physical properties,

for exsample elastic moduli, are mostly in the order of a few percent [2]. These small

e�ects complicate a reliable quanti�cation based on comparison of measurements from

di�erent experimental runs or performed at di�erent laboratories as each individual run

is a�ected by a number of experimental uncertainties, including those related to the exact

determination of pressure and temperature.

An illustrative example is the still debated e�ect of hydrogen incorporation on the

seismic wave velocities of the nominally anhydrous minerals wadsleyite and ringwoodite

in the Earth's transition zone [3, 4]. It has been shown that the incorporation of hydrogen

decreases the elastic constant of e.g. ringwoodite by a few percent [2, 5�7], but a reliable

quanti�cation of the e�ect is still di�cult and the results depend on the studies employed.

This raises the question whether the observed results are caused by real di�erences in

the atomic structure, oxidation state of iron, or hydrogen incorporation mechanism of the

minerals studied or if they are simply the result of experimental uncertainties related to the

comparison between results from di�erent experimental set-ups or di�erent laboratories.

A way to minimize uncertainties is by loading samples with di�erent chemical com-

positions in the same pressure chamber of a DAC and measure the di�erences in their

physical properties simultaneously. Such an approach has been realized in single-crystal

x-ray di�raction studies that only require small samples of arbitrary orientation [3, 8].

However, several other techniques that are frequently used in combination with diamond-

anvil cells to measure physical properties, for example optical spectroscopy, require the

loading of larger samples and, in some cases, demand special sample preparation, such as

polished surfaces or de�ned sample geometries.
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In this contribution, we discuss recent results from Brillouin spectroscopy as well as

brie�y outline perspectives o�ered by the multi-sample DAC loading of single-crystal

samples prepared using a focused ion beam (FIB) device [9, 10]. We show that with

the multi-sample loading approach, internally consistent measurements, where the exper-

imental conditions are equal for all samples, are possible. The relative uncertainties are

reduced and the e�ect of chemical di�erences can be more reliably resolved. We discuss

single-crystal Brillouin spectroscopy measurements of four chemically di�erent ringwood-

ite samples at high pressure as an example in this contribution. We also outline the

application of the multi-sample approach for the loading of several single-crystal samples

of the same material with di�erent crystallographic orientations in one DAC. This allows

to derive direction-dependent physical properties for low-symmetry crystals in a consis-

tent manner. Here, we will show the example of deriving the complete elastic tensor of

orthorhombic wadsleyite from a single diamond-anvil cell experiment. Even though we

will discuss the multi-sample approach in the context of Brillouin spectroscopy measure-

ments on materials relevant to Earth's mantle, the emerging possibilities are of interest

to several other analytical techniques commonly applied in combination with DACs, par-

ticularly when using resistive-heaters.

5.3. Sample preparation and methods

Sample synthesis and characterisation

Single-crystals of iron bearing wadsleyite and ringwoodite were synthesised in a Kawai-

type multi-anvil apparatus at the Bayerisches Geoinstitut. For all experiments powder of

San Carlos Olivine was used as a starting material. Liquid water was added to synthesise

hydrous ringwoodite. One additional sample of nominally anhydrous Mg-endmember

ringwoodite was synthesised from forsterite powder in a Kawai-type multi-anvil apparatus

at the Deutsches GeoForschungsZentrum (GFZ) Potsdam. The chemical characterisation

of the synthesised samples included electron microprobe analysis to quantify the major

chemical composition and Fourier transform infrared spectroscopy (FTIR) to measure the

hydration state.
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Several wadsleyite crystals from the same synthesis run were analysed for their chemical

compositions and, on average, showed that the chemical formula ratio is Fe/(Mg+Fe) =

0.112(2) with 0.4 to 0.6 mol/LH2O. More details of the crystal synthesis and characteri-

sation have been published elsewhere [11].

Single-crystals of iron bearing ringwoodite are blue-coloured with a deeper shade of

blue with increasing hydration state, while Mg-endmember ringwoodite single-crystals

are transparent. The blue colour of ringwoodite crystals is generally associated with Fe2+

- Fe3+ charge transfer [12], but a direct correlation between OH-incorporation and the

oxidation state of iron has not been found in previous studies [13]. Measurements to

determine the oxidation state of the here presented samples are in progress and will be

reported elsewhere. The iron bearing ringwoodite samples show ratios of Fe/(Mg+Fe) in

the chemical formula of approximately 0.12, 0.11 and 0.11 for H4071, H4164 and H4166

respectively. The chemical compositions of our samples are similar to the ones of iron

bearing ringwoodite samples used in previous elasticity studies at high pressure [5, 6]. At

ambient pressure and temperature conditions FTIR analysis revealed hydrogen contents

equivalent to 0.44, 2.1, and 3.4 mol/LH2O for the iron containing samples H4071, H4164

and H4166 when using the mineral speci�c calibration of Thomas et al. [14]. Single-

crystal x-ray di�raction con�rmed that both the size (100 - 700 µm) as well as the quality

(FWHM of Kα1 peak in omega-scan) of ringwoodite crystals correlate positively with the

hydration state. The Mg-endmember ringwoodite MA389 contains 0.93 mol/LH2O.

Sample preparation

Selected high quality single-crystals of wadsleyite and ringwoodite were oriented in a

four-circle eulerian di�ractometer and �xed in a drop of UV adhesive on a glass slide.

The crystals were than polished down on one side and transferred and glued to another

glass slide where they were polished down to a thickness of 17(1)µm and 19(1)µm for

ringwoodite and wadsleyite respectively. For FIB cutting the platelets were transferred

to a pin stub with a polished surface. Those with a smaller edge length than 150µm were

�xed with tiny amounts of nail polish, larger platelets just stick due to adhesion when

putting a drop of acetone on them. Wadsleyite single-crystals of suitable quality were
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selected and oriented in (120) and (243) planes using x-ray di�raction techniques. These

planes were chosen because they are mutually perpendicular. Moreover, the (243) plane

makes subequal angles with the three crystallographic axes while the (120) plane contains

the c axis and almost bisects the angle between the a and b axes. For the ringwoodite

samples one single-crystal of each composition was oriented by x-ray di�raction in order

to have the (001) plane parallel to the polished sample faces.

A FEI Scios DualBeam machine at the Bayerisches Geoinstitut was used to cut circu-

lar disks from the polished single-crystal platelets where the circle diameter was chosen

according to the culet size of the diamonds in the DAC. The samples were cut using a

Ga+ ion beam current of 7nA -15nA at 30kV acceleration voltage. The cutting proce-

dure took several hours, with the exact time depending on sample thickness and circle

diameter [9]. The circular disks were further FIB-divided into circle sections in order to

place several samples into the pressure chamber of one diamond-anvil cell (�gure 5.1).

With this method several circle sections can be cut from one platelet. Since they origin

from the same single-crystal, the di�erent pieces are identical in chemical composition and

structure. The di�erent pieces can be used for successive Brillouin experiments. Smaller

parts of the platelets, which are left by the cutting procedure, can be used for additional

experiments such as x-ray di�raction studies or electron microscopy analysis [9, 10].

a 100 µmb

Figure 5.1: Electron backscatter images of FIB cut samples. a) Single-crystal of wads-
leyite cut into half circles, b) Single-crystal of ringwoodite cut into quarter circles.

Diamond-anvil cell experiments

BX90 style diamond-anvil cells [15] with rhenium as gasket material were employed for

the high pressure experiments. Neon was used as pressure transmitting medium and was
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loaded into the pressure chamber of the DAC at 1.5 kbar pressure using the gas-loading

system at the Bayerisches Geoinstitut [16]. Böhler-Almax-type seats and diamonds with

culet sizes of 400µm or 500µm were used for the experimental runs of wadsleyite and

ringwoodite. Well centred holes with diameters of 250µm and 330µm, respectively, were

cut into rhenium gaskets, pre-indented to a thickness of 50 - 60µm, using the FIB machine.

During gas loading the diameter of the gasket hole shrunk homogeneously by about 10

%.

Brillouin spectroscopy measurements were performed using the system at the Deutsches

Elektronen Synchrotron (DESY) owned by the Deutsches GeoForschungsZentrum (GFZ)

Potsdam. The system uses a frequency doubled Nd:YAG laser with an output wavelength

of 532 nm along with a Sandercock six-pass tandem Fabry-Perot interferometer [17, 18]

for frequency analysis and either a photomultiplier tube or avalanche photodiode detector

for signal detection. Measurements were performed in a symmetric platelet transmission

geometry with a scattering angle of 50◦. A three circle Eulerian cradle was employed

to align the sample and rotate it around the DAC's compression direction to measure

di�erent phonon propagation directions. A typical spectrum collected on iron bearing

ringwoodite at high pressure and ambient temperature is shown in �gure 5.2.
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Figure 5.2: Brillouin spectrum of an iron-bearing, hydrous ringwoodite single-crystal at
3.2 GPa and ambient temperature after 1h signal acquisition.
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Two wadsleyite single-crystal semicircular disks of complementary orientations were

loaded together into a single DAC pressure chamber. A ruby sphere and a chip of Sm:YAG

were placed close to the crystal platelets as pressure sensors. Figure 5.3 a shows a view

into the loaded pressure chamber of the DAC at 11.1 GPa. Ambient temperature Brillouin

spectra were collected at 11.1 GPa along 26 di�erent phonon wave vector directions, 13

on each platelet, spaced by 15◦ steps, and spanning a 180◦ arc. The sound wave velocities

are plotted as a function of the in-plane rotation angle in �gure 5.3b.

Figure 5.3: a) View into the pressure chamber of a diamond-anvil cell loaded with two
wadsleyite crystals with indicated orientations, a ruby sphere (R), and a Sm:YAG chip
(Y), b) Sound wave velocities measured on the wadsleyite crystals shown in a) and �tted
dispersion curves.

In the DAC with the ringwoodite single-crystals, one quarter circle of each composition

was arranged by hand on the culet of the diamond as shown in �gure 5.4. Three ruby

spheres were added as pressure standards. Single-crystal Brillouin spectroscopy measure-

ments have been performed at 3.2 GPa and ambient temperature. All four samples could

be measured separately and no in�uence on one another has been observed. As a result

of the chosen crystallographic orientation, only one transverse velocity signal could be ob-

served along with the longitudinal velocity signal in the spectra, see �gure 5.2. To capture

the elastic anisotropy of ringwoodite and solve for the elastic constants using Christo�el's

equation, 17 measurements were taken over a rotation range of 130◦ for each crystal,
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14 measurements in 10◦ steps plus three at the angles where the shear velocities reach

their maximum and minimum values. Signal collection times for regular spectra ranged

between one and three hours. In addition, six long term spectra (8 - 10h) with enhanced

signal-noise-ratio were collected. Ruby �uorescence measurements were performed before

and after the experiment and indicate no change in pressure during the experiment.
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Figure 5.4: (a) Picture of a four sample loading with chemically di�erent ringwood-
ite single-crystals. Compositions going clockwise starting on the top right: Fo100 0.9
mol/LH2O, Fo90 3.7 mol/LH2O, Fo90 0.5 mol/LH2O and Fo90 2.3 mol/LH2O. (b) VS
anisotropy curve for all compositions at 3.2 GPa and ambient temperature. All velocities
are normalised to anhydrous Fo90 for better comparison. The range between the [110]
and [1-10] orientation is equivalent to a 90◦ in-plane rotation.

5.4. Results and discussion

5.4.1. Elastic tensor determination for low-symmetry crystals

In Brillouin spectroscopy, a certain minimum spatial dispersion of probed phonon wave

vectors is required in order to derive single-crystal elastic constants (components of the

elastic sti�ness tensor) e.g. [19]. For high-symmetry cubic crystals, measurements along

di�erent phonon propagation directions in a single crystallographic plane with arbitrary

orientation are su�cient to constrain the three elastic constants. In crystalline samples

with lower symmetry, however, several and/or speci�c plane orientations are required.

Previous studies, for example on orthorhombic wadsleyite, approached this demand in

two di�erent ways: (1) All single-crystal elastic constants were determined on a single
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oriented platelet with the polished surfaces making nearly equal angles with all three

crystallographic axes e.g. [20]. At high pressures, this approach bears the advantage that

all nine single-crystal elastic constants are obtained from the same crystal at exactly the

same conditions while accepting a limited spatial dispersion of wave vectors that results in

cross-correlations between the individual elastic constants. (2) Alternatively, the spatial

dispersion can be extended by measurements on several platelets with di�erent orienta-

tions e.g. [4, 21]. The resulting three dimensional spread of the probed wave vectors

reduces correlations between individual elastic constants, especially when some of the

wave vectors fall on principal planes. Despite this advantage, increasing the number of

platelet orientations entails the di�culty to determine the sound wave velocities on all

platelets at identical conditions when loaded into di�erent DACs. Previous studies tried

to synchronize the pressures inside di�erent DACs containing individual platelets. In a

�rst study, Mao et al. [22] determined all nine elastic constants of olivine α-(Mg,Fe)2SiO4

with Brillouin spectroscopy up to 19.2 GPa using two crystals with di�erent orienta-

tions residing in the same DAC. However, the sizes and shapes of the two crystals in

this previous study were not optimized for the limited (circular) space in the DAC. In

the present study, we improved the two-sample approach by optimizing the shape of the

crystal segments using the FIB machine to resemble a circular overall shape. With such

an approach a loading with two samples has been recently measured to at least 40 GPa

without reaching the spatial limitations of the pressure chamber [23]. The scattering angle

of the Brillouin spectroscopy system was calibrated by measuring the sound velocities of

MgO single-crystal at ambient conditions before and after every experiment [24]. Minor

geometrical imperfections in the cell and sample alignment generally introduce an uncer-

tainty of less than 0.5% in the acoustic velocities measured by Brillouin spectroscopy [25].

We would like to emphasize that with our multi-sample loading approach several of the

cell and system related uncertainties are equal for all samples. This enhances the preci-

sion in comparative and correlated experiments where relative e�ects need to be resolved,

such as those caused by chemical variations. By loading FIB-cut wadsleyite platelets of

complementary orientations, we maximized the number of available phonon wave vector

directions while, at the same time, ensuring consistent conditions. We simultaneously
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inverted all sound wave velocities measured on both platelets and constrained the platelet

orientations and their densities by x-ray di�raction measurements at the same conditions.

The Christo�el �t for this global inversion is shown in �gure 5.3b, and the elastic constants

are listed in table 5.1 together with their estimated standard deviations (ESD).

Table 5.1: Single-crystal elastic constants [GPa] for (Mg0.89Fe0.11)2SiO4 wadsleyite at
11.1(1) GPa and room temperature (�xed-angle inversions)

platelet orientation
Cij (243) & (120) (243) (120)
C11 421(3) 420(4) 257(267)
C22 413(3) 415(4) 495(116)
C33 336(1) 337(4) 337(1)
C44 115.4(6) 113(1) 118(2)
C55 121.2(9) 123(1) 118(3)
C66 118(1) 118(2) 125(83)
C12 112(2) 113(2) 110(108)
C13 138(2) 138(3) 68(33)
C23 130(2) 132(3) 187(20)

MESD a 2 3 70
RMSC b 0.44 0.49 0.55
a mean estimated standard deviation
b root of mean square correlation coe�cient

To evaluate to which extent our approach improves precision, we recalculated the elastic

constants with di�erent strategies. First we inverted the measured sound wave velocities

with �xed phonon wave vectors (from x-ray di�raction) for both single-crystal platelets

separately and globally (table 5.1). In a second step, the in-plane rotation angle and later

also the platelet normal vector were included in the global re�nement. For each inversion

strategy, we computed correlation coe�cients for every pair of elastic constants. As an

indicator of how the overall correlation is a�ected by di�erent inversion strategies, we use

the root of the mean square correlation coe�cient (RMSC) of a given inversion strategy.

In a more intuitive way, the inversion strategies can be compared using the ESDs of the

individual elastic constants. The results of the �xed-angle inversions are summarized in

table 5.1. The elastic constants are virtually identical within error when calculated from

a global inversion and from the inversion only of sound wave velocities measured on the

crystal platelet parallel to (243). Inverting only the the sound wave velocities measured
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on the crystal platelet parallel to (120) results in signi�cantly di�erent elastic constants

(with large ESDs). In terms of ESDs of individual elastic constants, the global inversion

leads to the highest precision. For several pairs of elastic constants, the strength of

correlation increases when adding the data for the (120) platelet. However, as captured

by the RMSC, the overall correlation is lowest for the global inversion. The analysis

of standard deviations and correlations between individual elastic constants therefore

demonstrates how the two-crystal approach results in tighter constraints on individual

elastic constants while improving their mutual consistency. Coupled with a re�nement of

the in-plane rotation angles, a global inversion of all sound wave velocities slightly reduces

the overall correlation (RMSC = 0.43). However, the resulting elastic constants do not

di�er signi�cantly from the ones obtained for �xed in-plane rotation angles, neither do

their ESDs. Including the components of the platelet normal vectors in the re�nement

increases both overall correlation (RMSC = 0.58) and ESDs.

We conclude that combining a global inversion of sound wave velocities measured on

both platelets with the information on platelet orientation optimizes the precision on in-

dividual elastic constants while reducing correlations between pairs of elastic constants.

This result emphasizes the improvements of our approach over previous studies on the

single-crystal elasticity of wadsleyite. These improvements arise from the combination

of Brillouin spectroscopy with single-crystal X-ray di�raction and the maximization of

phonon wave vector dispersion at consistent conditions as implemented in multi-crystal

loadings.

5.4.2. E�ect of chemical variations on the high-pressure elastic properties

Important chemical variations that are expected to a�ect the elastic properties of ring-

woodite in Earth's transition zone include the Fe/Mg-ratio as well as the incorporation of

hydrogen into the ringwoodite structure [26]. Both of these can be quanti�ed using the

multi-sample approach outlined here. In �gure 5.4b, the transverse velocities measured

at 3.2 GPa are exemplarily plotted for all four compositions studied here. The velocities

of the iron bearing samples increase with decreasing hydration state. An increase of 3.2
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mol/LH2O in hydration state leads to a decrease of about ∼2.3% in VS. The hydration

state does not seem to in�uence the anisotropy in VS signi�cantly. The 10% di�erence

in iron content between the Mg-endmember and iron-bearing ringwoodite samples has a

stronger e�ect on the measured transverse velocities as compared to the hydration state

and slightly impacts the anisotropy in VS.

The iron contents in the three loaded iron bearing ringwoodite samples are the same

within errors. The e�ect of the hydration state on the elastic properties can, therefore,

be directly quanti�ed by comparing velocities measured in the three samples. Figure 5.5

illustrates the decrease of the transverse velocities along [100] direction with increasing

hydration. Literature data collected on isolated samples are plotted for comparison. The

amount of reference data is very limited and chemical characterisation di�cult to compare.

 0.93

 0.94

 0.95

 0.96

 0.97

 0.98

 0.99

 1

 1.01

 0  0.5  1  1.5  2  2.5  3  3.5

V
S

[1
0

0
] /V

0
 

∆ CH2O [mol/L]

Sinogeikin 2003
Jacobsen 2006

Mao 2012
This Study

Figure 5.5: Measured transverse acoustic velocities along the [100] direction of Fo90 ring-
woodite samples with di�erent hydration states at 3.2 GPa and ambient temperature.
Literature data [5, 6, 27] are shown for comparison.

The literature data were calculated from reported elastic constants measured by Bril-

louin spectroscopy [5, 27] and gigahertz interferometry [6] and interpolated to 3.2 GPa.

Both the literature dataset and the data from this study were normalized to VS[100] of

anhydrous ringwoodite. The hydration state is given relative to the respective sample

with the lowest water content (Sinogeikin 2003 [27] and H4071). It appears that the re-

sults of our multi-sample approach suggest a signi�cantly di�erent dependence of shear
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velocities on hydration state as compared to that inferred based on combining available

literature results. Our data suggest a weaker decrease of shear velocities in [100] direction,

which would result in signi�cantly higher velocities for hydrated ringwoodite. Discrep-

ancies in the inferred dependence of high pressure elastic properties on the hydration

state between di�erent studies have been pointed out before [5], but the reason remained

unclear. Possible explanations may include di�erences in the experimental set-up, uncer-

tainties in pressure determination, di�erences in Fe3+/
∑
Fe ratio, or di�erent mechanisms

of hydrogen incorporation into the structure.

To verify or exclude any of these possibilities, it is necessary to minimize uncertainties

as far as possible. The here-presented multi-sample loading approach eliminates several of

these potential causes, including those related to relative experimental uncertainties and

the determination of pressure and temperature conditions. Despite di�culties in their

correct quanti�cation, these uncertainties have to be considered when comparing experi-

mental results. The elimination of this group of uncertainties allows for a more reliable

quanti�cation of the e�ects of chemical variations on physical properties and will make it

more likely to resolve small, but important, physical e�ects of, for example, the hydration

mechanism or the ferric iron content. We note that, even though the above discussion was

limited to the e�ects of hydration state on high-pressure elasticity, the multi-sample ap-

proach allows to quantify the e�ect of di�erent chemical variations in a single experiment.

The presented four-sample loading of ringwoodite, for example, capture the e�ects of hy-

dration state and iron content at the same pressure conditions simultaneously. A more

detailed discussion of the results ans geophysical implications will be presented elswhere.

5.4.3. Outlook

The two examples showed that multi-sample Brillouin spectroscopy measurements with

up to four single-crystals in one diamond-anvil cell are feasible. The presented multi-

sample approach o�ers a wide-range of emerging possibilities for measurements of physical

properties aimed at resolving small e�ects of chemical or structural variabilities in the

diamond-anvil cell. The multi-sample loading approach can be adapted to any technique
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in the diamond-anvil cell where, a) the probing volume is small enough to measure each

sample separately (e.g. optical spectroscopy, many synchrotron-based techniques) or b)

the signal of the samples can be separated during data processing (e.g. in-house x-ray

di�raction). Particularly promising is the application of this approach to measurements

in resistive-heated diamond-anvil cells, where uncertainties in pressure and temperature

conditions are larger compared to room temperature measurements. Another emerging

perspective comes from a comparative measurement of a sample of interest with a standard

material at the same conditions in the diamond-anvil cell. An example could be the

measurement of the (subtle) e�ects of the iron spin transition in mantle minerals e.g. [28]

in direct comparison to the same iron-free mineral.
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6.1. Abstract

Ringwoodite, the dominant mineral at depths between 520 km and 660 km, can store

up to 2-3 wt.% of water in its crystal structure, making the Earth's transition zone a

plausible water reservoir that plays a central role in Earth's deep water cycle. Experi-

ments show that hydration of ringwoodite signi�cantly reduces elastic wave velocities at

room pressure, but the e�ect of pressure remains poorly constrained. Here, a novel ex-

perimental setup enables a direct quanti�cation of the e�ect of hydration on ringwoodite

single-crystal elasticity and density at pressures of the Earth's transition zone and high

temperatures. Our data show that the hydration-induced reduction of seismic velocities

almost vanishes at conditions of the transition zone. Seismic data thus agree with a wide

range of water contents and the amount of water in the transition zone could be substan-

tially underestimated.

Keywords: Ringwoodite, Transition Zone, Hydration, Brillouin Spectroscopy, High-

Pressure, Elasticity

6.2. Introduction

The Earth's transition zone extends between depths of 410 km and 660 km and could

host a water reservoir that has been stable over geological timescales, thereby playing a
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key role in the dynamic and geochemical evolution of the entire mantle [1]. A hydrous

transition zone might be associated with local melting events that are detectable above

[2] and below the transition zone [3] and may even be the source region for continental

�ood basalts [4], a�ecting the global climate and possibly contributing to mass extinction

events throughout Earth's history.

The hypothesis of the transition zone being a deep water reservoir is based on high-

pressure high-temperature experiments showing that the nominally anhydrous minerals

(Mg,Fe)2SiO4 wadsleyite and ringwoodite, constituting up to 60 vol.% of transition zone

rocks [5], can incorporate signi�cant amounts of hydrogen ("water") as point defects into

their crystal structures [6]. The recent discovery of a hydrous ringwoodite inclusion in a

natural diamond containing about 1.5 wt.% of water [7] con�rms experimental predictions

and strengthens the hypothesis of a (at least partly) hydrated transition zone. However,

this single observation does not constrain the global amount of water stored in the tran-

sition zone or its spatial distribution. Instead, global scale three-dimensional mapping of

the water content in the transition zone requires geophysical remote sensing.

Previous experimental and theoretical studies have reported a signi�cant reduction of

elastic wave velocities with hydration for Mg2SiO4 ringwoodite [8, 9] as well as iron-

bearing ringwoodite [10] at ambient pressure. More limited experimental work indicates

that this e�ect prevails to high pressures [11] and high temperatures [12], suggesting that

reduced seismic wave velocities in the transition zone can be employed to map mantle

hydration [11, 12].

However, signi�cant extrapolation of previous high-pressure experiments is required to

quantify e�ects of hydration at transition zone pressures for ringwoodite, leading to con-

tradictory conclusions (Fig. 6.4). In addition, the e�ect of temperature on the high-

pressure elasticity of hydrous ringwoodite is mostly unconstrained. The only available

measurement of the elastic wave velocities of hydrous iron-bearing ringwoodite at pres-

sures up to 16 GPa and temperatures of up to 670 K suggests that temperature may
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strongly enhance the hydration-induced velocity reduction for compressional wave ve-

locities [12]. However, the e�ects of a temperature increase by 670 K on the elastic

wave velocities are comparably small (∼1-2% reduction), while uncertainties in pressure

and temperature determination are large in resistively-heated diamond-anvil cell work.

This combination results in signi�cant uncertainties when comparing the results to high-

pressure/-temperature experiments on anhydrous ringwoodite that su�er from the same

uncertainties.

In order to reliably quantify the e�ect of hydration on the seismic wave velocities of

ringwoodite at elevated tempertatures and transition zone pressures, we designed a novel

type of experiment, taking advantage of recent methodological developments [13�15]. In

our experiment, four focused ion beam (FIB) cut single-crystal samples of three hydrated

(Mg0.89Fe0.11)2SiO4 ringwoodite (Fo89) as well as one sample of Mg-ringwoodite (Fo100)

were loaded together in the pressure chamber of a diamond-anvil cell (Fig. 6.4).

6.3. Material and methods

6.3.1. Sample synthesis and characterisation

San Carlos olivine was used as a starting material for synthesising the iron-containing

ringwoodites. In two cases liquid water was added to synthesise hydrated samples. The

Mg-endmember ringwoodite was grown from pure forsterite powder with no water added.

The multi-anvil experimental conditions ranged between 19-22 GPa and 1200-1600 ◦C

(Table 6.3 in supplementary material). The run products contained single crystals of

ringwoodite with sizes on the order of 100 µm. For the iron-containing samples an in-

crease in crystal size, structural quality and deepness of blue colour is observed with

increasing water content. The Mg-endmember is colourless.

The hydration state of all samples was determined by unpolarized Fourier transform

infrared spectroscopy (FTIR). FTIR was favoured over secondary ion mass spectroscopy

(SIMS) to measure the hydration state of the double-side polished samples which were
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later loaded in the DAC. Depending on the platelet size, three to seven equally distributed

FTIR spectra were taken for each platelet. All spectra were normalized and fringe [16]

and background corrected. The integrated area and the position of the main peak between

2500 and 4000 cm−1 was calculated using a Voigt peak function. The molar absorption

coe�cient was calculated from the calibration of ref. [17] and the molar concentration

using the Lambert-Beer law. All samples were measured on the same instrument and were

processed identically. This procedure ensures a maximum degree of comparability among

the samples. An uncertainty of 10% in derived water content is considered reasonable

for all samples due to uncertainties in sample thickness, the peak-�tted integrated areas

and the absorption coe�cent [17]. For the conversion to the more commonly used unit of

wt% H2O, the density at ambient conditions derived from the chemical analysis and x-ray

di�raction was used. For the Fo89 composition a water content of 0.21(3) wt.%, 1.04(11)

wt.% and 1.71(18) wt.% was determined for H4071, H4164 and H4166, respectively, as

well as 0.42(5) wt.% for the Mg-endmember MA389.

To determine the oxidation state of the iron in the samples H4071, H4164 and H4166,

both Mössbauer spectroscopy and electron energy loss spectroscopy (EELS) were per-

formed at Bayerisches Geoinstitut (BGI) (Table 6.4, supplementary material). EELS was

performed on the three iron-containing samples, but due to oxidation of the samples dur-

ing measurement and despite considerable e�ort, only three evaluable spectra each could

be acquired for H4071 and H4166. For all measurements high energy loss spectra and, for

calibration, low energy loss spectra were acquired in a range of 670 to 772.35 eV and -10

to 92.35 eV, respectively. For each measurement an area on the sample was chosen man-

ually and 50 frames were stacked to enhance spectrum quality, where the total exposure

times were 250 s and 100 s for H4071 and H4166, respectively. The results for the ferric to

total iron ratio Fe3+/
∑
Fe range between 0.15 to 0.19 for H4071 and 0.10 to 0.15 for H4166.

Mössbauer spectroscopy was performed on samples extracted from high-pressure runs

(either single crystal or polycrystalline aggregate) over regions of 500 µm diameter as pre-

viously described [18]. Fe3+/
∑
Fe was determined from relative areas and uncertainties
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were assessed based on the results for di�erent �tting models. The Mössbauer spec-

troscopy results are in good agreement with the results from EELS and are also in agree-

ment with earlier studies [18], considering both the absolute values and the absence of any

correlation between hydration state and Fe3+ concentrations (Table 6.4 in supplementary

material).

Electron microprobe analysis (EMPA) was performed on the three iron-bearing samples to

determine the chemical composition. The Mg-endmember was synthesised from Mg2SiO4

and is considered to be pure. The electron microprobe analysis was conducted at BGI

on a JEOL Superprobe JXA-8200 WD/ED combined Micro-analyzer. The amounts of

silicon, magnesium, iron, nickel, manganese, aluminium and calcium were measured using

the following standards: olivine (Mg, Fe, Si), wollastonite (Ca), spinel (Al), MnTiO3 (Mn)

and metallic nickel (Ni). Any element besides iron, magnesium and silicon is only present

in trace amounts or is under the detection limit. From each multi-anvil synthesis several

crystals were �xed in Crystalbond�, polished and 12 nm carbon coated. Summed over

all crystals ∼300 individual points were measured for each run-product. The results from

Mössbauer spectroscopy were used to correct the mass percentage amount of FeO for Fe3+.

To derive the number of cations per formula unit, the molar ratios were normalised to

four oxygens and the FTIR data were used to calculate the abundance of hydrogen atoms.

6.3.2. Brillouin spectroscopy and x-ray di�raction measurements

We conducted simultaneous measurements of sound wave velocity using Brillouin spec-

troscopy and density by x-ray di�raction at di�erent pressures up to 22.1 GPa. Bril-

louin spectroscopy measurements were performed at DESY Hamburg (HP) and at BGI

Bayreuth (HP/HT). The Brillouin spectroscopy system at DESY is operated in a forward

scattering symmetry with a scattering angle of 50◦ at a laser wavelength of 532 nm. For

signal detection a multi-pass tandem Fabry-Perot interferometer was used with either an

avalanche photomultiplier or photodiode detector. The diamond-anvil cell which contains

the samples is placed on a four circle Eulerian cradle which enables very �ne adjustments
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Figure 6.1: A typical Brillouin spectroscopy spectrum collected at high pressure, display-
ing the symmetric Stokes and Anti-Stokes peaks of the longitudinal and shear velocities
of the sample and one peak of the pressure transmiting medium (Ne). Right: The mea-
sured velocity anisotropy curve of the same sample at a pressure of 11 GPa along with
the Christo�el �t (solid curves).

of the cell within the laser beam. To measure the elastic anisotropy of the samples the cell

is rotated along its compressional axis. In all samples the probed plane is {100} where

the signal repeats after a 90◦ planar rotation. For the �rst pressure point at 0.97 GPa 11

measurements were performed, covering a 90◦ rotation angle in ten 10◦ step increments

plus one measurement at the extreme point of the velocities in terms of anisotropy, which

was calculated from preceding XRD measurements. Collection time for each spectrum

was 3 - 10 h. For the remaining pressure points 14 - 18 orientations in a 130◦ range

were measured, again with a 10◦ stepsize (Fig. 6.1). The frequency shifts measured by

the interferometer can directly be translated to velocities using the laser wavelength and

the scattering angle [19]. A single crystal of MgO was measured in a <100> direction

at ambient conditions before and after every Brillouin spectroscopy session to verify the

system calibration. The density was calculated from the unit-cell volumes obtained from

single-crystal x-ray di�raction performed before and after every Brillouin spectroscopy

session. In each Brillouin spectrum the Rayleigh-peak and its ghosts as well as the peaks

resulting from diamonds, one peak each of longitudinal and shear velocity from the sample

and one or two peaks of the pressure medium (Ne) were �tted individually with Voigt

peak functions. Overlapping peaks were deconvoluted with a doublet. From the frequency
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shifts we derived the velocities of the longitudinal and shear waves and plotted them as

a function of the crystallographic orientation [19]. To derive the elastic constants we �t

each pressure point to the Christo�el equation (Fig. 6.1, Table 6.5 (supplementary ma-

terial)). A third-order Eulerian equation of state [20] was �tted to the elastic constants

at high pressures to derive the elastic constants at room pressure and the corresponding

pressure derivatives (Table 6.1). The Reuss and Voigt bounds of the elastic moduli were

calculated from the elastic constants [21]. Aggregate velocities are calculated as Reuss-

Voigt-Hill averages. The XRD measurements were performed on a single-crystal XRD

Table 6.1: Results from a combined third-order eulerian strain �t to all elastic constants
at high pressure [20]. Listed are the elastic constants Cij and moduli K, G and their
pressure derivatives at room pressure. Iron ratio is de�ned Fo = Mg/ (Mg +

∑
Fe)

H4071 H4164 H4166 MA389
Fo [-] 88.5(6) 88.8(8) 89.4(6) 100
cH2O [mol L−1] 0.44(5) 2.10(21) 3.40(34) 0.83(9)
cH2O [wt.%] 0.21(3) 1.04(11) 1.71(18) 0.42(5)
C0

11 [GPa] 329.05(126) 314.71(62) 299.71(149) 324.96(186)
C ′011 [-] 6.30(11) 6.48(08) 6.97(13) 6.24(21)
C0

12 [GPa] 118.34(151) 114.95(88) 109.96(180) 115.96(197)
C ′012 [-] 2.95(13) 3.14(11) 3.25(15) 2.69(23)
C0

44 [GPa] 127.85(88) 122.22(50) 117.84(97) 129.87(145)
C ′044 [-] 0.92(05) 1.09(05) 1.19(08) 1.03(12)
K0 [GPa] 188.57(109) 181.54(63) 173.21(130) 185.63(146)
K ′0 [-] 4.06(08) 4.25(10) 4.49(11) 3.87(17)
G0 [GPa] 118.32(56) 112.73(31) 108.05(66) 119.05(86)
G′0 [-] 1.59(5) 1.71(4) 1.89(6) 1.72(9)

system at BGI using a four circle goniometer, a Mo Kα rotating anode x-ray source fo-

cused using a multilayer optics and a point detector [22]. For each crystal 4-5 re�ections

were centred in 8-positions following the routine of ref. [23] which is implemented in the

SINGLE operating software [24] to determine the orientation matrix and the unit cell

parameters. Results for unit cell volume and density for all samples are shown in Fig.

6.2.
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Figure 6.2: Unit cell volumes and densities up to 22 GPa for the here studied ringwoodite
samples. Unit-cell volumes were measured by single-crystal XRD. The unit-cell volumes
of the Fo89 ringwoodites converge at transition zone pressures. This e�ect cannot be
observed in the densities due to the dominant role of the pressure-independent mass.

6.4. Simultaneous high-pressure and high-temperature

measurements

In addition to the high-pressure measurements, we performed a high-temperature mea-

surement at pressures of the Earth's transition zone. The simultaneous measurement

of all samples ensures identical pressure and temperature conditions thereby improving

data precision and eliminating a signi�cant group of experimental uncertainties [13]. The

high-pressure and -temperature measurements were performed on the combined XRD and

Brillouin spectroscopy system at BGI. The system is operated with a laser wavelength of

532 nm, a scattering angle of 80◦, and a multi-pass tandem Fabry-Perot interferometer

with a photodiode detector. The collection time per spectrum was between 30 min and

3 h. The DAC was equipped with a resistive heater made up by a platinum wire coiled

around a ceramic ring and placed around the pressure chamber. For initial temperature

estimation a K-type thermocouple was placed as close as possible to the pressure chamber.

During heating the cell was �ushed with argon creating an oxygen depleted atmosphere

to prevent the diamonds and gasket from oxidising. The unit-cell volumes of the samples

were measured at high-pressure and -temperature with the above described XRD system.

Due to the additional cables from the heater and thermocouple and the argon tube the
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range of the χ-cradle was limited to ±90◦. This limits the procedure to 4-position cen-

tering, which was performed on 4-5 re�ections for each crystal. The exact pressure and

temperature conditions were derived by cross-correlating the unit-cell volumes measured

by XRD and the shift of the ruby �uorescence line from in situ Raman spectroscopy. Ref.

[25] was used to correct the unit-cell volume for thermal expansion and the calibrations

given in ref. [26, 27] were employed for pressure and temperature corrections of the ruby

shift.

6.5. Results and discussion

6.5.1. Dependence of the sound wave velocities of Fo89 ringwoodite on

hydration state and pressure

We observe a clear reduction of all room pressure elastic constants with increasing hydra-

tion state for our three Fe-bearing ringwoodite samples (Fig. 6.4, Table 6.1), qualitatively

consistent with earlier observations [8, 12, 28]. When increasing the amount of incorpo-

rated water from 0.21 wt.% to 1.71 wt.%., the bulk and shear moduli decrease from

188.6(11) GPa and 118.3(6) GPa to 173.2(13) GPa and 108.1(7) GPa, respectively. In

contrast, the pressure derivatives of the elastic constants systematically increase with

hydration state (Table 6.1), leading to a marked suppression of the hydration e�ect on

elastic wave velocities at high pressure (Fig. 6.3). In a �rst approximation, the elastic

constants, moduli and the aggregate velocities can be considered to be linearly dependent

on the hydration state, cH2O, at a given pressure. For the three Fo89 compositions the

hydration dependency of both aggregate velocites VP and VS were �tted with a linear

equation for each pressure point individually (Fig. 6.3). The pressure dependence of the

slope was approximated to be linear, resulting in the equations:

VP (P, cH2O) = (0.00310(24) · P − 0.0956(17)) · cH2O + VP (P, 0) (6.1)

VS(P, cH2O) = (0.00178(17) · P − 0.0615(14)) · cH2O + VS(P, 0) . (6.2)
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Figure 6.3: The dependency of elastic wave velocities of (Mg0.89Fe0.11)2SiO4 ringwood-
ite on the hydration state, determined from our high-pressure measurements using the
multi-sample approach. Experimental data points have been interpolated (squares) and
extrapolated (diamonds) based on a �nite strain formalism. A linear decrease of velocities
with hydration is assumed.

The pressure P is given in GPa and the hydration state cH2O in mol L−1. The velocities

are in units of km s−1. At pressures corresponding to the stability �eld of ringwoodite

in Earth's transition zone, the average velocities of our iron-bearing samples are identical

within their respective error bars (Figs. 6.4 and 6.3). Our direct observation thus con-

tradicts previous assumptions about the signi�cant e�ect of hydration on seismic wave

velocities that have been widely employed in the interpretation of seismic observations

[29�31].

6.5.2. Comparison of the hydration e�ect between Fo89 and Fo100 ringwoodite

Comparison of our measurements on Mg2SiO4 ringwoodite with previous data [11] con-

�rms the observed trend for our Fe-bearing samples (Fig. 6.5). Applying equations 6.1

and 6.2 to the function �tted to the data of our study to account for the di�erences in

hydration state shows good agreement with the data from the literature. We conclude

that the hydration dependencies are applicable to ringwoodite with both Fo89 and Fo100

compositions. Further support comes from previous computational work at 0 K that

reported a possible velocity crossover with pressure between hydrous and anhydrous Mg-
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ringwoodite for certain water incorporation mechanisms [32]. Our velocity-based �ndings

are further supported by our x-ray di�raction measurements that show a decreasing e�ect

of hydration on the unit cell volume with pressure (Fig. 6.2).
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6.5.3. Simultaneous high-pressure and high-temperature measurements

An additional experiment at simultaneous high-pressure and high-temperature was per-

formed on all four ringwoodite samples at 19.9(5) GPa at a temperature of 500(20) K

(Table 6.2). We �nd the e�ect of temperature on the velocities of our ringwoodite samples

Table 6.2: Results for Brillouin spectroscopy at 500(20) K and 19.9(4) GPa. Iron ratio
is de�ned Fo = Mg/ (Mg +

∑
Fe).

H4071 H4164 H4166 MA389
Fo [-] 88.5(6) 88.8(8) 89.4(6) 100
cH2O [mol L−1] 0.44(5) 2.10(21) 3.40(34) 0.83(9)
cH2O [wt.%] 0.21(3) 1.04(11) 1.71(18) 0.42(5)
ρ [g cm−3] 4.00(6) 3.97(7) 3.96(6) 3.85(4)
C11 [GPa] 436.7(15) 429.5(10) 422.6(17) 434.0(18)
C12 [GPa] 166.8(16) 166.8(12) 167.7(24) 159.4(21)
C44 [GPa] 140.5(10) 142.2(7) 136.0(15) 147.1(14)
GR [GPa] 138.2(10) 138.0(7) 132.5(13) 136.2(17)
GV [GPa] 138.3(8) 138.2(6) 132.6(11) 136.3(12)
KS [GPa] 256.8(12) 254.4(9) 252.7(17) 255.4(22)
VP [km s−1] 10.55(6) 10.47(6) 10.42(6) 10.66(6)
VS [km s−1] 5.90(3) 5.88(3) 5.79(3) 5.95(3)

to be independent of the hydration state within uncertainties. All our measured data are

well described by the temperature dependency measured by an earlier work on anhydrous

ringwoodite at ambient conditions [33] (Fig. 6.6). Our data thus indicate that the temper-

ature e�ect at 500(20) K on ringwoodite wave velocities at 19.9(5) GPa is independent of

the hydration state. We note, however, that the limited temperature stability of hydrous

ringwoodite precludes experiments at high enough temperatures to reach any conclusive

result about the e�ect of realistic mantle temperature on elastic properties at high pres-

sure, particularly as non-linear e�ects have been reported in anhydrous ringwoodite at

temperatures higher than 1200 K [34]. We note that temperature might increase the sen-

sitivity of elastic wave velocities to hydration through anelastic e�ects, but a quantitative

estimate is severely hampered by the lack of any experimental constraints. According

to earlier estimates based on parameters derived for olivine, this e�ect might lead to a

velocity reduction of about 0.5 vel.% for ringwoodite hydrated with 1 wt.% of H2O [30].
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Figure 6.6: Hydration dependency of wave velocities measured at 19.9(5) GPa pressure
and a temperature of 500(20) K (diamonds). The red solid line is a prediction based on
applying a linear temperature dependency derived previously for anhydrous Fe-bearing
ringwoodite at room pressure [33] to our 300 K high-pressure experimental data. Within
uncertainties, our measured data are consistent with this prediction, indicating that the
temperature-e�ect on wave velocities might be independent of hydration state.

6.5.4. Velocity reduction in a pyrolitic mantle with hydration and possible

dependence on the hydrogen incorporation mechanisms

Based on our measurements, we modeled the e�ects of hydration on seismic wave velocities

in a pyrolitic mantle as a function of pressure and ringwoodite hydration state (Fig. 6.7).

At conditions expected in the transition zone, moderate amounts of water incorporated

into ringwoodite would almost certainly be hard to identify in seismic observables. Hydra-

tion of ringwoodite with 0.5 wt.% of water, for example, would decrease compressional and

shear wave velocities by less than about 0.25 vel.%, possibly below the detection limit of

seismic tomography [35]. Even if ringwoodite was almost water-saturated and contained

1.5 wt. % of water in the transition as found in a natural diamond inclusion [7], seismic

wave velocities would only be reduced by about 0.5 vel%, where seismic shear velocities

appear to be slightly more sensitive to hydration than compressional velocities (Fig. 6.7).

Overall, our data reveal that hydration of ringwoodite only has a subtle e�ect on seismic

velocities at conditions of the transition zone. This suggests that only strongly hydrated

mantle regions might possibly be detectable by analyzing seismic wave speed variations,
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Figure 6.7: Pressure-dependent velocity reduction expected in a pyrolitic mantle as a
function of ringwoodite hydration. At pressures of the transition zone where ringwoodite
is the stable phase (∼18-25 GPa), the velocity reduction caused by 1 wt. % hydration
is less than 0.5 %. A similar behaviour is expected at mantle temperatures, if the tem-
perature does not change the relative behaviour of anhydrous and hydrous ringwoodite,
a hypothesis supported by our comparative high-temperature experiment (Fig. 6.6, see
text).

provided that they span over large enough lateral regions to produce a coherent seismic

signal. Given the here-found small e�ect of hydration on ringwoodite wave velocities, the

seismic detection of mantle hydration will likely be signi�cantly complicated by competing

e�ects of lateral temperature variations. A di�erence in temperature of 100 K would, for

example, reduce the aggregate velocities by about 0.5 vel.% [33, 36]. The results of our

comparative study are in marked disagreement with the results of ref. [12] that predicted

velocity reductions of 4.5 vel.% for shear and 7 vel.% for compressional wave velocities

per wt.% H2O in iron-bearing ringwoodite at pressure and temperature conditions of the

lower transition zone.

Even though part of this discrepancy can be explained by uncertainties in extrapolat-

ing the previous data to pressures of the transition zone, we note that our low pressure

measurements show a signi�cantly smaller e�ect of hydration on elastic wave velocities

than that inferred from the previous Brillouin spectroscopy work on iron-bearing ring-

woodite containing 1.1 wt.% H2O [12] (Fig. 6.4). This di�erence might result from di�er-
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ent water-incorporation mechanisms between the studied ringwoodite samples. Previous

studies have identi�ed the three following major hydration mechanisms for ringwoodite

([32], [37]):

(1) MgSi� + H**; (2) VSi� � + H****; (3) VMg� + H**

By comparison of measured unit cell volumes of our samples to the theoretically pre-

dicted volume dependence for speci�c hydration mechanisms, we infer that our samples

closely resemble the energetically favored ringwoodite defect structure expected in the

transition zone [37] where hydrogen is mostly incorporated through mechanism [3] (Fig.

6.8). In contrast, the larger unit cell volume reported for the hydrous ringwoodite studied

previously by Brillouin spectroscopy [12] might indicate a di�erent dominant hydrogen

substitution mechanism, possibly as a result of di�erences in the synthesis procedure.

Theoretical work predicts a signi�cant dependence of the expected velocity reduction on

the water-incorporation mechanism for Mg-endmember ringwoodite, where incorporation

mechanism (1) is expected to have the strongest e�ect [37], consistent with the intuition

that a larger increase in unit cell volume causes a more pronounced e�ect on bulk elastic-

ity (Fig. 6.2). Comparison of our study to the previous work [12] suggests that the same

principles apply to iron-bearing ringwoodite.

6.6. Conclusion

Based on our comparative velocity measurements on typical transition zone ringwoodite

and our recent work on wadsleyite [38], we conclude that water might not be detectable by

seismic wave speed variations in Earth's transition zone. Our �ndings provide an intuitive

explanation for discrepancies in previous attempts to map the water distribution using

seismic data, that concluded that the transition zone is strongly hydrated [30], dry [29],

or partly hydrated away from subducting slabs [31], con�icting with the assumption that

slabs transport water into the mantle [39]. Our data can further explain discrepancies in

inferred water contents from electrical conductivity studies and seismic tomography [29,

40], for example under eastern China, where electrical conductivity values are strongly

elevated, indicating signi�cant hydration [40], but seismic wave velocities are not markedly
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lowered [29] as would be expected from previous results [12]. Based on our �ndings, the

seismic record is also consistent with a much wider range of water contents in the transition

zone than inferred by previous studies and seismological constraints accord with a locally

[7] or even globally [41] water-saturated transition zone.
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Figure 6.8: Dependence of unit-cell volume on hydration predicted by computations
for Mg2SiO4 ringwoodite [37]. The dashed lines represent di�erent isolated hydrogen
substitution mechanism, whereas the solid line corresponds to the trend predicted for
energetically-favoured hydration of ringwoodite, where hydration defect ratios are calcu-
lated to be 64:25:10 for substitution mechanisms (1):(2):(3), ref.[37]. These ratios are
in good agreement with experimental results from nuclear resonance spectroscopy ref.
[42]. The theoretically-derived unit cell volumes have been linearly shifted in volume to
match the volume for anhydrous Fe-bearing ringwoodite determined in this study. Our
measured unit-cell volumes for hydrated Fe-bearing ringwoodite (diamonds) closely follow
the predicted trend. Literature unit-cell volumes are reported for comparison [12, 28, 33].
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6.8. Supplementary material

Table 6.3: Synthesis conditions for the multi-anvil press experiments. H4071, H4164
and H4166 were synthesised in the 1000t Hymag press at BGI. The MA389 synthesis was
performed at GFZ Potsdam, SCO = San Carlos olivine powder.

H4071 H4164 H4166 MA389
Capsule material Re Pt Pt Pt
Starting material SCO SCO + Liq. H2O SCO + Liq. H2O Fo100 Pw

Assembly 10/4 10/4 10/4 10/4.5
Pressure [GPa] 22 19 20 19

Temperature [◦C] 1600 1200 1300 1500
Heating duration [ht] 1 8 8 8.5
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Table 6.4: Chemical characterisation of ringwoodite samples by EMPA, FTIR, Möss-
bauer Spectroscopy and single-crystal x-ray di�raction. Iron ratios are de�ned as Fe =
Fe3+/

∑
Fe and Fo = Mg/ (Mg +

∑
Fe).

H4071 H4164 H4166 MA389
Cations per four oxygen atoms

Si [pfu] 1.01(2) 1.00(2) 0.98(2) 0.99(2)
Mg [pfu] 1.71(3) 1.68(3) 1.68(3) 1.98(3)
Fe2+ [pfu] 0.189(10) 0.190(12) 0.163(9) -
Fe3+ [pfu] 0.033(9) 0.021(10) 0.036(8) -
H∗ [pfu] 0.035(2) 0.168(3) 0.272(2) 0.066(2)
Ni [pfu] 0.007(2) 0.007(2) 0.007(2) -
Mn [pfu] 0.003(1) 0.003(1) 0.002(1) -
Al [pfu] 0.001(1) 0.001(1) 0.001(1) -
Ca [pfu] 0.000 0.000 0.000 -

Iron compositions

Fe [-] 0.15(4) 0.10(5) 0.18(4) -
Fo [-] 88.5(6) 88.8(8) 89.4(6) 100

Hydration state - FTIR measurements

ν [cm−1] 3097(3) 3187(1) 3222(1) 3110(1)
A [cm−2] 17464(891) 70279(1035) 105522(404) 32102(948)
ε† [mol L−1 cm−2] 119065(623) 100463(208) 93105(208) 116340(208)

c‡H2O
[mol L−1] 0.44(5) 2.10(21) 3.40(34) 0.83(9)

c‡H2O
[wt.%] 0.21(3) 1.04(11) 1.71(18) 0.42(5)

Properties at ambient conditions

V0 [Å3] 528.46(9) 530.45(4) 531.40(4) 525.59(8)
MUC [10−25 kg] 19.5(3) 19.3(4) 19.2(3) 18.6(2)

∗ calculated from hydration state
† calculated using Thomas et al. 2015 [17]
‡ Uncertainties �xed to 10%
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Table 6.5: High-pressure result from Brillouin spectroscopy. The aggregate velocities are
calculated from the Voigt-Reuss-Hill average of the elastic moduli. The unit cell volumes
were measured with single-crystal XRD.

Pressure Density Elastic constants Elastic moduli Aggregate velocities
P ρ C11 C12 C44 GR GV KS VP VS

[GPa] [g cm−3] [GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [km s−1] [km s−1]

H4071

0.96(13) 3.71(6) 333.2(15) 124.1(18) 127.2(14) 117.1(12) 118.1(10) 193.8(13) 9.72(5) 5.63(3)
3.22(5) 3.76(6) 351.2(11) 129.0(13) 131.4(8) 122.5(8) 123.3(6) 203.0(9) 9.88(5) 5.72(3)
8.20(5) 3.85(6) 380.5(15) 141.1(16) 136.1(13) 129.0(11) 129.5(9) 220.9(12) 10.110(6) 5.80(3)
11.08(7) 3.9(6) 396.5(11) 147.2(16) 136.4(8) 131.4(8) 131.7(6) 230.3(11) 10.21(6) 5.81(3)
13.27(9) 3.93(6) 411.2(14) 156.1(17) 137.3(8) 133.2(9) 133.4(7) 241.1(12) 10.32(6) 5.83(3)
15.26(8) 3.96(6) 420.6(21) 160.2(33) 141.2(20) 136.6(17) 136.8(15) 247.0(23) 10.41(6) 5.88(3)
18.42(6) 4.01(6) 445.2(29) 175.3(26) 142.9(16) 139.6(17) 139.7(13) 265.2(20) 10.62(6) 5.91(3)
22.08(5) 4.05(6) 453.0(13) 180.4(16) 142.7(3) 140.0(7) 140.1(5) 271.3(12) 10.63(6) 5.88(3)

H4164

0.96(13) 3.67(7) 321.4(5) 199.3(8) 123.0(4) 113.1(4) 114.2(3) 186.7(6) 9.60(5) 5.57(3)
3.22(5) 3.71(7) 355.2(5) 124.6(5) 126.0(4) 116.8(4) 117.8(3) 194.8(4) 9.73(5) 5.62(3)
8.20(5) 3.80(7) 366.8(16) 137.2(20) 131.4(8) 124.2(10) 124.8(7) 231.7(14) 9.99(5) 5.72(3)
11.08(7) 3.85(7) 386.6(8) 149.8(13) 133.0(6) 126.8(6) 127.2(5) 228.7(9) 10.16(6) 5.74(3)
13.27(9) 3.89(7) 399.6(11) 157.1(15) 133.7(10) 128.4(9) 128.7(7) 237.9(10) 10.26(6) 5.75(3)
15.26(8) 3.92(7) 415.8(18) 163.5(32) 136.7(9) 132.3(13) 132.5(9) 247.6(22) 10.40(6) 5.81(3)
18.42(6) 3.97(7) 425.1(12) 174.7(13) 139.8(7) 133.6(8) 134.0(6) 258.2(10) 10.49(6) 5.80(3)
22.08(5) 4.02(7) 444.6(18) 174.4(23) 139.6(10) 137.8(11) 137.8(9) 264.5(16) 10.56(6) 5.86(3)

H4166

0.96(13) 3.63(5) 304.4(8) 113.8(11) 118.7(6) 108.1(6) 109.4(4) 177.3(8) 9.43(5) 5.48(3)
3.22(5) 3.67(5) 324.1(8) 121.7(8) 121.7(4) 112.6(5) 113.5(4) 189.2(6) 9.62(5) 5.55(3)
8.20(5) 3.77(6) 359.7(18) 134.4(17) 124.6(16) 119.5(13) 119.8(11) 209.5(13) 9.90(5) 5.64(3)
11.08(7) 3.82(6) 371.6(8) 139.3(10) 129.4(6) 123.8(6) 124.1(5) 216.7(7) 10.01(5) 5.70(3)
13.27(9) 3.85(6) 391.5(13) 156.7(13) 132.0(11) 125.8(9) 126.2(8) 235.0(10) 10.23(6) 5.72(3)
15.26(8) 3.88(6) 399.1(10) 154.1(26) 132.6(16) 128.4(12) 128.6(11) 235.8(18) 10.24(6) 5.75(3)
18.42(6) 3.93(6) 425.1(12) 169.7(13) 137.2(6) 133.2(7) 133.4(5) 254.8(10) 10.49(6) 5.82(3)
22.08(5) 3.99(6) 440.8(9) 178.6(9) 137.4(8) 134.8(7) 134.9(5) 266.0(7) 10.58(6) 5.82(3)

MA389

0.96(13) 3.56(4) 329.9(9) 119.3(9) 130.7(7) 119.2(6) 120.6(5) 189.5(7) 9.90(5) 5.80(3)
3.22(5) 3.60(4) 346.8(8) 125.8(8) 133.3(7) 123.2(6) 124.2(5) 199.5(6) 10.06(6) 5.86(3)
8.20(5) 3.69(4) 375.6(10) 137.4(13) 137.9(7) 129.7(7) 130.4(6) 216.8(9) 10.28(6) 5.94(3)
11.08(7) 3.74(4) 392.2(15) 138.7(20) 139.9(11) 134.4(11) 134.7(9) 223.2(14) 10.38(6) 6.00(3)
13.27(9) 3.78(4) 399.3(11) 141.5(15) 139.9(10) 135.3(8) 135.5(7) 227.4(11) 10.39(6) 5.99(3)
15.26(8) 3.81(4) 417.5(17) 161.6(32) 140.0(15) 134.9(14) 135.2(12) 246.9(22) 10.59(6) 5.96(3)
18.42(6) 3.85(4) 441.5(26) 173.11(26) 146.8(8) 141.5(15) 141.8(9) 262.6(20) 10.82(6) 6.06(4)
22.08(5) 3.90(4) 458.5(22) 181.3(22) 146.4(10) 143.2(13) 143.3(9) 273.7(16) 10.91(6) 6.06(4)
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7. High-pressure single-crystal structural analysis of

AlSiO3OH Phase Egg
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A. Pakhomova3, H. Marquardt1,4
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Kingdom
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7.1. Abstract

We present the �rst equation of state and structure re�nement at high-pressure of single-

crystal Phase Egg, AlSiO3OH. Single-crystal synchrotron x-ray di�raction was performed

up to 23 GPa. We observe the b-axis to be the most compressible direction and the β

angle to decrease up to 15 GPa and then to remain constant at a value of ∼ 97.8° up to

the maximum experimental pressure. Structure re�nements performed at low pressures

reveal a distorted octahedron around the silicon atom due to one of the six Si-O bond

lengths being signi�cantly larger than the other �ve. The length of this speci�c Si-O4

bond rapidly decreases with increasing pressure leading to a more regular octahedron at

pressures above 15 GPa. We identi�ed the shortening of the Si-O4 bond and the vacant

space between octahedral units where the hydrogen atoms are assumed to lie as the major

components of the compression mechanism of AlSiO3OH Phase Egg. The unit-cell volume

decrease with pressure can be described by a third-order Birch-Murnaghan equation of

state with the following parameters: V0 = 214.1(2) Å³, K0 = 153(8) GPa and K ′0 =

8.6(1.3).

Keywords: Phase Egg, Single-crystal, Structure Re�nement, X-ray Di�raction
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7.2. Introduction

Hydrous aluminosilicate phases have a higher temperature stability �eld than the respec-

tive Mg-endmembers and are stable along a typical geotherm [1]. Therefore, they are

assumed to play an important role in the Earth's deep water cycle [1�3]. AlSiO3OH

Phase Egg is stable within the transition zone [1, 4] and probably also in the upper lower

mantle until 26 GPa at 1460 � 1600 °C [3]. Nanocrystalline diamond inclusion with an

1:1 Al to Si composition were found, indicating its existence within Earth's mantle [5].

AlSiO3OH Phase Egg was �rst synthesized by Eggleton et al. (1978) [6] and the struc-

ture �rst determined by Schmidt et al. (1998)[7]. Phase Egg has a monoclinic structure

with P21/n space group (Figure 7.1) and the ideal formula AlSiO3OH contains 7.5 wt%

H2O. The crystal structure is made up by columns of edge-shared silicon octahedra corner
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Figure 7.1: The structure of Phase Egg, in the (010) and (100) plane. The silicon octa-
hedra are shown in dark blue and the aluminum octahedron are light blue. The oxygen
atoms are marked red and labeled with the oxygen numbers. Hydrogen atoms are not
shown in the structure but are situated in the empty channels visible on the right-hand
side [7].

linked to columns of edge-shared aluminium octahedra with hydrogen occupying the va-

cant space between columns [7]. Vanpeteghem et al. (2003) [8] performed a x-ray powder

di�raction study on Phase Egg to a maximum pressure of 40 GPa at room temperature

and described its compressibility using a third-order Birch-Murnaghan equation of state
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with a room pressure bulk modulus K0 = 157(4) GPa and its pressure-derivative K ′0 =

6.5(4). This previous study has highlighted the anisotropic compression of this mineral

with the shorter unit-cell axis being the most compressible. Vanpeteghem et al. (2003)

[8] suggested that this behavior may be caused by a larger compression of some of the

O-O bonds, but no structural re�nement at high-pressure was performed to support this

hypothesis.

Here, we present the �rst single-crystal x-ray di�raction data on Phase Egg collected to a

maximum pressure of 23 GPa at ambient temperature using neon as pressure-transmitting

medium. The single-crystal data allows the structural evolution of Phase Egg with pres-

sure to be characterised and the compression mechanism to be clearly identi�ed.

7.3. Methods

7.3.1. Sample synthesis and characterization

Phase Egg single-crystals were synthesized at 26 GPa and 1600 °C in a 1000 t Kawai

type multi-anvil apparatus at the Bayerisches Geoinstitut (BGI) (run number: S5050)

using a mixture of Al2O3:Al(OH)3:SiO2 in a wt.% ratio of 13.59:39.27:47.15 as starting

composition. The run product resulted in a mixture of Phase Egg, Al-phase D and

Stishovite. The chemical composition of Phase Egg as determined by microprobe analysis

is Al0.98(1)Si0.92(1)O3OH1.39(5). Further details on the synthesis and characterization are

given in Pamato et al. (2015) [3].

A single-crystal with dimension 28 x 77 x 42 µm³, having sharp di�raction pro�les with a

full width at half maximum in omega scans below 0.06°, was selected from the run product

and measured at ambient conditions on a four-circle Huber di�ractometer equipped with

MoKα radiation and a point detector at BGI. A total of 25 re�ections between 15° and

40° in 2Θ were centered using the eight-position centering according to the procedure

of King and Finger (1979) [9] implemented in the SINGLE operating software [10]. The

unit-cell lattice parameters were determined using vector-least-squares re�nements (Table

7.1). Single-crystal x-ray di�raction measurements for structure re�nement at ambient

conditions were performed at BGI using an Oxford XCalibur di�ractometer using MoKα
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Table 7.1: Lattice parameters, unit-cell volumes and unique angles for all pressure points.
Numbers in brackets refer to the uncertainty in the last given digit.

Pressure a b c Volume β
[GPa] [Å] [Å] [Å] [Å3] [deg]
0.0001* 7.1835(2) 4.3287(2) 6.9672(2) 214.43(1) 98.201(2)
1.09(5) 7.1738(2) 4.3092(4) 6.9499(3) 212.69(2) 98.114(4)
1.82(5) 7.1666(2) 4.2977(3) 6.9375(2) 211.55(2) 98.080(3)
3.09(5) 7.1613(3) 4.2819(4) 6.9249(3) 210.28(2) 98.007(5)
4.15(5) 7.1505(4) 4.2632(7) 6.9107(5) 208.64(4) 97.953(8)
4.87(5) 7.1488(4) 4.2564(5) 6.9071(6) 208.14(3) 97.966(9)
6.92(5) 7.1267(4) 4.2357(5) 6.8801(6) 205.74(3) 97.853(9)
9.74(5) 7.1128(3) 4.2132(3) 6.8639(4) 203.78(2) 97.838(6)
11.67(5) 7.0951(6) 4.1968(6) 6.8456(7) 201.93(4) 97.842(11)
14.54(5) 7.0693(2) 4.1722(2) 6.8187(2) 199.25(2) 97.805(3)
16.82(5) 7.0533(2) 4.1583(2) 6.8029(3) 197.69(2) 97.793(4)
17.27(5) 7.0529(2) 4.1561(3) 6.8030(3) 197.57(2) 97.800(5)
18.56(5) 7.0424(4) 4.1452(4) 6.7950(5) 196.52(3) 97.814(8)
19.33(5) 7.0356(3) 4.1403(3) 6.7875(4) 195.89(2) 97.806(6)
21.44(5) 7.0263(3) 4.1302(4) 6.7774(5) 194.86(3) 97.799(8)
23.33(5) 7.0138(3) 4.1209(3) 6.7661(4) 193.75(2) 97.802(6)
* measured at the XCalibur at BGI

radiation (λ = 0.70937 Å) operated at 50 kV and 40 mA. The system is equipped with

a graphite monochromator and a Sapphire 2 CCD area detector at a distance of 50.83

mm. Omega scans were chosen to obtain a large redundancy of the reciprocal sphere

up to 2Θmax = 81°. Frames were collected for 10 seconds using a step size of 0.5°. The

CrysAlis package (Oxford Di�raction 2006) was used to integrate the intensity data taking

into account both Lorentz and polarization factors as well as an empirical absorption

correction. The observed re�ections conditions were consistent with the P21/n space

group, with a resulting discrepancy factor, Rint, of 0.055. Structure re�nements based

on F2 were performed using the ShelX program [11] implemented in the WinGX system

[12]. The atomic parameters reported by Schmidt et al. (1998) [7] were used as starting

parameters and neutral scattering factors [13] were employed for Si, Al and O. All atoms

were re�ned allowing for anisotropic displacement parameters. We performed structure

re�nements at ambient conditions with both �xed and re�ned occupancies for Si and

Al in the two non-equivalent cation sites, respectively. Within uncertainties, the two
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Table 7.2: Atomic coordinates and isotropic displacement factors. Numbers in brackets
refer to the uncertainty in the last given digit. The anisotropy factors for aluminum and
silicon can be found in the attached *.cif �les.

x y z Uiso

0 GPa

Al 0.06552(7) 0.01868(11) 0.71036(7) 0.00677(12)
Si 0.68143(6) 0.01029(10) 0.58140(6) 0.00692(11)
O1 0.15108(15) 0.20934(25) 0.26100(16) 0.00654(18)
O2 0.52213(15) 0.20097(25) 0.39554(15) 0.00633(18)
O3 0.88225(15) 0.20359(25) 0.51364(16) 0.00677(18)
O4 0.76136(15) 0.22283(26) 0.12820(16) 0.00812(19)

x y z Uiso x y z Uiso

1.82 GPa 3.09 GPa

Al 0.0665(1) 0.0155(2) 0.7122(1) 0.0057(3) Al 0.0670(2) 0.0143(3) 0.7128(2) 0.0057(3)
Si 0.6818(1) 0.0065(2) 0.5799(1) 0.0064(3) Si 0.6817(2) 0.0051(2) 0.5794(2) 0.0064(3)
O1 0.1513(2) 0.2128(5) 0.2616(2) 0.0071(4) O1 0.1511(3) 0.2134(7) 0.2623(3) 0.0071(4)
O2 0.5226(2) 0.2029(5) 0.3961(2) 0.0069(4) O2 0.5226(3) 0.2031(7) 0.3969(3) 0.0069(4)
O3 0.8825(2) 0.2063(5) 0.5142(2) 0.0070(4) O3 0.8835(3) 0.2081(6) 0.5145(3) 0.0070(4)
O4 0.7614(2) 0.2273(5) 0.1271(3) 0.0085(4) O4 0.7615(3) 0.2290(7) 0.1271(3) 0.0085(4)

x y z Uiso x y z Uiso

4.87 GPa 11.67 GPa

Al 0.0677(1) 0.0118(2) 0.7138(1) 0.0064(3) Al 0.0692(2) 0.0071(3) 0.7152(2) 0.0064(3)
Si 0.6822(1) 0.0029(2) 0.5785(1) 0.0066(3) Si 0.6824(2) -0.0002(3) 0.5772(2) 0.0066(3)
O1 0.1508(2) 0.2177(4) 0.2620(3) 0.0068(4) O1 0.1502(4) 0.2215(8) 0.2633(4) 0.0068(4)
O2 0.5230(2) 0.2063(5) 0.3971(3) 0.0068(4) O2 0.5234(4) 0.2112(8) 0.3985(4) 0.0068(4)
O3 0.8839(2) 0.2123(5) 0.5149(3) 0.0076(4) O3 0.8854(4) 0.2164(8) 0.5161(4) 0.0076(4)
O4 0.7615(2) 0.2330(5) 0.1263(3) 0.0078(4) O4 0.7612(4) 0.2367(8) 0.1269(4) 0.0078(4)

x y z Uiso x y z Uiso

16.82 GPa 17.27 GPa

Al 0.0693(1) 0.0063(1) 0.7149(1) 0.0052(2) Al 0.0694(1) 0.0063(1) 0.7149(1) 0.0052(2)
Si 0.6826(1) -0.0018(1) 0.5766(1) 0.0055(2) Si 0.6826(1) -0.0019(1) 0.5767(1) 0.0055(2)
O1 0.1501(2) 0.2252(3) 0.2640(2) 0.0067(3) O1 0.1500(2) 0.2254(3) 0.2643(2) 0.0067(3)
O2 0.5235(2) 0.2151(3) 0.3998(2) 0.0063(3) O2 0.5233(2) 0.2152(3) 0.4003(2) 0.0063(3)
O3 0.8863(2) 0.2190(3) 0.5167(2) 0.0068(3) O3 0.8862(2) 0.2199(3) 0.5170(2) 0.0068(3)
O4 0.7610(2) 0.2399(3) 0.1268(2) 0.0074(3) O4 0.7611(2) 0.2403(3) 0.1271(2) 0.0074(3)

x y z Uiso x y z Uiso

18.56 GPa 19.33 GPa

Al 0.0691(1) 0.0056(2) 0.7148(2) 0.0045(3) Al 0.0693(1) 0.0055(2) 0.7148(1) 0.0045(3)
Si 0.6827(1) -0.0023(2) 0.5763(1) 0.0046(3) Si 0.6828(1) -0.0024(2) 0.5762(1) 0.0046(3)
O1 0.1495(3) 0.2260(5) 0.2644(3) 0.0059(3) O1 0.1498(2) 0.2267(4) 0.2645(2) 0.0059(3)
O2 0.5234(3) 0.2166(5) 0.4001(3) 0.0059(3) O2 0.5233(2) 0.2170(4) 0.3997(3) 0.0059(3)
O3 0.8870(3) 0.2204(5) 0.5168(3) 0.0059(3) O3 0.8870(2) 0.2204(4) 0.5171(2) 0.0059(3)
O4 0.7607(3) 0.2404(5) 0.1272(3) 0.0072(3) O4 0.7608(2) 0.2410(4) 0.1270(3) 0.0072(3)

x y z Uiso x y z Uiso

21.44 GPa 23.33 GPa

Al 0.0695(1) 0.0054(1) 0.7145(1) 0.0051(2) Al 0.0696(1) 0.0050(1) 0.7144(1) 0.0051(2)
Si 0.6828(1) -0.0023(1) 0.5763(1) 0.0055(2) Si 0.6828(1) -0.0024(1) 0.5761(1) 0.0055(2)
O1 0.1498(2) 0.2269(3) 0.2647(2) 0.0064(2) O1 0.1498(2) 0.2276(3) 0.2649(2) 0.0064(2)
O2 0.5234(2) 0.2171(3) 0.4006(2) 0.0064(2) O2 0.5236(2) 0.2178(3) 0.4005(2) 0.0064(2)
O3 0.8867(1) 0.2214(3) 0.5176(2) 0.0067(2) O3 0.8869(2) 0.2220(3) 0.5177(2) 0.0067(2)
O4 0.7610(2) 0.2409(3) 0.1271(2) 0.0074(2) O4 0.7609(2) 0.2410(3) 0.1272(2) 0.0074(2)

models gave identical results for atomic positions and bond distances. The fully occupied

model was therefore chosen for the following discussion. A total of 55 parameters were

re�ned using 1348 unique re�ections with resulting discrepancy factor R1 = 0.054. Atomic
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positions and displacement parameters are reported in Table 7.2.

7.3.2. High-pressure experiments

The Phase Egg single-crystal was loaded in a BX90 [14] diamond-anvil cell with 350

µm culet size. A 200 µm Rhenium gasket was pre-indented to ∼60 µm with a 200 µm

hole. Ruby spheres were added for in situ pressure determination. The gas-loading

system installed at BGI [15] was used to load neon at 1.5 kbar pressure as pressure

transmitting medium. High-pressure single-crystal x-ray di�raction was performed at the

Extreme Conditions Beamline P02.2 at Petra III at the Deutsches Elektronen Synchrotron

(DESY). Intensity data were collected at 15 pressure points between 1.09 and 23.33 GPa

using a focused monochromatic 0.2907 Å beam with a beam size of 2 x 4 µm2 and a

PerkinElmer area detector calibrated using a single-crystal of enstatite. Di�raction images

were collected in omega scans between -34° to +34° in 1° steps with an exposure time of 1

s. The pressure in the cell was increased using a pressure membrane and measured from

the ruby Raman �uorescence shift according to the calibration of Dewaele et al. (2008)

[16]. Data integration was performed using the CrysAlis package (Oxford Di�raction

2006). More than 520 re�ections were used at all but two pressure points (120 and

371 re�ections at 6.92 and 11.67 GPa respectively) to determine the unit-cell lattice

parameters reported in Table 7.1. Structure re�nements were performed at 10 di�erent

pressure points following the same procedure as used for the room pressure intensity data.

However, given the smaller number of unique re�ections due to the DAC restrictions, the

oxygen sites were re�ned isotropically. At each pressure point, the atomic positions (Table

7.2) of the previous pressure were used as starting parameters. The number of unique

re�ections varied between 496 and 687 with Rint between 0.0246 and 0.1902, while the

total number of parameters was reduced to 36. The resulting discrepancy factors, R1,

ranged between 0.0405 and 0.1059. Details of the structural re�nements are reported in

Table 7.5. Atomic positions and isotropic displacement parameters are reported in Table

7.2.
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7.4. Results and discussion

7.4.1. Compressibility of Phase Egg

The unit-cell lattice parameters of Phase Egg are shown in Figure 7.2 as a function of

pressure. No evidence for phase transitions can be observed in agreement with the results

reported by Vanpeteghem et al. (2003) [8]. A plot of the normalized pressure F versus

the Eulerian strain f [17] indicates that a third-order Birch-Murnaghan equation of state

state needs to be used in order to �t the P -V data (Figure 7.6). The room pressure

unit-cell volume, V0, the bulk modulus, K0 and its pressure derivative, K ′0, were re�ned

using the software EoSFit7c [18] resulting in V0 = 214.1(2) Å³, K0 = 153(8) GPa and K ′0

= 8.6(13) (Table 7.3).

The V0 obtained in this study is larger than that measured in earlier studies [7, 8],
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Figure 7.2: A) Unit-cell volume, B) relative unit-cell lattice parameters (a/a0, b/bo and
c/co) and C) β angle of Phase Egg. Open circles represent the room pressure data
measured in this study, whereas �lled circles are the high-pressure measurements. The
solid curves are from the third-order Birch-Murnaghan Equation of State �t. Literature
data are reported for comparison [7, 8, 19]. Uncertainties are smaller or comparable to
the symbol size unless error bars are shown

but is in good agreement with the unit-cell volume measured in-house at ambient con-

ditions for our sample (Figure 7.2A). The chemical analysis of our sample shows small

de�ciencies of silicon and aluminum, which are assumed to be substituted by hydrogen.

Schmidt et al. (1998) [7] reported an Al:Si ratio close to unity and Vanpeteghem et al.

(2003) [8] assumed unity based on a single-phase synthesis. The presence of very small

amounts of Al and Si vacancies in our sample may explain the larger unit-cell volume

measured in our study, but this seems to have a negligible e�ect on the atomic positions
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and bond distances. The crystal structure re�nement performed for the intensity data at

room pressure where the Al and Si occupancies were re�ned gave identical results within

uncertainties as the structure re�nement where Al and Si occupancies were set to unity.

The bulk modulus at ambient conditions is in agreement with the results of the high-

pressure powder di�raction study of Vanpeteghem et al. (2003) [8] within uncertainties

(Table 7.3). The pressure derivative determined in this study is, however, larger than

that reported by Vanpeteghem et al. (2003) [8], resulting in a lower compressibility of our

sample at high pressure. This is also visible in Figure 7.2A where the volume data of this

study diverge at high pressure from the data reported by Vanpeteghem et al. (2003) [8].

The reported uncertainties of the equation of state parameters re�ned in this study are

Table 7.3: Results of the third-order Birch-Murnaghan equation of state �t from previous
powder di�raction experiments [8] and this study. Numbers in brackets refer to the
uncertainty in the last given digit.

Vanpeteghem This Study a b c
et al. 2003

V0 [Å³] 211.50(1)* 214.1(2) L0 [Å] 7.1832(13) 4.3270(19) 6.9632(23)
K0 [GPa] 157(4) 153(8) M0 [GPa] 859(51) 242(15) 496(39)
K ′0 [-] 6.5(4) 8.6(1.3) M0' [-] 9.4(5.1) 29.8(3.0) 36.7(6.9)
* �xed value

larger than those given by Vanpeteghem et al. (2003) [8], where V0 was �xed during the

re�nement. Fixing one of the re�nement parameters reduces the uncertainties of the other

two, but given the correlation between EoS parameters, �xing V0 may bias the results.

The variation with pressure of the unit-cell axes is very anisotropic as already suggested

by Vanpeteghem et al. (2003) [8]. As can be seen from Figure 7.2C, the b-axis is the

most compressible direction, despite being the shortest of the three unit cell parameters.

A linearized third-order Birch-Murnaghan equation of state [18] was �tted to the data

(Table 7.3). The bulk modulus for the compression along b is much lower than those along

the other two axis (Table 7.3). The β angle shows a rapid decrease with pressure up to

10 GPa (Figure 7.2B) but then it remains practically constant at a value of 97.803(7)° up

to the largest pressure reached in this study.

The values of the a- and c-axes at ambient pressure di�er from those reported in previous
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studies (Figure 7.3)), possible reasons could be small di�erences in the chemical composi-

tion or synthesis conditions. The value of the b-lattice parameter, instead, is practically

identical to those previously reported, indicating that small chemical variations have little

e�ect along this direction, probably because they can be better accommodated by changes

in the voids among the octahedral units (Figure 7.1). However, the b-axis measured in

this study is less compressible than that measured by Vanpeteghem et al. (2003) [8] and

may be responsible for the larger K ′0 of our sample.

In crystals with orthorhombic or higher symmetry, the changes of the unit-cell lattice
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Figure 7.3: Unit-cell lattice parameters of Phase Egg. Open circles represent room pres-
sure data, whereas �lled circles are the high-pressure results from this study. Literature
data are reported for comparison [7, 8, 19]. Uncertainties are smaller or comparable to
the symbol size.

parameters with pressure correspond directly to the principal strain components of the

strain ellipsoid describing the distortion of the unstrained crystal (Nye 1985). However,

in the case of monoclinic and triclinic systems the largest and smallest lattice compress-

ibilities are not necessarily aligned parallel to the crystallographic axes. The strain tensor

for Phase Egg which has a monoclinic symmetry has therefore been calculated at each

pressure according to the equations reported by Carpenter et al. (1998) [20] and then

diagonalized to derive the principal axes of the strain ellipsoid. The resulting principal

strain elements ε11, ε22 and ε33 and their orientation with respect to the crystallographic

axes are reported in Table 7.4. Due to the monoclinic symmetry ε22 lies parallel to the

b-axis and has indeed the largest absolute value indicating that this is the most compress-

ible direction. ε11 and ε33 lie in the a-c plane ∼30(2)° clockwise rotated with respect to

the a-axis and c* -axis respectively. The ε11 direction is the sti�est and lies close to the
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orientation of the O3 oxygen sub-lattice which bisects the a-c plane.

Table 7.4: List of the elastic strain tensor elements eij, orthogonalized strain moduli εii
and the angle α between ε11 and the c-axis. Numbers in brackets refer to the uncertainty
in the last given digit.
Pressure e11 e22 e33 e13 ε11 ε22 ε33 α
[GPa] [10−3] [10−3] [10−3] [10−3] [10−3] [10−3] [10−3] [deg]

1.09(5) -1.35(4) -4.50(10) -2.26(6) 0.85(8) -0.84(8) -4.50(10) -2.77(8) 30.85
1.82(5) -2.34(4) -7.16(8) -3.96(4) 1.20(8) -1.71(7) -7.16(8) -4.60(7) 28.01
3.09(5) -3.09(5) -10.81(10) -5.59(6) 1.91(8) -2.06(8) -10.81(10) -6.62(8) 28.38
4.15(5) -4.59(6) -15.13(17) -7.50(8) 2.41(8) -3.23(9) -15.13(17) -8.86(9) 29.46
4.87(5) -4.83(6) -16.70(13) -8.05(10) 2.32(8) -3.62(9) -16.70(12) -9.26(10) 27.62
6.92(5) -7.91(6) -21.48(13) -11.65(10) 3.34(8) -5.95(9) -21.48(12) -13.61(10) 30.36
9.74(5) -9.84(5) -26.68(8) -13.94(7) 3.49(9) -7.85(8) -26.68(8) -15.94(9) 29.78
11.67(5) -12.31(9) -30.47(15) -16.58(11) 3.46(10) -10.38(10) -30.47(15) -18.51(11) 29.14
14.54(5) -15.89(4) -36.16(6) -20.36(4) 3.78(8) -13.73(7) -36.16(6) -22.52(8) 29.72
16.82(5) -18.12(4) -39.37(7) -22.60(6) 3.88(8) -15.88(7) -39.37(6) -24.84(8) 30.01
17.27(5) -18.18(4) -39.87(8) -22.60(6) 3.82(8) -15.98(7) -39.87(8) -24.80(8) 29.95
18.56(5) -19.64(6) -42.39(10) -23.79(8) 3.67(8) -17.50(9) -42.39(10) -25.93(9) 30.27
19.33(5) -20.59(5) -43.52(10) -24.85(7) 3.74(8) -18.41(8) -43.52(8) -27.02(9) 30.19
21.44(5) -21.88(5) -45.86(10) -26.28(8) 3.81(8) -19.68(8) -45.86(10) -28.48(9) 30.01
23.33(5) -23.62(5) -48.01(8) -27.91(7) 3.77(8) -21.43(8) -48.01(8) -30.10(9) 30.19

7.4.2. High-pressure structure

The individual octahedral bond distances for Si and Al are shown in Figure 7.4. At

ambient pressures, the Si-O bond lengths are generally between 1.75 and 1.8 Å, with the

exception of the Si-O4 bond that shows a value of about 2 Å in agreement with the result

reported by Schmidt et al. (1998) [7]. At lower pressures the coordination of the silicon

atom is therefore better described by a 5 + 1 number. A rapid reduction with pressure

of the bond distance between the Si and the O4 atoms is also clearly visible in Figure

7.4. The reduction is more than 9% between ambient conditions and the highest pressure

point at 23.3 GPa. Above ∼16 GPa, the Si octahedral coordination is much more regular

due to the initially large compressibility of the Si-O4 bond which becomes as sti� as the

other Si-O bond distances above this pressure (Figure 7.4). The sti�est Si-O bond is the

Si-O3 which does not show any signi�cant compression. All other Si octahedral bonds

have similar compression rates of ∼1.5 � 2% up to the highest pressure measured.

Parallel to the silicon octahedron, the Al-O bonds is also related to the bonds involving

the O4 atom (Figure 7.4B). The two Al-O4 bonds show similar compressibility of almost
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Figure 7.4: (A) Bond distances between the silicon and the oxygen atoms in the silicon
octahedron. The Si-O4 bond is elongated at room pressure and is more compressible than
all the other bonds. At pressure above 16 GPa, the silicon octahedron has a more regular
shape and the compressibility reduces. (B) Bond distances between the aluminum and
the oxygen atoms in the aluminum octahedron. Open circles represent room pressure
data measured in this study, whereas �lled circles are the high-pressure results from this
study. Uncertainties are smaller or comparable to the symbol size.

4% in the studied pressure range. The Al-O2 bond has a similar compressibility as that

of the Al-O4 bonds. Bonds involving the O3 atoms are the least compressible and show

<1.5% reduction between room pressure and 23.3 GPa.

The highest compressibility is found for the O4-O4 and the O3-O4 distances that are

located in the Al-octahedron (Figure 7.4B). These two distances show a reduction between

3-4% in the measured pressure range. The longest oxygen distance between O1 and O4

compresses by about 2%. The other distances involving the O3 atom show again the

sti�est behavior with less than 1% compression. The O2-O2 distance is the shortest of

the oxygen-oxygen bonds in the Phase Egg structure and a low compressibility, as can be

seen in Figure 7.5, is expected. This underlines the exceptionally low compressibility of

the O3-O3 bond distance. The bond is about 0.15 Å longer than the O2-O2 bond but

shows a similar low compressibility.

Vanpeteghem et al. (2003) [8] suggested that the compressibility of the longest O-O

distance located along the b-axis might explain its softer behaviour. Indeed the O4-O4

distance which is the one referred to by Vanpeteghem et al. (2003) [8] shows a slightly

higher compressibility than the other O-O distances, but this is not enough to explain the
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anisotropy of the Phase Egg unit-cell. The high compressibility of the b-axis is instead a

combination of di�erent structural features. Phase Egg contains voids visible in the (100)

plane among the octahedral units (Figure 7.1). According to Schmidt et al. (1998) [7], the

hydrogen atoms are located in these empty spaces and bonded to the O4 oxygens, which

is heavily undersaturated. Based on our results, the combination of the compressibility

of such voids together with the large compressibility of the Si-O4 bonds of the distorted

silicon octahedron that are oriented mainly along the b-axis causes the high compression

rate in the b-direction. Edge-sharing Al-octahedra have a more regular octahedral shape

than the Si-octahedra and are less compressible under pressure. The orientation of the

sti�est direction ε11 is close to the O3 sub-lattice alignment and is likely due to the low

compressibility of the atomic distances associated with the O3 atom implying that this

atomic sub-structure is very rigid.

7.5. Implications

Phase Egg is a member of the Al2O3-SiO2-H2O system. In contrast to the Mg-Si endmem-

ber, the phases in the aluminum system are stable at temperatures of a typical mantle
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geotherm [1]. Phase Egg and several other phases are therefore good candidates for the

water transport into the Earth's deep mantle during subduction of sediments and oceanic

crust. Direct evidence for the occurrence of Phase Egg in the Earth's mantle comes from

the chemical composition of a diamond inclusion that showed a 1:1 Al to Si ratio and was

assigned to Phase Egg [5]. The most prominent feature in the high-pressure behavior of

Phase Egg is the compression of the Si-O4 bond in the Si-octahedron. Computational

studies on the δ-AlOOH structure suggest that the compressibility of the structure is

related to hydrogen bonding symmetrization [21]. Based on this, Vanpeteghem et al.

(2003) [8] suggested that a sti�ening of the H-O bonds could explain the curvature in the

pressure dependence of the b-lattice parameter observed at high pressure for Phase Egg.

From our �ndings it is more likely that the regularization and further sti�ening of the

silicon octahedron is the reason for the change in compressional behavior above 15 GPa.
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7.7. Supplement
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A. Mathematical calculations

Several di�erent functions can be used for peak �tting. In this thesis, Voigt and Pseudo

Voigt functions have been used.

A.1. Peak functions

Gauss Function

G(x) =
1

σ
√

2π
exp

(
−(x− µ)2

2σ2

)
With:

→ G(µ) = max(G(x)) =
1

σ
√

2π

→ G(µ)

2
= G(µ± σ

√
2 ln 2)

→
∫ ∞
−∞

G(x) = 1

Lorentzian Function

L(x) =
1

π
· γ

(x− µ)2 + γ2

With:

→ L(µ) = max(L(x)) =
1

π γ

→ L(µ)

2
= G(µ± γ)

→
∫ ∞
−∞

L(x) = 1

Voigt Pro�le

V (x) = (G ∗ L)(x) =

∫
G(τ)L(x− τ)dτ
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Pseudo Voigt Pro�le

Vp(x) = η · L(x) + (1− η) ·G(x) , 0 < η < 1

Vp(x; η, γ, µ, σ) =
η

π
· γ

(x− µ)2 + γ2
+

1− η
σ
√

2π
· exp

(
−(x− µ)2

2σ2

)

A.2. Brillouin spectroscopy: extended calculations

Christo�el solution To resolve the elastic constants cij from the measured velocities

depending on the phonon wavevector direction ~n the Christo�el equation has to be solved:

det |cijkl · nj · nl − ρ · v2 · δik| = 0.

For cubic symmetries the Eigenvalue function simpli�es and the resulting characteristic

polynomial is as follows:

µ3 − (c11 − c44) · µ2 + [(c11 + c12) ·K · S] · µ− (c11 + 2 · c12 + c44) ·K2 ·Q = 0

With the following auxillary variables,

µ = ρ · v2 − c44 c1 = c11 + 2 · c44

K = c11 − c12 − 2 · c44 c2 = c11 − c44

S = n2
1 · n2

2 + n2
2 · n2

3 + n2
3 · n2

1 c3 = K · c−1
2

Q = n2
1 · n2

2 · n2
3 a = 3 · c3 · (2− c3)

ψ =
1

3
· arccos

(
1− 3

2
· a · S + b ·Q

(1− a · S)
3
2

)
b =

27

2
· c2

3 · (3− 2 · c3)

the polynomial can be solved to an expression for the velocities.

ρ · v2
j =

1

3
· c1 +

2

3
· c2 · (1− a · S)

1
2 · cos

(
ψ +

2

3
· π · j

)
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The three di�erent velocity components are de�ned by the polarisation index:

j = 0 longitudinal component

j = 1 1. transverse component

j = 2 2. transverse component

Determination of the phonon normal vector text

The orientation of the wavevector can be derived from x-ray di�raction. With χ, φ, ω

angles of an Eulerian four-circle goniometer(Angel et al. 2000).

~hΦ

| ~hΦ|
=
UB · ~h
| ~hΦ|

=


cos(ω) · cos(χ0 + χ) · cos(φ)− sin(ω) sin(φ)

cos(ω) · cos(χ0 + χ) · sin(φ) + sin(ω) cos(φ)

cos(ω) · sin(χ0 + χ)

 =


n1

n2

n3

 = ~n

A.2.1. Strain tensor and strain modulus

Following Carpenter et al. 1998 [1] the strain tensor for a monoclinic structure with a

unique β angle and the lattice parameters a, b and c has the follwing entries:

e11 =
a

a0

− 1

e22 =
b

b0

− 1

e33 =
c · sin(β)

c0 · sin(β0)
− 1

e13 =
1

2
·
(
c · cos(β)

c0 · sin(β0)
− a · cos(β0)

a0 · sin(β0)

)
e23 = 0

e12 = 0
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The unstrained state is de�ned by the variables a0, b0, c0, and β0.

e =


e11 0 e13

0 e22 0

e13 0 e33


The strain modulus Eij are the entries of the diagonalised strain tensor e meaning the

Eigenvalues of the tensor.

To derive the Eigenvalues and Eigenvectors the following equations are applied.

det |A− λ · I| = 0

(A− λi · I) · ~Vi = 0

The chracteristic polynom for the strain tensor e and the Eigenvalues are calculated.

0 = (e11 − λ) · (e22 − λ) · (e11 − λ)− e2
13 · (e22 − λ)

⇒ λ1 = e22

0 = (e11 − λ) · (e11 − λ)− e2
13

0 = λ2 − λ · (e11 + e33) + e11 · e33 − e2
13

⇒ λ2/3 =
1

2

(
e11 + e33 ±

√
e2

11 + e2
33 + 4 · e2

13 − 2 · e11 · e33

)
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We de�ne the diagonolised Matrix in the following way.

D =


E11 0 0

0 E22 0

0 0 E33


The Eigenvectors to the Eigenvalues de�ne an orthonormal base. We can calculate the

angle of ration between the base of the strain modulus and the orthogonal a, b, c∗ base

of the structure, by solving a rotation matrix according to the Eigenvectors.

R =


cos(ϕ) 0 sin(ϕ)

0 1 0

− sin(ϕ) 0 cos(ϕ)
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B. Additional Data

Not all results have been mentioned the thesis or the publications explicitly. Some addi-

tional tables are listed here.

B.1. Ringwoodite: chemical compositions

Table B.1: Summary of the chemical composition of four ringwoodite samples, the ferric
to ferrous iron ratio Fe, the hydrogen content per formula unit ��, the iron to magnesium
ratio Fo and the molar mass Mmol.

Fe �� Fo Mmol

[-] pfu [-] 10−24 g mol−1

H4071 0.15 0.035 88.5 244
± 0.04 0.002 0.6 3.6

H4164 0.10 0.168 88.8 242
± 0.05 0.003 0.8 4.1

H4166 0.18 0.272 89.4 240
± 0.04 0.002 0.6 3.3

MA389 - 0.066 1 233
± - 0.002 - 2.1

B.1.1. Electron microprobe analysis

Table B.2: Results of four ringwoodite samples from the electron microprobe analysis for
the main elements

Oxygen Silicon Magnesium Ferrous Iron Ferric Iron Hydrogen
� ��©� M§� ���2+ ���3+ ��

H4071 4 1.014 1.705 0.189 0.033 0.035
± - 0.0156 0.0227 0.0099 0.0089 0.002

H4164 4 1.001 1.684 0.19 0.021 0.168
± - 0.0172 0.0258 0.0116 0.0106 0.003

H4166 4 0.983 1.675 0.163 0.036 0.272
± - 0.0146 0.0211 0.0089 0.008 0.002

MA389 4 0.9918 1.9836 - - 0.066
± - 0.0198 0.0298 - - 0.002
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Table B.3: Results for four ringwoodite samples from the electron microprobe analysis
for the minor elements which are under the detection limit

Nickel Manganese Aluminium Calcium
��©� M®� A¬� C¡�

H4071 0.007 0.003 0.001 0
± 0.0011 0.0006 0.0003 0.0002

H4164 0.007 0.003 0.001 0
± 0.0011 0.0006 0.0003 0.0002

H4166 0.007 0.002 0.001 0
± 0.0011 0.0006 0.0003 0.0002

MA389 - - - -
± - - - -

B.1.2. Mössbauer spectroscopy

The Mössbauer spectra measured for the ringwoodite samples H4071 and H4164 are shown

here.
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Figure B.1: Mössbauer spectrum of the sample H4071
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Figure B.2: Mössbauer spectrum of the sample H4164

B.1.3. Thermal parameters

In the following table, the parameters that have been used for high-temperature correc-

tions are listed.

Table B.4: Thermal parameters for Mg2SiO4 ringwoodite by [2].
Name Dimension Value
Anderson-Grüneisen parameter γ0 - 6.9
Grüneisenparameter δT - 1.93
q-Factor q - 3.5
linear �t alpha(T) a K−1 2.57·10−5

b K−2 1.42·10−8

�t V0(T) a K−1 2.54·10−5

b K−2 1.22·10−8
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