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Zusammenfassung

Diese Arbeit ist Teil des Projekts 9 innerhalb der von der DFG geférderten
Forschergruppe CarboPaT (FOR2125), die sich mit den physikalischen Eigen-
schaften und der Phasenstabilitidt von Karbonaten beschéftigt. Der allge-
meine Rahmen dieser Arbeit ist die Untersuchung der elastischen Eigen-
schaften von Karbonaten in Abhéngigkeit von ihrer chemischen Zusammenset-
zung. Das Interesse an der Untersuchung von Karbonaten ist im Rahmen
des tiefen Kohlenstoftkreislaufs gerechtfertigt. Kohlenstoff ist ein grundle-
gendes Element fiir die Bewohnbarkeit des Planeten und das Leben auf
der Erde, und 99% des Kohlenstoffs konnen in der Tiefe der Erde gespe-
ichert sein. An der Erdoberfliche sind 60-70 % des Kohlenstoffs in Kar-
bonatmineralien [90] eingelagert, die dann durch Subduktion der ozeanis-
chen Lithosphére ins Erdinnere transportiert werden, hauptséchlich in Form
von Sedimenten. Obwohl subduzierende Platten einer Dekarbonisierung,
Dehydrierung und Schmelze mit Freisetzung von COy durch Suprasubduk-
tionsvulkanismus unterworfen sind, kann ein Teil der subduzierten Karbon-
ate iiberleben und weiter in den tiefen Erdmantel transportiert werden. Di-
rekte Beweise fiir das Vorhandensein von Karbonaten im Erdinneren, die
moglicherweise bis in den unteren Erdmantel reichen, liefern syngenetische
Einschliisse von Karbonaten in Diamanten [242, 226, 119, 27, 102, 264] und
Mantelxenolithen [263]. Das Vorhandensein von Karbonaten in der tiefen
Erde hat einen entscheidenden Einfluss auf die physikalischen Eigenschaften
des Erdmantels. Insbesondere das Schmelzen und die chemische Speziation
der Elemente im Erdmantel werden stark von der Form des C und der Stabil-
itdt der Karbonate beeinflusst [58, 59]. Daher ist die Untersuchung der Stabil-
itdt und der physikalischen Eigenschaften von Karbonaten bei hohen Driicken
und Temperaturen von grundlegender Bedeutung, da das Verstandnis der am
tiefen Kohlenstoffkreislauf beteiligten Prozesse dazu beitrégt, unser Bild des
gesamten Mantels zu verbessern.

Die systematische Charakterisierung der elastischen Eigenschaften von Kar-
bonaten in Abhéngigkeit von ihrer Struktur und chemischen Zusammenset-
zung ist von grofser Bedeutung, da sie es ermoglichen kann, ihr Vorhanden-

15



sein und ihre Verteilung durch Seismologie zu identifizieren. Die Umkehrung
seismischer Beobachtungen, um die chemische Zusammensetzung und Min-
eralogie des Erdinneren erfolgreich einzugrenzen, erfordert die Kenntnis der
physikalischen Eigenschaften aller moglichen Erdmaterialien bei den im Erdinneren
herrschenden Driicken und Temperaturen. Bisher hat sich eine Vielzahl
von Studien auf die Erstellung von Phasendiagrammen und strukturellen
Ubergéingen mit Hilfe von Rontgenbeugungs- und Schwingungsspektroskopie-
experimenten konzentriert [86]. Es gibt nur wenige Studien tiber den voll-
standigen elastischen Tensor von Karbonaten, aber die meisten Datensétze
werden nicht von einer genauen Charakterisierung der Proben begleitet,
bei denen es sich oft um feste Losungen handelt und die genaue chemis-
che Zusammensetzung, die Dichte oder die Details iiber die verwendeten
experimentellen Methoden nicht dargestellt werden. Ziel dieser Arbeit ist es,
die Auswirkung der chemischen Zusammensetzung auf die elastischen Eigen-
schaften von Karbonaten zu untersuchen und zuverldssige Datensétze zur
Elastizitdt der wichtigsten Karbonate und ihrer festen Losungen zu liefern.
Die Messungen wurden sowohl an kristallinen (natiirlichen und synthetis-
chen) als auch amorphen Verbindungen durchgefiihrt. Untersucht wurden die
elastischen Eigenschaften von natiirlichen kristallinen Aragonit-, Fe-Dolomit-
und Ankeritproben mit unterschiedlichen chemischen Zusammensetzungen.
Die neuen, qualitativ hochwertigen Ergebnisse stellen die Referenz fiir die
Elastizitdt von Aragonit, Fe-Dolomit und Ankerit dar.

Drei gut charakterisierte Proben von natiirlichem Aragonit, CaCOg, mit Sr-
Gehalten von 0.1, 0.3 und 1.5 mol% wurden bei Umgebungsbedingungen
durch Brillouin-Spektroskopie untersucht. Diese Proben decken zusammen
mit den Ergebnissen einer fritheren Brillouin-Spektroskopie-Studie an einem
Aragonit mit 2.4 mol% Sr den gesamten Bereich der Zusammensetzung natiir-
licher Aragonite ab. Das Vorhandensein von Sr fiihrt zu einer Erweichung
des Materials und einer Verringerung der elastischen Aggregateigenschaften
von Aragonit. Insbesondere zeigen die in dieser Arbeit vorgestellten Ergeb-
nisse einen Zusammensetzungstrend im isothermen Volumenmodul, der qual-
itativ mit den Ergebnissen einer fritheren Studie iibereinstimmt, in der die
Wirkung von Sr auf den Volumenmodul von synthetischen aragonitstruk-
turierten Sr,Ca;_,CO3-Mischkristallen mit x = 0,2,0,5,0,8 mittels DFT
und Hochdruck-Réntgenbeugung untersucht wurde. Die in einem so en-
gen Zusammensetzungsbereich beobachteten Effekte liegen jedoch an der
Grenze der experimentellen Auflésung der Brillouin-Streuung. Der Unter-
schied zwischen den aggregierten elastischen Eigenschaften von Calcit und
Aragonit wird in dieser Arbeit ebenfalls diskutiert. Im Allgemeinen wird
erwartet, dass ein Hochdruckpolymorph wie Aragonit einen grofseren Volu-
menmodul hat als ein Niederdruckpolymorph (Calcit). Die unterschiedliche
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Struktur der beiden CaCQOgs-Polymorphe fithrt jedoch dazu, dass Aragonit
einen um 9.7 % niedrigeren Volumenmodul als Calcit aufweist. Dieses schein-
bar anomale Verhalten ist auf die unterschiedliche Anordnung der Ca- und
C-Koordinationsumgebungen zuriickzufiihren, den Bausteinen, aus denen die
jeweiligen Strukturen von Calcit und Aragonit bestehen. Karbonatgruppen
COg3 sind bei niedrigem Druck steifer, daher wird die Kompression in CaCOs3
durch geometrische Verdnderungen in den Ca-O-Polyedern kompensiert. In
Aragonit sind die Ca-O-Polyeder gegeniiber der Calcitstruktur geneigt, so
dass die CO3-Gruppen in verschiedenen Ebenen angeordnet sind, was dazu
fithrt, dass Aragonit eine geringere Kompressibilitdt entlang der c-Achse,
aber eine hohere Kompressibilitat entlang der a- und b-Achse aufweist.

Die elastischen Eigenschaften von Fe-Dolomit und Ankerit (CaMgFe)(CO3),
wurden in dieser Arbeit erstmals analysiert. CaMg(COs3)y-CaFe(COs)y Mis-
chkristalle mit htherem CaMg(CO3)2-Gehalt sind ferroanische Dolomite (Fe-
Dolomit), wahrend der Begriff "Ankerit" fiir Mischkristalle mit hoherem
CaFe(COj3)a-Gehalt verwendet wird. Frithere Untersuchungen von reinem
Dolomit, CaMg(CO3)2 und Fe-Dolomit zeigen, dass Dolomit im P — T-
Bereich zwischen 5-7 GPa und 800-1300 K zu Magnesit MgCO3 und Arago-
nit zerfallt, wahrend Fe-Dolomit bei hohem Druck und hohen Temperaturen
stabiler sein konnte als Karbonate mit einzelnen Kationen. Daher wird Fe-
Dolomit als ein brauchbarer Kandidat fiir die Darstellung von Kohlenstof-
freservoiren in der Erde angesehen. Drei gut charakterisierte Proben von Fe-
Dolomit mit einem Gehalt an CaFe(COs3), x, von 0.05 (Ank-1), 0.29 (Ank-4)
und 0.40 (Ank-2) sowie eine Ankeritprobe mit x = 0.63 (Ank-5) wurden un-
tersucht. Die Proben Ank-1, Ank-2 und Ank-5 wurden bei Umgebungsbedin-
gungen mittels Brillouin-Spektroskopie untersucht. Die Proben Ank-2, Ank-
4 und Ank-5 wurden mit Hochdruck-Sychrotron-Pulver-XRD-Experimenten
untersucht. Die Kombination von Brillouin-Spektroskopie und Hochdruck-
Pulver-Rontgendetektion zeigt eine deutliche Abhéngigkeit der elastischen
Eigenschaften von der chemischen Zusammensetzung. Das Vorhandensein
von CaFe(CO3), hat einen bemerkenswerten Einfluss auf die elastischen Ten-
sorkoeffizienten: Ci;, Cs3 und Cyy zeigen eine Abnahme von 17% (fiir Cyq
und C33) und 13% (Cy4) mit zunehmendem CaFe(COj3)2-Gehalt; Cho und
C15 zeigen eine Zunahme von 9% und 20% mit zunehmendem CaFe(CO3)s-
Gehalt. Frithere Studien zu den elastischen Eigenschaften von MgCOs-
FeCO3-Mischkristallen zeigten ein dhnliches Verhalten der elastischen Ten-
sorkoeffizienten in Abhéngigkeit vom FeCO3-Gehalt. Der Effekt der Mg-
Substitution durch Fe, der zu einer Verringerung des Schermoduls und der
Schallgeschwindigkeiten fiihrte, hatte jedoch keine Auswirkungen auf den
Volumenmodul der MgCO3-FeCO3-Mischkristalle. Die Ergebnisse meiner
Studie iiber CaMg(CO3)o-CaFe(CO3)2-Mischkristalle zeigen, dass das Vorhan-

17



densein von Fe in der Struktur zu einer Senkung sowohl des Schiitt- und
Scheraggregatmoduls als auch der Schallgeschwindigkeiten fiihrt. Insbeson-
dere die Abhéngigkeit des Schiittgutmoduls vom CaFe(COj3)s-Gehalt zeigt
ein nichtlineares Verhalten mit einem Minimum um 40 mol%.

Neben der Untersuchung der elastischen Eigenschaften von kristallinen Kar-
bonaten in Abhéngigkeit von ihrer Zusammensetzung wurde die Bedeutung
der kationischen Substitution fiir die Struktur und das Hochdruckverhalten
von Karbonaten durch die Untersuchung eines synthetischen SrCO3-CaCOs-
Mischkristalls untersucht. Die Probe wurde bei 2 GPa und 1300 K in einer
Multianvil-Apparatur synthetisiert, um einen Sr,Ca;_,CO3-Mischkristall mit
Calcit-Struktur und x = 18 mol% zu erhalten. Ich untersuchte die Auswirkun-
gen von St auf die Struktur und das Phasenverhalten bei Umgebungsbedin-
gungen und bei hohem Druck (bis zu 9 GPa), indem ich Synchrotron-basierte
Einkristall-Réntgenbeugungsexperimente durchfithrte. Bei Umgebungsbe-
dingungen fiihrt das Vorhandensein von 18 mol% Sr zu einer strukturellen
Veranderung im Vergleich zu reinem Calcit, und Srg13Cag goCO3 kristallisiert
in einer monoklinen Struktur, Raumgruppe P2;/c und Z = 4, einer neuen
Struktur, die zum ersten Mal im System SrCO3-CaCO3 beobachtet wurde,
dhnlich der Calcit-1I-Struktur, genannt Sr-Calcit-II (Sr-CC-II). Die Parame-
ter der Einheitszelle sind a = 6,4237(7) A, b= 5,0176(1) A, ¢ = 8,1129(1),
B =108,064(1)° und V = 248, 60(1)A3. Die Transmissionselektronenmikroskopie-
Analyse wurde auch an mehreren Proben aus derselben Synthesecharge wie
die mittels XRD untersuchten Proben durchgefiihrt und zeigte das Vorhan-
densein komplexer Zwillings- und Antiphasendoménen, Sie zeigten das Vorhan-
densein komplexer Zwillings- und Antiphasendoménen, die auf eine Um-
lagerung von Atomen aus einer anfanglich ungeordneten calcitartigen Phase
(CaCO3-1V oder CaCO3-V, beschrieben durch Orientierungsstérungen der
CO3-Gruppen) unter den Synthesebedingungen hinweisen, die sich wihrend
des schnellen Abschreckens auf Umgebungsbedingungen geordnet und in die
Sr-CC-II-Phase umgewandelt hat. Bei 1.7 GPa verwandelt sich Sr-CC-II in
ein neues Polymorph, Sr-CC-III (monoklin, Raumgruppe P2;/m, Z = 8).
Sr-CC-IIT unterscheidet sich von allen bekannten Polymorphen von reinem
CaCQOg, weist jedoch einige Gemeinsamkeiten mit den metastabilen Hochdruck-
Polymorphen von Calcit CaCOs3-I1T und CaCOs-I1Ib auf, wie z. B. die nicht-
koplanaren COj3-Gruppen und das Vorhandensein von kationischen Stellen
mit unterschiedlicher Koordinationsgeometrie. Sr-CC-III wird bis zu einem
maximalen experimentellen Druck von etwa 9 GPa beobachtet. Die Anpas-
sung einer Birch-Murnaghan-Zustandsgleichung zweiter Ordnung an die ex-
perimentellen Volumina fiir die Sr-CC-III-Phase ergibt extrapolierte Werte
fiir das Volumen und den Volumenmodul von Vy = 474(1) A® und K, =
69(2) GPa.
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In dieser Arbeit wurde die Untersuchung der elastischen Eigenschaften von
Carbonaten nicht nur auf kristalline Materialien beschrénkt, sondern auch
auf amorphes Calciumcarbonat (ACC) ausgedehnt. ACC ist die am wenig-
sten stabile polymorphe Form von CaCO3 und ist eine Verbindung, die mehr
als einen amorphen Zustand (Polyamorphie) aufweist, wobei jede Form eine
unterschiedliche Kurzstreckenordnung hat. ACC ist ein Material von groffem
Interesse, da es der Vorlaufer fiir kristalline CaCOs-Polymorphe ist, die an
der Erdoberfliche vorkommen. Dariiber hinaus wurde in einer neueren Studie
erortert, dass ACC auch fiir die Erforschung der Erdtiefe von Interesse sein
konnte, da der temperaturbedingte Phaseniibergang von Aragonit zu ACC im
Bereich des Phasendiagramms von CaCQOj3 oberhalb von 3 GPa und 1000 K
beobachtet wurde. In dieser Arbeit wurden die Schallgeschwindigkeiten und
elastischen Eigenschaften von drei synthetischen ACC-Proben mit unter-
schiedlichen Wassergehalten bis zu 18 Gew.% durch Brillouin-Spektroskopie
bis zu 20 GPa bestimmt. Die Ergebnisse dieser Studie zeigen eine gle-
ichméfige Druckabhéngigkeit der akustischen Geschwindigkeiten mit dem
Druck wahrend der Kompression und Dekompression. Es wurden keine
Anomalien bei 10 GPa beobachtet, einem Druck, bei dem zuvor in einer
XRD-Hochdruckstudie ein struktureller Phaseniibergang fiir wasserhaltiges
ACC festgestellt worden war. Der Unterschied zwischen dem isothermen
und dem isentropen Volumenmodul, der mit zunehmendem Druck zunimmt,
scheint jedoch auf eine kontinuierliche Entwicklung der lokalen Struktur von
ACC bei der Kompression hinzudeuten. Diese Studie zeigt, dass die Zugabe
von 18 Gew.% Hy0O zu einer Erweichung von 38% des Volumenmoduls und
36% des Schermoduls von ACC fiihrt. Der Vergleich zwischen den elastis-
chen Eigenschaften von wasserfreiem ACC und Aragonit zeigt, dass ACC im
Druckbereich zwischen 0 und 20 GPa stéarker komprimierbar ist als Arago-
nit. Der Temperatureffekt wurde nicht beriicksichtigt, da der Einfluss des
Drucks auf die elastischen Eigenschaften von Karbonaten viel grofier ist. Die
Ergebnisse unserer Studie zeigen, dass eine Amorphisierung von Aragonit
im P — T-Bereich zwischen 4.8 und 8 GPa zu einer Erweichung dieses Kar-
bonats (Senkung des Volumenmoduls um -25% und des Schermoduls um
-40%) und zu einer Verdnderung der mechanischen Eigenschaften von Kalzi-
umkarbonat und der Schallgeschwindigkeiten (-7.3% der longitudinalen und
-15% der transversalen Schallgeschwindigkeiten) fiihren wiirde. Dies kénnte
wichtige Auswirkungen auf die Charakterisierung von Prozessen haben, die
mit dem Metling und der Dekarbonisierung der subduzierenden Platten und
dem Recycling von Kohlenstoff in den Subduktionszonen zusammenhéngen.
Dariiber hinaus wurde die Untersuchung der Auswirkung der Zusammenset-
zung auf die elastischen Eigenschaften von Familien isostruktureller Festkor-
per auch auf eine andere Klasse von Materialien ausgedehnt, die Metall-
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Guanidinium-Formiate (MGF), C(NHy)3 M I(HCOO)3, mit M =Mn, Zn,
Cu, Co, Cd und Ca. Diese Materialien kristallisieren in orthorhombischer
Symmetrie. MnGF, ZnGF und CoGF sind isostrukturell mit der Raum-
gruppe Pnna. CuGF hat eine dhnliche Kristallstruktur, weist aber als Cu?*
ein Jahn-Teller-Ion eine stiarkere Verzerrung der konstituierenden Polyeder
auf und kristallisiert in der Raumgruppe Pn2ia. In dieser Studie wurden
synthetische Kristalle jeder Zusammensetzung durch eine Kombination aus
Brillouin-Spektroskopie (BS), plattenparalleler ebener Wellentechnik (PPPW),
Resonanz-Ultraschallspektroskopie (RUS), Dichtefunktionaltheorie (DFT) und
thermisch diffuser Streuungsanalyse (TDSA) untersucht. Insbesondere wur-
den die elastischen Eigenschaften von (i) MnGF mittels BS, DFT und TDSA
untersucht; (ii) ZnGF durch BS, PPPW, RUS und DFT; (iii) CuGF durch
PPPW, RUS und DFT und (iv) CoGF durch DFT. Die mit den verschiede-
nen Techniken erzielten Ergebnisse stimmen perfekt iiberein, mit Ausnahme
des Cs3-Koeffizienten von MnGF und ZnGF, der durch DFT-Berechnungen
erhalten wurde und der viel grofer (15%) als die experimentell ermittelten
Werte ist. Unsere Ergebnisse zeigen, dass die elastischen Eigenschaften der
Aggregate und die Koeffizienten der elastischen Tensoren stark von der Grofe
des M!/-Kations abhingen. Grofiere M!/-Kationen fithren zu weicheren
Verbindungen. Die kationische Substitution mit Cu, einem Jahn-Teller-Ton,
verursacht eine strukturelle Verzerrung, die zu einer drastischen Erweichung
des Materials fithrt, verglichen mit ZnGF und CoGF. Unsere Ergebnisse
bestatigen auch die in fritheren XRD- und Neutronenbeugungsstudien an
Einkristallen beobachtete axiale Komprimierbarkeit von MnGF und ZnGF
entlang der c-Achse, die nahezu null betrégt.

20



Summary of the thesis

Carbon is an element that controls planetary habitability, and is fundamen-
tal for life on Earth. Its behaviour has important consequences for the global
climate system, the origin and evolution of life on Earth. While the bio-
sphere and atmosphere’s carbon cycle only accounts for less than 1% of the
global carbon budget, hidden reservoirs of deep carbon in the Earth’s in-
terior comprise the predominant storage of carbon on the planet [218]. At
the Earth’s surface, 60-70 % of carbon is hosted by carbonate minerals [90],
which are then transported to the Earth’s interior, mainly in the form of
sediments, by subduction of the oceanic lithosphere. Subducting plates are
subjected to decarbonation, dehydration, and melting with CO, release via
supra-subduction volcanism. Nevertheless, part of the subducted carbon-
ates’ may survive and be further transported to the deep mantle [108, 185].
Direct evidence of the existence of carbonates in the Earth’s interior, possi-
bly reaching down to the lower mantle, comes from the finding of syngenetic
inclusions of carbonates in diamonds [242, 226, 119, 27, 102, 264] and mantle
xenoliths [263]. The presence of carbonates in the deep Earth has a crit-
ical effect on the physical properties of the mantle. Melting and chemical
speciation of the mantle are strongly affected by the form of C and car-
bonate stability [58, 59]. Therefore, the study of the stability and physical
properties of carbonates at high pressures and temperatures is fundamental,
because understanding the processes involved in the deep carbon cycle helps
to improve our picture of the whole mantle.

The systematic characterization of the elastic properties of carbonates as a
function of their structure and chemical composition is of great importance
because it may allow to identify their presence and distribution by seismol-
ogy. Inverting seismic observations to successfully constrain the chemical
composition and mineralogy of the Earth’s interior requires knowledge of the
physical properties of all possible Earth’s materials at pressures and temper-
atures applicable to the Earth’s interior. Up to now, a multitude of studies
has focused on the construction of phase diagrams and structural transitions
by means of X-ray diffraction and vibrational spectroscopy experiments [86].
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Few studies are available on the complete elastic tensor of carbonates, how-
ever most of the datasets are not accompanied by an accurate characteriza-
tion of the samples, which are often solid solutions and the exact chemical
composition, density or the details about the experimental methods used are
not presented. The aim of this thesis is to study the effect of chemical com-
position on the elastic properties of carbonates, providing a reliable dataset
on the elasticity of the main carbonates. In particular, the elastic proper-
ties of crystalline aragonite, CaCOj3, and Fe-dolomite, (Ca, Mg, Fe)(COs3)s,
with different compositions were studied by Brillouin spectroscopy at ambi-
ent conditions. Brillouin spectroscopy was also used to investigate the elastic
behaviour of amorphous calcium carbonate samples with different water con-
tents (up to 18 wt%) at high pressures, up to 20 GPa.

Furthermore, the importance of cationic substitution on the structure and
high pressure behaviour of carbonates was investigated by studying a syn-
thetic CaCO3-SrCO3 solid solution at ambient conditions and at high pres-
sures, up to 10 GPa, by single crystal X-ray diffraction. Finally, the study
of the effect of composition on the elastic properties of families of isostruc-
tural solids was also extended to a different class of materials, the metal
guanidinium formates. The elasticity of a family of perovskite metal or-
ganic frameworks, metal guanidinium formates C(NHy)3 M I(HCOO)s, with
M =Mn, Zn, Cu, Co, Cd and Ca was investigated by combining Brillouin
spectroscopy, resonant ultrasound spectroscopy, density functional theory
and thermal diffuse scattering analysis.
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Chapter 1

Introduction

If you thought science was
certain-well, that is just an error
on your part.

Richard Feynman

1.1 Motivation

Carbon is one of the most important elements on Earth. It is fundamental
for the global climate system, the origin and evolution of life, carbon-based
energy resources, and for a vast array of materials that are central to our
daily lives [172]. Carbon moves through the surface and the Earth’s inte-
rior in what is called the deep carbon cycle. In fact, most of C on Earth is
stored in the core and the mantle and only 1 % of the global carbon con-
tributes to the well-known surface carbon cycle between the atmosphere and
biosphere [219].

Carbon from the oceanic lithosphere (sediments, crust and lithospheric man-
tle) is carried into the deep Earth, mainly in the form of carbonates, by
subduction of the oceanic lithosphere [185]. The amount of carbon that is
subducted into the mantle varies from trench to trench, however estimates are
in the order of megatons per year, 61-114 Mt C/y [59], 40-66 Mt C/y [108|.
Depending on the slab temperature and redox conditions, the sedimentary
carbon budget (seawater-precipitated and organic carbon) is subjected to
decarbonation, dehydration and melting and is released on the mantle wedge
and recycled back into the surface by volcanism [59, 108, 51, 204, 185]. In
warmer slabs, carbonate in metasedimentary rocks will be lost generating
carbonated melts and recycled back to the surface of the Earth. The flux of
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carbon that is recycled to the surface via volcanism, although not well con-
strained, is estimated in the order of megatons per year (31-127 Mt C/y [59],
26-85 Mt C/y [108]), about 40-70% of the subducted C budget [59]. Colder
slabs, however, are not predicted to form carbonate melts at any depth above
the lower mantle and can transport carbon into the deep Earth [216]. De-
spite the many studies on C fluxes, accurate estimates of carbon abundances
in the Earth’s interior are challenging, as they take into account the un-
known primordial C budget [146] and the low solubility of carbon in mantle
silicates [109, 197, 210], the low modal abundance of accessory C-bearing
minerals and graphite/diamond in mantle xenoliths [172]. The estimated
amount of C overall inventory in the Earth is in the range between 370(150)
and 740(370) ppm |[72].

Carbon on Earth can be found in different forms, depending on the re-
dox and hydration states and pressure-temperature conditions. In partic-
ular, about 60-70% of the Earth’s surface C budget is hosted by carbonate
minerals [90]. Solid carbonates can be found as stable phases in the deep
Earth, up to at least the transition zone, as evidenced by inclusions in dia-
monds [242, 226, 119, 27, 102, 264| and mantle xenoliths [263, 134]. In some
shallow parts of the oceanic mantle temperatures are too high for the crys-
talline carbonate forms to be stable and C is generally dissolved in melts or
fluids. On the other hand, the deeper part of the mantle can be too reduced
to favor stable carbonates and C is hosted in reduced carbon phases such
as diamond and graphite [59]. Additionally, C can be found in the form of
Fe carbides in the Earth’s mantle, depending on the metallic Fe and C ra-
tios [59]. Fig. 1.1 represents a summary of the distribution of the different C
species inside the Earth focusing on the asthenospheric mantle, continental
lithosphere and the subducted slabs [172].

The presence of carbonates in the deep Earth has a tremendous influence on
the partial melting of mantle lithologies, which leads to chemical differentia-
tion of the mantle [58, 57, 59]. The occurrence of partial melting could be the
reason for some low velocity zones in the upper mantle [59|. Furthermore,
carbonate melts in the deep Earth have important implications for the origin
deep focus earthquakes (occurring below 300 km) [216, 265|. Earthquakes
at depths greater than 70 km are limited to a few regions associated with
current or recent subduction. Intermediate depth earthquakes (70-300 km)
result from the dehydration of minerals in the subduction slab, however deep
seismicity (300-690 km) is not yet fully understood [253]. Mechanisms for
earthquakes happening at depths lower than 70 km, according to modern
theories, are associated to three different non-mutually exclusive causes: (i)
phase transformations which cause volume decreases and nanocrystalline re-
action products, thus leading to seismic events (i.e. phase transformation
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Figure 1.1: Cartoon of distribution and forms of C inside the Earth. Red circles: gas
form of C; Orange circles are fluid or molten forms of C; green circles
represent accessory solid phases of C, while the octahedra are diamond
phases. The numbers indicate the important phase transitions in carbon-
ates: (1) calcite to aragonite; (2) dolomite to dolomite-Il, (3) aragonite
to postaragonite; (4) dolomite-Il to dolomite-l; (5) Fe sp?—carbonate
to Fe sp®—carbonate, (6) postaragonite to sp®—carbonate; (7) magnesite
to magnesite-1l. Figure from Orcutt et al. (2019) [172].

from olivine to wadsleyite and ringwoodite); (ii) shear heating and thermal
run-away mechanisms that enable significant fault ruptures due to the high
temperatures generated along a propagating fault tip; (iii) the formation
of thin melt layers along the fault zones. In a recent study, Shirey et al.
(2021) [216] discuss phase relationships for carbonate-bearing altered ocean
crust suggesting that carbonate is retained in old, cold subduction zones to
transition zone depths, where it will form carbonated melt. The presence of
carbonate melt at transition zone conditions, provides a viable explanation
for deep earthquakes [216, 249].

The study of deep carbon has attracted a lot of interest from the twenty-
first century, aiming at understanding the C amount, distribution, form and
stability in the Earth. For this purpose the Deep Carbon Observatory was es-

25



tablished (DCO; http:// deepcarbon.net) in 2009. Furthermore, in 2015 a re-
search group funded by the Deutschen Forschungsgesellschaft (DFG) named
CarboPaT was also established aiming to understand the physical properties
and phase stability of carbonates at high pressure and temperature condi-
tions (https://www.goethe-universityfrankfurt.de/48626215/for2125). This
work of thesis is part of Project 9 within the CarboPaT research group and
focuses on the creation of an accurate database of the elastic properties of
the main carbonates.

The systematic characterization of the elastic properties of carbonates as a
function of their structure and chemical composition is of great importance
to identify their presence and distribution by seismology. Elasticity is a prop-
erty fundamental for understanding the structure and properties of the Earth
as seismic waves provide the most important information on the Earth’s in-
terior. Seismic waves are elastic waves traveling through the Earth, whose
velocity can be calculated based on the knowledge of the elastic properties
of the minerals and rocks they travel through. Seismological observations
allowed to identify several features in the Earth’s structure, such as large
low shear velocity provinces, anomalies in the velocities across the transition
zone and pervasive scatterers throughout the mantle [142]. Most of these
features are still poorly understood. Inverting seismic observations to suc-
cessfully constrain the chemical composition and mineralogy of the Earth’s
interior requires knowledge of the physical properties of all possible Earth’s
materials at pressures and temperatures relevant for the Earth’s interior.
Phase transitions, chemical reactions, texturing and deformation, which af-
fect the elastic properties of the rocks of the mantle are known to influence,
and sometimes dominate, seismic velocities [142, 106].

Reliable datasets of the elastic properties of carbonates as a function of
their structure, composition and pressure-temperature conditions are fun-
damental to determine if carbonates could be viable candidates to explain
the anisotropic anomalies observed in the mantle and possibly quantify the
amount of C in the mantle. Up to now, a large number of studies have focused
on the construction of phase diagrams by means of X-ray diffraction and vi-
brational spectroscopy experiments [86]. Few studies are available on the
complete elastic tensor of carbonates, however most of the available datasets
are on insufficiently characterized samples, whose exact chemical composi-
tion and density are not presented or clearly documented.

Experimental determination of the elastic properties of carbonates is also
necessary as a benchmark for computational calculations [255]. Ab initio
methods can predict the elastic properties of phases across the entire range of
pressure and temperature conditions of the Earth’s mantle with uncertainties
smaller than 2-5%. Uncertainties associated with computational techniques
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derive from the approximations used in the calculations, accurate experimen-
tal measurements are necessary to improve these approximations [142].
Carbonates were initially not considered to explain seismic discontinuities
due the low abundance of C within the Earth and lack of knowledge on the
elasticity of these minerals at pressure temperature conditions relevant to
the mantle. However, the presence of carbonates at different depths, proved
by direct observation of inclusions in deep diamonds [27|, has the potential
to alter the elastic properties of mantle rocks, making carbonates potentially
seismically detectable. In the following, a description of carbonates and the
state of the art on the main carbonates stability and elastic properties will
be provided.

1.2 Carbonates

Carbonates are by far the most abundant carbon bearing compounds on
Earth. Solid carbonates exist both in amorphous and crystalline form, with
more than 300 different mineral species that have received IMA approval
(http://rruff.info/ima/) [86].

Carbonates can be grouped with respect to their crystal structure. The
most common carbonates in the Earth’s crust belong to three structure
groups: calcite, aragonite and dolomite, shown in Fig. 1.2. Carbonates
of alkaline earth or transition metal cations with atomic radii smaller or
equal to Ca** belong in the calcite-type structure. Calcite-type carbonates
crystallize in the trigonal symmetry and space group R3c. Common ex-
amples of calcite-type minerals are calcite (CaCOj3), magnesite (MgCOs3),
siderite (FeCOs3) and rhodocrosite (MnCOs). Carbonates of metal cations
with atomic radii of the same size or bigger than Ca®" crystallize in the
aragonite-type structure, with orthorhombic symmetry with space group
Pmen. Examples of aragonite-type carbonates are aragonite (CaCOQOj3), stron-
tianite (SrCOj3), witherite (BaCO3) and cerussite (PbCO3). The dolomite-
type structure group is topologically similar to the calcite-type and is com-
monly observed for double carbonates. The alternate layered structure, per-
pendicular to ¢, occupied by different cations causes the loss of a glide plane,
resulting in the space group R3. Examples of carbonates belonging to this
structure group include dolomite CaMg(CO3)q, ankerite CaFe(CO3)s and
kutnohorite CaMn(COj3)2. In addition to the above mentioned carbonate
groups, more than 90 species have been described, which crystallize in differ-
ent structures (e.g. vaterite (CaCOj) and huntite CaMgz(CO3),) but only a
handful are common [86].

In addition to anhydrous carbonates, such as the ones mentioned above, hy-
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Figure 1.2: Crystal structures of calcite (space group R3c) (a), aragonite (space group
Pmen)(b) and dolomite (space group R3) (c). In blue are the Ca-O coor-
dination polyhedra, in orange the Mg-O coodrination polyhedra. The red
atoms are O, while brown atoms are C. Visualization from VESTA [161].

drous carbonate minerals are also found in nature. In the following the phase
diagram and elastic properties of the main carbonates will be described.

1.2.1 Calcium carbonate, CaCOg3

Calcium carbonate, CaCQg, is among the most abundant carbonates in
crustal materials. At ambient conditions calcium carbonate exhibits three
crystalline anhydrous polymorphs: calcite, vaterite, aragonite, and three
hydrous forms: amorphous calcium carbonate (ACC), calcium carbonate
monohydrate (monohydrocalcite, CaCO3-H,0), and calcium carbonate hex-
ahydrate (ikaite, CaCO3-6 HyO) [31]. Calcite is the thermodynamically stable
phase at ambient conditions, and it has a trigonal structure and crystallizes
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in the R3c space group with 6 formula units (Z); Ca is surrounded by 6
oxygens, while C is coordinates 3 oxygens. Aragonite is a high pressure
polymorph but is metastably present at ambient conditions, especially as
a product of biomineralization and precipitation processes. It has an or-
thorhombic structure and crystallizes in the Pmcn space group with Z = 4,
and unit cell parameters a = 4.961(1) A, b = 7.970(2) A, ¢ = 5.742(1) A;
Ca coordinates 9 oxygens. Vaterite is a metastable phase across the whole
P-T range and its structure is composed of at least two different crystallo-
graphic structures that coexist within a pseudo-single crystal, with the major
structure exhibiting hexagonal symmetry (space group P63/mmec, Z = 6 for
the main structure and space group Ama2, Z = 4 for the secondary struc-
ture) [100, 47|. In the following, the phase diagram and elastic properties of
CaCO3 will be discussed.

The phase diagram of CaCOj is shown in Fig. 1.3, where the thermodynam-
ically stable phases are represented by different colors. Upon temperature
increase, calcite transforms to calcite-IV (at about 980 K) and calcite-V (at
about 1200 K). The structure of calcite-IV belongs to the R3c space group,
as calcite, but is characterized by orientational disorder of the COj3 groups
where the O atoms at Wyckoff position 18e can have different, but finite, ar-
rangements around the C atom [97]. At higher temperatures, approximately
at 1240 K, calcite-IV transforms to calcite-V. The space group of calcite-V
is R3m and the c-length is halved compared to the calcite phase [10, 97, 96].
In calcite-V, the oxygen atoms exist with equal probability along the undu-
lated circular orbital around the central carbon. The structures of calcite-I,
calcite-IV and calcite-V are shown in Fig. 1.4.

Upon pressure increase, calcite transforms to aragonite, which is the ther-
modynamically stable phase up to 30 GPa. At higher pressures aragonite
transforms to a new polymorph, CaCO3-VII. CaCO3-VII crystallizes in the
monoclinic symmetry with space group P2;/c and with Z = 4 [13, 220, 120].
CaCO3-VII was shown to have the same structure of the P2;/c — [ poly-
morph, which had been previously predicted using ab initio random structure
searching technique [182, 13, 75]. At pressures between 50 GPa and 90 GPa
and temperatures in the range between 1500 and 2500 K, calcium carbon-
ate crystallizes in the post-aragonite structure (space group Pmmn, Z = 2,
a=4.101(1) A, b=4.561(1) A, and ¢ = 3.964(1) A, at 66.4 GPa) [168].
Despite the numerous studies on CaCO3 at high pressures and temperatures,
there is still an area of the phase diagram, ranging from 3 to 11 GPa and
800 to 1600 K, that is still controversial (part of the phase diagram overlaid
with line-shades Fig. 1.3). Suito et al. (2001) [230] suggested it might be
a disordered crystalline phase, Litasov et al. (2017) [126] proposed a new
phase to exist at these P-T conditions. Neither study, however, provided de-
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Phase diagram of CaCO3. Different colors represent the thermodynam-
ically stable phases. Black lines: phase boudaries from Suito et al.
(2001) [230], Ter Heege and Renner (2007) [232]. Blue lines from show
the melting curves from conductivity experiments [121], dashed line rep-
resents the extrapolated melting curve [129]. Red lines show the phase
boundaries from Bayarjargal et al. (2018) [13]. Brown curve shows the
phase transition from CaCOs3-lll and CaCO3-VI from Koch-Miiller et al.
(2016) [113]. The green lines show the phase boundaries between CaCO3-
V and aragonite and the disordered aragonite phase (disarag) from DFT
calculations by Gavryshkin et al. (2020) [76] (the part of the diagram
overlaid by lines-shade shows the disordered/amorphous aragonite phase).
The purple curve show the phase boundary between aragonite and amor-
phous CaCO3 from Hou et al. (2019) [92] (solid curve) and Litasov et al.
(2017) [126] (dashed curve). The light blue lines represent the calculated
phase boundary of P2;/c— 1 phase [220]. The dark green lines shows the
calculated stability field of phase CaCOs3-VII [75]. The phase boundaries
of metastable phases (CaCOs-Il, CaCOs3-1ll, CaCOs3-lllb and CaCO3-VI).
Figure modified after Bayarjargal et al. (2018) [13].

tailed structural information on this phase. Hou et al. (2019) [92] observed
a temperature-induced amorphization of aragonite at these P-T conditions,
by performing energy-dispersive X-ray diffraction (EDXRD) experiments in

a Paris-Ed

inburgh press. At about 5 GPa and 1470 K the XRD diffraction

patterns are consistent with an amorphous phase, but at lower temperatures
the presence of sharp peaks suggests the presence of a disordered crystalline

30



787 K (1) 1151 K (IV)

Figure 1.4: Structures of calcite (a), calcite-IV (b) and calcite-V (c). Figure from
Ishizawa et al. (2013) [97].

phase [92|. Gavryushkin et al. (2020) [76] performed ab initio molecular
dynamics (MD) calculations on calcite and aragonite, and observed a disor-
dered phase of aragonite, disarag, to be stable at pressures between 3 and
10 GPa and temperatures between 1600 and 2000 K. Disarag is simiar to
CaCO3-V phase, with freely rotating COj3 groups.

Calcite The behaviour of CaCO3 upon compression, using calcite as start-
ing mateiral, has been extensively studied to high pressures and tempera-
tures [156, 150, 152, 184, 113, 13]. These studies reported that, at 7' ~300 K,
calcite undergoes a series of metastable phase trasformations. At 1.7 GPa
calcite transforms to a new polymorph, CaCOs-IT [156]. CaCOg3-1I has a
monoclinic symmetry with space group P21/c and Z = 4. Its structure can
be described as a distortion of calcite. The phase transition from calcite
to CaCOs-11 is a displacive transformation, and as such, CaCOgs-II is not
quenchable to ambient pressure [156, 83|. The essential structural features
of CaCOs-11I with respect to calcite are represented by a rotation of the COj3
groups around the calcite trigonal axis and a displacement of the Ca atoms
from the calcite 3 trigonal site Fig. 1.5a.

At 2.5 GPa, CaCOs-II transforms to another phase, originally named CaCOs3-
I1I, observed up to 15 GPa. However, further studies demonstrated that two
different polymorphs can be observed in this pressure range, CaCO3-I1I and
CaCOg3-11Ib 150, 152, 184, 113]. Both CaCO;-III and CaCOs-11Ib (Fig. 1.5)
are triclinic and crystallize in the space group P1 with Z = 10and Z = 4re-
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spectively [150]. The main crystallographic feature of CaCOj3-I1T and CaCOs3-
[TIb, compared to calcite and CaCOg-I1, is the different arrangement of CO%‘
carbonate units, which are no longer parallel to one another [150, 152, 184].
Furthermore, both CaCOg3-IIT and CaCOgs-IIIb contain non-equivalent Ca
polyhedra in their structures, with coordination number varying from 7 to
9. There are five different cationic sites in CaCOj3-I1I and two sites (7 and 9
coordinated) in CaCOj3-11Ib [150].

At about 15 GPa CaCOs-I1Ib transforms to CaCO3-VI [150, 113, 13].

(a) calcite-ll (b) calcite-1ll
° % *
°, , Mok
/ /

(c) calcite-lllb (d) calcite-VI

Figure 1.5: Structures of high pressure polymorphs of CaCOs. Structural models
drawn using VESTA [161].

CaCO3-1V has triclinic structure with space group P1. In this structure, the
CO3 groups are once again parallel, but the structure is no longer layered as in
calcite. Furthermore, the Ca site has irregular coordination (7-+2) with seven
shorter Ca-O distances (2.1—-2.3 A) and two longer ones (2.5—2.6 A) [150].
CaCOs-1I, CaCOg3-IIT and CaCOs3-I1Ib, CaCO3-VI are metastable phases and
transform to aragonite upon heating.

At higher pressures (> 30 GPa) and temperatures (> 500 K) both aragonite
and CaCOj3-VI transform to CaCO3-VII [13]. In this thesis we focused on the
pressure range betwen 0 to 20 GPa. Fig. 1.5 shows the structures of CaCOj3
high pressure polymorphs in this pressure range.
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Aragonite The high pressures behaviour of CaCOj3 using aragonite as
starting material, has also been reported in previous studies [126, 13]. Arag-
onite is stable upon compression up to about 25 GPa, pressure at which arag-
onite transforms to CaCOs3-VII. CaCOs3-VII transforms to post-aragonite at
about 40 GPa [13, 120].

Differently from calcite, the compression of aragonite does not lead to the for-
mation of metastable phases. Aragonite is stable in a wide range of pressures
and temperatures. However, the phase diagram between 3 and 10 GPa and
1000 K is controversial. Some studies suggested the presence of a new dis-
ordered phase of aragonite, named disarag, similar to the high-temperature
polymorph of calcite, CaCO3-V |76, 126], while Hou et al. (2019) [92] sug-
gested a temperature-induced amorphization of aragonite at these P — T
conditions.

Vaterite The behaviour of vaterite upon compression was studied by Maruyama
et al. (2017) [147] who performed Raman spectroscopy and X-ray diffraction
experiments on a synthetic vaterite sample up to 14 GPa. They observed
two phase transitions at 4.3 GPa and 13.1 GPa to vaterite-II and vaterite-

ITI. However, not all sample material transformed to the high pressure poly-
morphs of vaterite. Instead part of the sample transformed to CaCOj3-II1.

Hydrous CaCOQOj3; phases Calcium carbonate has two known hydrous
phases: ikaite, CaCO3-6 HoO, and monohydrocalcite CaCO3-H50 [37|. Tkaite
is thermodynamically metastable at atmospheric pressure, but is stable at
room temperature above 0.5 GPa. It crystallizes in the monoclinic system
and belongs to the C2/c space group and Z = 4. Monohydrocalcite crystal-
lizes in the hexagonal system (space group P3;, Z =9).

Amorphous calcium carbonate (ACC) is the least stable non crystalline
CaCOj3 polymorph and it possesses more than one amorphous state with
calcite-like, vaterite-like and aragonite-like local structures [33]. High pres-
sures studies on ACC reported a phase transition at about 10 GPa |70, 73].

Elasticity of CaCOg

Calcite The full elastic tensor of calcite at ambient conditions has been
determined in several studies (here the most recent studies only are re-
ported) [45, 55, 56, 88, 239, 123]. Calcite has a trigonal symmetry with
space group R3c, as such elastic stiffness tensor is completely described by 6
different elastic tensor coefficients (see Ch. 1): Ciy, Cha, C13, Chq, Cs3 and
Cyy. The Cgg coefficient is given by Cgs = (C1; — Cha) /2.
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Dandekar et al. (1968a,1968b) [55, 56| determined the elastic tensor of cal-
cite by ultrasonic pulse-echo experiments. Chen et al. (2001) [45] and Lin
et al. (2013) [123] performed Brillouin spectroscopy experiments on natural
calcite samples. The individual elastic tensor coefficients obtained from the
different studies agree within 5%. In addition to the ambient conditions ex-
periments, the high temperature behaviour of the elastic constants of calcite
were investigated up to 900 K [56, 123|. Studies on the C;; dependence on
pressure were also performed [55, 239|. Finally, a high pressure Brillouin
spectroscopy study was performed up to ~10 GPa [266]. The results from
the study however show a sudden lowering of the acoustic velocities at the
transition from calcite to CaCOs-11 [266].

Table 1.1: Elastic tensor coefficients of calcite from the different literature studies:
Chen et al. (2001)-Chen [45], Dandekar (1968)- Dandekar-a [55], Dan-
dekar (1968)- Dandekar-b [56], Lin et al. (2013) [123].

Cij Chen [45] Dandekar-a|[55] Dandekar-b[56] Lin[123]
C1, (GPa) 149.4(7)  148.0(2) 146.3(5) 149.9(5)
Cio (GPa) 57.9(11)  55.4(9) 60(1) 59.5(2)
C13 (GPa) 53.5(9) 54.5 (9) 51(3) 57.3(3)
Ci4 (GPa) -20.0(2)  -20.8(6) -20.8(6) -17.9(2)
Cs3 (GPa) 85.2(18)  85.7(1) 85 3(5) 87.0(4)
Cu4(GPa) 34 1(5)  32.7(1) 34(2) 32.2(2)
Ces(GPa)  46(1) 46.3(4) 43.3(7) 45.2(5)

Aragonite Aragonite crystallizes in the orthorhombic symmetry with space
group Pmecn and Z = 4. The elastic tensor is completely described by 9 in-
dependent elastic tensor coefficients: C4y, Cia, Ci3, Ca, Cas, Cs3, Cyy, Css
and Cgg (see Ch. 1). The elastic tensor of aragonite has been determined in
two experimental studies [240, 133]. The results of the two studies, shown
in Tab. 1.2, differ substantially (up to more than 100% for the off-diagonal
coefficients C13 and Cbq3). The elastic tensor of aragonite has also been deter-
mined by DFT calculations [166, 94]. Huang et al. (2017) [94] described the
stability and elastic properties of aragonite and its high pressure polymorphs
(post-aragonite and P2;/c — h phases) up to 150 GPa, showing the pres-
sure behaviour of the elastic constants, velocities, elastic moduli and velocity
anisotropies. Additional experiments are necessary to establish a consistent
dataset. In this work of thesis, Brillouin spectroscopy (BS) experiments were
performed on three, well characterized, natural aragonite samples at ambient
conditions. The results are discussed in Ch. 3.
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Table 1.2: Elastic tensor coefficients of aragonite from different experimental studies
by Voigt (1910) [240] and Liu et al. (2005) [133] and DFT studies by
Huang et al. (2017) [94] and Nguyen-Thanh et al. (2016) [166].

Cij Voigt [240] Liu [133] Huang [94] Nguyen-Thanh [166]
C11(GPa) 156.9 171(1) 162 172(4)

C12(GPa) 36.6 60(1) 53.65 55(6)

C13(GPa) 2 28(2) 26.42 33.4(8)

Cp(GPa) 87 110.1(9) 107.81 113(7)

Ca3(GPa) 15.9 42(2) 42.77 46.4(9)

Cs3(GPa) 85 98(1) 96.48 100.2(4)

Cua(GPa) 41.3 39.3(6)  41.91 37.2(1)

Cs5(GPa)  25.6 24.2(4)  36.44 21(1)

Ces(GPa) 42.7 40.2(6)  19.59 41(3)

Vaterite and hydrated CaCQOj3; phases No complete elastic tensor has
been measured to this day for vaterite. It was, however, obtained in a com-
putational study by Xiao et al. (2011) [259] (Tab. 1.3).

Recent studies [207, 37, 271] investigated the elastic and structural proper-
ties of CaCO3 hydrated phases by first-principle calculations based on using
standard (DFT-PBE) and dispersion corrected (DFT-D2) DFT. The com-
plete elastic tensor for ikaite and monohydrocalcite is reported in two studies
[207, 37| (Tab. 1.4).

The elastic properties of ACC were reported in a high pressure XRD study [70]
(isothermal bulk modulus) and a Brillouin spectroscopy study [67]. ACC is
an isotropic material, and as such, its elastic stiffness tensor is completely
described by two independent C;; (see Ch. 1): (4 and Cjo (Tab. 1.4).

Table 1.3: Elastic tensor coefficients of vaterite from Xiao et al. (2011) [259].

Cij Xiao [259]
Cn (GP&) 86.6

012 (GP&) 40.6

013 (GPa) 61.2

023 (GP&) 15.9

Cy3 (GPa) 170.6

C44 (GP&) 9.9

066 (GP&) 23.0
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Table 1.4: Elastic tensor coefficients of ikaite and monohydrocalcite from Chahi et al.
(2020) [37] and ACC from Faatz et al. (2005) [67].

Tkaite Monohydrocalcite ACC
Cij DFT-PBE [37] DFT-D2 [37] DFT-PBE [37] DFT-D2 [37] BS
C1 (GPa) 46.19 62.71 83.33 89.25 60
Cia (GPa) 18.05 23.64 22.54 24.35 32
Ci3 (GPa) 14.36 22.20 27.54 30.72 -
015 (GP&) -1.2 2.52 - - -
Cy (GPa) 75.57 93.13 - - -
023 (GPa) 18.93 24.45 - - -
Cos (GPa) -0.52 -0.77 - - -
Cs3 (GPa) 64.73 76.66 76.63 78.53 -
Css (GPa) -5.79 -8.10 - - -
Cyu (GPa) 12.97 13.74 25.67 27.41 -
046 (GP&) -1.43 -0.78 - - -
Css (GPa) 11.38 12.31 - - -
Ces (GPa) 17.24 19.83 30.39 32.46 -

1.2.2 Magnesite, MgCOj3

Magnesite, MgCOs3, has been observed in diamond inclusions that likely orig-
inated from the Earth’s lower mantle and is considered to be the dominant
carbonate in the mantle [103, 82]. MgCOj crystallizes in the trigonal struc-
ture with space group R3c, as calcite. Studies have shown that magne-
site is stable at pressure-temperature (P-T') conditions of the Earth’s man-
tle [98, 169, 221, 139, 17|. The phase diagram of MgCOs3, shown in Fig. 1.6,
has been the subject of several studies [107, 71, 98, 24, 221, 139|. In partic-
ular, it has been recently extended up to ~148 GPa and ~3600 K by Binck
et al. (2020) [17] who combined Raman spectroscopy in the laser-heated
DAC with DFT calculations. At high pressure and temperatures, magnesite
transforms to a new polymorph, MgCOg3-II. MgCOg-II is a carbonate with
tetrahedrally coordinated carbon. It has a monoclinic symmetry and space
group C2/m, and is stable over the entire P-T range of the Earth’s lower-
most mantle geotherm [17].

Elasticity of MgCQOg3 Several studies reported the complete sets of elas-
tic tensor coefficients for magnesite measured at ambient conditions [46, 202,
261, 95, 87]. Unfortunately, no error bar was provided in the study by Hear-
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Figure 1.6: Phase diagram of MgCOs3. Figure from Binck et al. (2020) [17].

mon (1979) [87]. The results are shown in Tab. 1.5. The agreement between
the individual coefficients is better than 5% except for Ciy, Ciy and Cyy.
However, it is important to stress that the sample by Chen et al.(2006) [46]
for which the highest disagreement (10% in C'2) is reported does not present
a chemical analysis of the material. Yang et al. (2014) [261] investigated the
elastic tensor coefficients behaviour at high pressures (up to 14 GPa) and high
temperatures up to 750 K. DFT calculations on the pressure dependence of
the C;; of MgCOj3 [227] showed perfect agreement, with the exception of Ci,
with the data by Yang et al. [261]. MgCOg3, magnesite forms a complete
solid solution with siderite (FeCO3). MgCO3-FeCOj3 solid solutions will be
discussed in the next section.

Table 1.5: Elastic tensor coefficients of MgCO3 from the different literature studies:
Chen et al. (2006)[46], Yang et al. (2014) [261], Sanchez-Valle et al.
(2011)-SV [202], Humbert and Plicque (1972)-HP[95], Hearmon (1979)-

H [87]

Cij Chen [46] Yang [261] SV [202] HP [95] H [87]
C1, (GPa) 260(3) 261(1) 262(2)  258.7(2) 259

Ci» (GPa) 83(5) 74(2) 76(2) 76(2) 75.6

Ci3 (GPa) 60(3) 60(2) 61(1) 58.8(6)  58.5

Ci4 (GPa) -21(1) 19.7(2) 19.8(3)  19.0(1) 19.0

Cs3 (GPa) 154(4) 158(3) 157(2)  155.5(5) 156

Cus (GPa) 60(1) 57.8(4) 58.4(5)  54.8(5) 54.8

Ces (GPa) 88(6) 93(2) 93(3) 91(2) 91.7
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1.2.3 Siderite, FeCOg3

Siderite, FeCOs, is isostructural to calcite and magnesite, crystallizing in the
trigonal symmetry with space group R3c, with Z = 6. The phase diagram of
FeCOgs, shown in Fig. 1.7, and its equation of state have been studied both
experimentally and computationally |23, 132, 127, 36, 163]. At about 40 GPa,
Fe in siderite undergoes a spin transition from a high spin state (HS) to a
low spin state (LS) [131]. The HS-LS transition in FeCOj3 leads to a volume
reduction (6-10%) making the LS state denser and more incompressible than
the HS state [131]. This has important implications for carbonates seismic
detectability. At high pressure and temperatures conditions siderite decom-
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Figure 1.7: Phase diagram of FeCO3. Figure from Cerantola et al. (2017) [36].

poses into several oxides (i.e. FeyO3, Fe;Oy, Fe;O7 and Fe O5) or transforms
to tetrahedrally coordinated carbonate [36, 118|.

Siderite is partially soluble in calcite, but forms a complete solid solution
with MgCOj3. Solid solutions with a Mg-rich part are named ferromagne-
sites, while solid solutions with a Fe-rich part are called magnesiosiderites.
The effect of composition on the spin transition has been investigated in sev-
eral high pressure studies |74, 124]. The high pressure behaviour of FeCOj3-
MgCOs solid solutions has been the object of several studies [26, 249, 155, 43].

Elasticity of FeCOj3 The complete elastic tensor of end-member siderite
at ambient conditions is reported in only one experimental study, in which the
elastic properties of MgCQO3, FeCO3 and MgCO3-FeCO3 solid solutions were
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investigated by Brillouin spectroscopy [202]. The results of this study, in com-
bination with high pressure DFT and experimental studies on MgCO3-FeCOj3
solid solutions investigated the effect of the Fe content on the elastic proper-
ties of solid solutions [227, 74]. In particular, Stekiel et al. (2017) [227] com-
bined inelastic X-ray scattering experiments and DF'T calculations to investi-
gate the high pressure dependence of the elastic tensor coefficients of MgCO3-
FeCOj solid soltions with different compositions. Fu et al. (2017) [74]
performed high pressure Brillouin spectroscopy experiments up to 70 GPa.
Fig. 1.8 shows the results of these studies. It is evident that the presence of
Fe has a strong effect on the individual elastic tensor coefficients, leading to
variations up to 30%. These results confirm the importance of chemical com-
position on the evaluation of the elastic properties of the studied materials.
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Figure 1.8: Elastic tensor coefficients from DFT [227] and BS experiments ([202, 74])
as function of composition for pressures of 0 GPa (A,B), 40 GPa (C,D)
and 60 GPa (E,F). Figure from Stekiel et al. (2017) [227].

In addition to the studies on the elastic tensor coefficients, a study on the
single crystal X-ray diffraction and nuclear inelastic scattering of two syn-
thetic samples of siderite and magnesiosiderite (with composition Feg o6Mgg 74CO3)
reported the high pressure dependence on the acoustic wave velocities [44].
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Table 1.6: Elastic tensor coefficients of FeCO3 from Sanchez-Valle et al. (2011)-
SV [202] and Stekiel et al. (2017) [227].

Ci; SV [202] Stekiel (DFT) [227]
C1; (GPa) 229(2) 2279
Cip (GPa) 112(2)  105.2
Ci3 (GPa) 75(3) 68.1
Ci4 (GPa) 14.0(3) 134
C33 (GPa) 125(2)  121.2
Ces (GPa) 59(3) 61.4

1.2.4 Rhodocrosite, MnCOj;

Rhodocrosite, MnCQOg, is a calcite-type carbonate and crystallizes in the
trigonal symmetry with space group R3c and Z = 6. Compared to CaCOs,
MgCO3 and FeCOg, rhodocrosite is not a significant constituent of rock as-
semblages in subduction zones, but MnCOj3 commonly found as a minor
component in other carbonates, such as calcite and dolomite. The high pres-
sure stability, equation of state and vibrational properties of MnCO3 have
been studied at high pressures by XRD and spectroscopy experiments [170,
25, 130, 268]. At about 44 GPa [130, 154] MnCOj transforms to a new poly-
morph, MnCO;-1II, isostructural to CaCO3-VI [154]. Shi et al. (2012) [213]
studied CaCO3-MnCOj solid solutions to investigate the effect of Mn incor-
poration on the phase stability and elastic properties of CaCOs.

Elasticity of MnCOj3; The complete elastic tensor of rhodocrosite MnCOj3
was studied by Brillouin spectroscopy at ambient conditions by Chen et al.
(2001) [45]. Furthermore, a BS study on the high pressure behaviour of
the elastic properties of rhodocrosite at pressures up to 10 GPa was also
conducted by Zhao et al. (2018) [267].
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Table 1.7: Elastic tensor coefficients of MnCO3 from Chen et al. (2001) [45].

Ci; Chen [45]
Chy (GPa) 224(2)
012 (GP&) 93(2)
013 (GP&) 76(2)
014 (GP&) —173(6)
Css (GPa) 133(4)
Css (GPa) 66(3)

1.2.5 Dolomite, CaMg(CO3)2 and Ankerite, Ca(Fe, Mg)(COj3)-

Dolomite, CaMg(CO3)2, is a common carbonate on the Earth’s surface and
is considered one of the possible constituents of the Earth’s carbon reser-
voirs [153, 236]. It is the stoichiometric calcium and magnesium double
carbonate stable at ambient conditions. Dolomite crystallizes in the trigonal
symmetry in the R3 space group and Z = 6. In this structure Ca and Mg
coordinate six oxygen atoms. The structure differs from that of calcite by
the loss of a ¢ glide plane due to the layered ordering of the Ca, Mg cations
(Fig. 1.2¢). The degree of cationic ordering is temperature-dependent. The
structure becomes progressively disordered at 1300 K, and disordering is
complete at temperatures below 1500 K and pressures in the range between
3-4 GPa [272]. A single crystal study on ordered and disordered dolomite by
Zucchini et al. (2014) [273] showed that ordered dolomite is denser than the
disordered one and that pressure stabilizes the ordered phase [273].
Ankerite is the Fe-rich double carbonate, isostructural to dolomite. The
term ankerite was originally used to describe Ca(Fe, Mg)(COg3), carbonates
independently from the Fe content. Nowadays, the term ferroan dolomite
(Fe-dolomite) is used to describe CaMg(COj3),-CaFe(COs3)y solid solutions
with higher CaMg(COj3)s component, while the term ankerite describes solid
solutions with higher CaFe(COj3), component.

Endmember CaFe(COj3), compositions have not been yet observed in nat-
ural samples, but have been synthesized in laboratory [60, 39|. In nature,
dolomite-ankerite solid solutions reaching approximately 70 mol % of the
CaFe(COg3)y component can be found [193].

Several studies have been performed on the phase stability and behavior
of dolomite and ankerite (up to 65% Fe) at high pressure and tempera-
tures 141, 153, 65, 18, 236]. At pressures of about 5-7 GPa and in the
temperature range of about 800-1300 K end-member dolomite, CaMg(CO3),
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(a) Dolomite-II (b) Dolomite-llI

(c) Dolomite-llIb

Figure 1.9: Structures of high pressure dolomite-phases. Dol-Il (a), Dol-lll (b), Dol-
I1lb (c) and Dol-lllc (d). Blue atoms are Ca, orange atoms are Mg, red
atoms are O and the brown ones are C. The brown triangles represent the
COs3 groups. Structural models drawn using VESTA [161].

was observed to decompose into aragonite and magnesite [215]. However,
it undergoes a series of phase transformations, without decomposing, upon
compression at ambient temperatures.
At pressures of ~11 GPa, vibrational spectroscopy studies reported the pres-
ence of a local distortion in the dolomite (Dol-I) structure, the Dol-Ib phase,
however this phase was not observed in any XRD experiment [65, 18|. At
about 14 to 17 GPa dolomite trasforms to a new polymorph, dolomite-II
(Dol-II). Dol-IT is triclinic with space group P1 and Z = 4 and is topologi-
cally similar to CaCOj3-1II (Fig. 1.9a). Dolomite-II contains two independent
divalent cation sites with different coordination (8 and 6 respectively) [153].
Dol-II is observed up to 36-40 GPa (depending on the Fe content in the sam-
ples) and undergoes a first-order phase transition at higher pressures.
Three different high-pressure structures have been proposed for dolomite and
Fe-dolomites at pressures higher than 40 GPa, shown in Fig. 1.9b-d. All
three structures are topologically similar. For pure CaMg(CO3)y dolomite,
the Dol-IIlc structure is reported [151, 18].

Dol-ITIc crystallizes in the triclinic symmetry with space group P1 and
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Z = 8. In Dol-Illc the planar CO3 groups are no longer coplanar to each
other and the structure is characterized by alternating distorted MgQOg octa-
hedra and CaQO,, polyhedra with Ca coordination with O ranging from 7 to
9 (Fig. 1.9d) [18]. Dol-Illc was observed to transform to a new polymorph,
Dolomite-V, upon heating to 1800 K [18]. Dolomite-V crystallizes in the
space group C2/c with Z = 4. The structure is ordered and consists of COj
groups tilted against each other, distorted MgOg octahedra and CaOg square
antiprisms arranged in alternating layers along the a-axis [18]. The phase
diagram of end-member dolomite is shown in Fig. 1.10 [18].

Introducing Fe into the structure leads to the formation of different high
pressure polymorphs at about 36 GPa, i.e. Dol-III and Dol-IIIb shown in
Fig. 1.9 (rather than the Dol-ITIc polymorph observed in pure CaMg(COs3)s)
and stabilizes the high pressure structures [153]. Dol-III is triclinic with
space group P1 and Z = 8. Similar to Dol-IIIc the CO3 groups are no longer
co-planar to one another and some of them share the edges with the CaO,,
polyhedra (n ranging from 7 to 9) (Fig. 1.9b) [153]. Dol-IIIb crystallizes in
the trigonal symmetry with space group R3 and Z = 42. Similarly to Dol-III
and Dol-ITIc, carbonate groups are no longer coplanar in this structure [151].
Heating experiments showed that Dol-III and Dol-IIIb are stable phases at
high P-T conditions, making Fe-dolomite a possible carbon repository at
Earth’s lower mantle conditions [141, 151].

At pressure of 115 GPa and temperatures of 2500 K Fe-dolomite transforms
to a new polymorph, dolomite-IV (Dol-IV). Dol-IV crystallizes in the or-
thorhombic symmetry with space group Pnma and Z = 12 [151]. It is a ring
carbonate with tetrahedrally coordinated carbon.

Elasticity of CaMg(COg3), The complete elastic tensor of dolomite was
determined in several experimental and computational studies (see Tab. 1.8).
However, the chemical composition of the samples used in the studies has not
been reported and the results are in partial disagreement (48% for Ci5, 14%
for Cs3, 25% for Cy3 and 14% for C4 coefficients)[95, 46]. An additional BS
study was performed on a well characterized [272] dolomite sample [223]. The
results have not been published yet, however the elastic tensor coefficients
from this study were communicated at the 54" annual meeting of the Euro-
pean High Pressure Research Group and at the 2"¢ European Mineralogical
Conference [223].

No data has been provided to this day on the elastic tensor of ankerite-rich
carbonates. Ch. 6 reports a BS study on the elastic properties of dolomite and
ankerite samples (up to 63 mol% of CaFe(CO3)s component). The complete
elastic tensor is reported for both samples as well as the structural evolution,
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Figure 1.10: Phase diagram of CaMg(CO3),. Figure from Binck et al. (2020) [18].

monitored by powder XRD.

Table 1.8: Elastic tensor coefficients of CaMg(COs3), from Humbert and Plicque

(1972)-HP [95], Chen et al. (2006) [46], Speziale et al. [223], Bakri and
Zaoui (2011) [12] and Titiloye et al. (1998) [233]. The different sign of
the C14 coefficient is related to the different convention used to tranfor the
crystallographic coordinate system to the cartesian one used to describe
the sample’s orientation.

Cij Speziale Chen  Humbert Bakri Tititoye
[223] [46] [95] [12] [233]
Cy1 (GPa) 206(1) 204(2) 205 196.6  201.6
Ci2 (GPa) 69(2) 69(3) 71 64.6  71.0
Ci3 (GPa) 59(2) 46(4) 574 54.71 574
Ci4 (GPa) -21(2) 20(1) -19.5 2245 -19.5
Ci5 (GPa) 10(3) 7(2) 13.7 -1.35 137
C33 (GPa) 115(1)  97(5) 112.8 110.01 113.0
Cy (GPa) 40.5(4) 39(2) 39.8 41.57  39.8

1.2.6 Strontianite, SrCO3

Strontianite, SrCQOgs, is isostructural to aragonite, crystallizing in the or-
thorhombic symmetry with space-group Pmen and Z = 4 (unit cell pa-
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rameters at ambient conditions are a = 5.126(1) A, b = 8.472(2) A, and
¢ = 6.061(1) A) [14]. SrCOs has a similar phase diagram to that of arag-
onite, but the phase transitions take place at lower pressures due to the
larger cation size (Sr?T has radius of 1.31 A, in comparison with that of
Cat 1.18 A [209]). At ambient temperature and pressures between 22 and
28 GPa SrCOj transforms to post-aragonite SrCO3-11 (space group Pmmm,
Z =2 a=4521(1) A, b=4.918(1) Aand ¢ = 4.219(1) A, at 28 GPa) [14].

Elasticity of SrCO3z The complete elastic tensor of a synthetic SrCOj3
sample was measured by Brillouin spectroscopy complemented by DFT cal-
culations in one study [16]. The results of the study show perfect agreement
between the calculated and measured tensor coefficients (see Tab. 1.9).

Table 1.9: Elastic tensor coefficients of SrCO3 from Biedermann et al. (2017) [16,

166].
Cij Biedermann et al. [16, 166]
BS DFT
Cy; (GPa) 153(1)  152(1)
Clo (GPa) 52(1) 54(1)
Ci3 (GPa) 38(11)  33(1)
Coy (GPa) 109.6(8) 109(1)
Cs3 (GPa) 75(1) 74(1)
Cy (GPa) 28.0(5)  34(1)
Css (GPa) 28.6(4)  26(1)
Ces (GPa) 33.2(5) 38(1)

1.3 Scope of the thesis

Knowing the physical and chemical behaviour of carbonate minerals as a
function of their structure and chemical composition high pressure and tem-
perature conditions is crucial for understanding the deep carbon cycle in our
planet. However, the current knowledge of the elastic properties of carbon-
ates and their dependence on their structure and composition is still far from
being complete.

This work of thesis is the result of several projects. The main part of my PhD
project has been focused on the study of the full elastic tensor of carbonates
and its relationship with the compositional and structural parameters of the
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studied samples. Chapter 1 reports the study of the single crystal elasticity
of natural aragonites CaCOj3 at ambient conditions. Three, well character-
ized, aragonite samples were studied by Brillouin spectroscopy, showing good
reproducibility of the results.

Chapter 2 describes the effect of Sr incorporation in a CaCOj3 sample, syn-
thesized at high pressure and temperatures. This study mainly focuses on
the effect of Sr on the structure and structural evolution with pressure, rather
than the elastic properties of said samples.

Chapter 3 describes the mechanical behaviour of a synthetic sample of amor-
phous calcium cabonate at high pressures, investigated by Brillouin spec-
troscopy.

Chapter 4 is a study on natural ankerite samples with different chemical
compositions, combining high pressure synchrotron X-ray diffraction with
Brillouin spectroscopy experiments.

In addition to the study of carbonates, the effect of structural and com-
positional differences on the elasticity a material was also investigated by
studying metal-organic framework compounds with different compositions,
as described in Chapter 5.
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Chapter 2

Methods

Different techniques were used in this work of thesis to investigate specific
aspects of the samples of interest. Basics of the physical principles and tech-
nical aspects of each technique are summarized in this chapter.

In the first section the techniques used for sample characterization will be
described. The second section of this chapter will describe specifics on high
pressure experiments. The third section will focus on X-ray diffraction. Sec-
tion four will be dedicated to the techniques used to study the elastic prop-
erties of samples. Elasticity is the central topic of this thesis, therefore, a
theoretical background will be provided in addition to the description of the
methods used. Among the different techniques to study the elastic properties
of our samples we will focus mainly on Brillouin spectroscopy.

2.1 Sample’s characterization

2.1.1 Electron Microprobe Analysis

Electron microprobe (EMP) is an analytical technique that employs an elec-
tron beam to induce the emission of characteristic X-rays from a sample,
which are then used to constrain the chemical composition the sample. An
introduction to the basic principles of EMP together with quantitative ana-
lytical corrections and applications to the Geosciences can be found in Reed
(2005)[192]. In an electron microprobe experiment, an electron beam is ac-
celerated under vacuum using high voltages (5-20 kV) and focused on the
sample material. Typical currents used to operate the electron beam are 5 to
50 nA. In this high voltage-low current conditions it is possible to focus the
beam diameter in the nm range (up to a maximum of 20 pum). The electron
bombardment produces two major interaction mechanisms: (i) the ioniza-
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tion of the sample where electrons are removed from the sample material;
(ii) the primary electron from the beam decelerates due to the Coulomb field
associated with the atoms of the sample, creating a continuous X-ray spec-
trum (Bremsstrahlung). The ionization of the sample generates X-rays that
are characteristic for different elements (characteristic X-rays) and whose
intensities are measured with wavelength (WDS) or energy dispersive spec-
trometers (EDS). Using the intensities of the characteristic X-rays’ spectra
of standard materials it is possible to quantitatively analyze the chemical
composition of the samples. The detection limits are usually between 5 and
800 pg/g, depending on the concentrations differences between the standard
and the sample material. Further effects like the production of secondary and
backscattered electrons as well as cathodoluminescence can be used for imag-
ing purposes. All EMP measurements described in this thesis were performed
at the German Research Centre for Geosciences (GFZ) (Helmholtz Center
Potsdam, Germany) using a JEOL thermal field emission instrument JXA-
8500F (HYPERPROBE). Prior to being analyzed, selcted grains of sample
materials were embedded in epoxy resin and polished with 0.25 ym diamond
paste.

2.1.2 Focused Ion Beam

Focused ion beam (FIB) is an instrument that allows for the sample’s mor-
phological modification by means of a process known as ’sputtering’. The
target is bombarded by heavy ions allowing for material to be removed from
the sample with nanometer-scale precision. Currently, the major application
of FIB in experimental Geosciences is site-specific preparation of lamellae
for transmission electron microscopy (TEM) [256]. A detailed description
of this technique is beyond the scope of this thesis and can be found else-
where [78, 256]. In this work of thesis FIB milling was used to prepare Sr-
calcite samples for TEM analysis (Ch. 4) using a HELIOS system operated
at an accelerating voltage of 30 kV and a current of 2.2 nA.

2.1.3 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a technique that allows to com-
pletely characterize solid-state samples on the nanometer scale [256], provid-
ing information on the chemical composition and the structure of the studied
materials. TEM operates by accelerating a monochromatic beam of electrons
under vacuum at high voltages (300 kV) and transmitting it through a very
thin electron-transparent sample, less than 200 nm depending on the accel-
eration voltage of the microscope. Chemical information about solid-state
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samples are obtained with TEM by means of three different analytical tech-
niques: energy dispersive X-ray analysis (EDX); electron energy-loss spec-
troscopy (EELS) and high-angle annular dark field imaging (HAADF).
EDX analysis provides chemical information from characteristic X-rays of
the sample. EELS allows for elemental identification at the nanoscale by
measuring the energy loss of the incident electrons that pass through the
sample. Compared to EDX, EELS has higher signal to noise ratios, spatial
resolution (~1 nm), energy resolution (<1 eV) and sensitivity to elements
with lower atomic numbers. HAADF is an imaging technique that provides
atomic-resolution images that are sensitive to the atomic number (Z). The
basic idea behind HAADF imaging is the angular selection of the scattered
signal by collecting inchoerently scattered electrons (Rutherford scattering
from the nucleus of the atoms) at very large angles.

A detailed introduction to TEM is beyond the scope of this thesis and can be
found in Williams and Carter (1996) [254]. The TEM mesurements reported
in this thesis were performed by Prof. Wirth on a FEI Tecnai G2 F20-X-Twin
microscope at the German Research Centre for Geosciences (GFZ), Potsdam.

2.1.4 Thermogravimetry and Differential thermal anal-
ysis

Thermogravimetry (TG) is a technique in which the mass of a sample is
monitored as a function of time and temperature. The sample is heated in
a controlled atmosphere while the temperature of the sample, in a specific
atmosphere, is programmed. TG is generally used to detect evaporation, de-
composition, crystallization, oxidation and other processes that cause mass
changes as a result of temperature changes.

Differential thermal analysis (DTA) is a technique that monitors the differ-
ence in temperature between the sample and a reference material against time
or temperature while the temperature of the sample, in a specific atmosphere,
is programmed. It is common to measure TG and DTA simultaneously in a
single apparatus.

In this work of thesis simultaneous TGA /DTA measurements were performed
on amorphous calcium carbonate (ACC) samples using a NETZSCH TG
209F1 Libra equipment (Netzsch, Selb, Germany). All measurements were
performed by Matthias Schneider, of the Chemistry department, at the Uni-
versity of Potsdam, Germany.
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2.2 High pressure experiments

2.2.1 Diamond anvil cell

A diamond anvil cell (DAC) is a tool that was developed to perform experi-
ments at extreme conditions. Its operating principle consists in the uniaxial
compression of a sample between two flat-top parallel diamond-anvils. The
transparency of the diamonds to a wide range of electromagnetic radiations
allows for in-situ optical and spectroscopic measurements of the sample ma-
terial. Fig. 2.1 shows a schematic representation of a DAC. Many types of
DAC designs exist to this day [105, 21|, however they share the same basic
components. The main body of the cell consists of two gem quality dia-
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Figure 2.1: Schematic representation of a DAC. Each component of the DAC is
marked by a letter. S is the seat, D are the diamonds, G is the gasket, PC
is the pressure chamber, Z is the sample, M is the pressure transmitting
medium and R is the ruby.

mond with flat tips (culets) glued to two hard (e.g. tugsten carbide) seats.
In a high pressure experiment, the two diamond anvils are driven against
each other to increase pressure on the studied sample placed in a sample
chamber. Depending on the culet’s size, different pressures can be achieved:
the smaller the culet the higher the pressure. In this thesis, diamonds with
flat culets with diameter of 300 p were used for experiments with Bohler
Almax [21] and symmetric DACs to perform experiments in the pressure
range between 0 and 45 GPa. The sample chamber consists of a hole drilled
(usually by using either laser-drilling or electric discharge machines) on a
metal plate, named gasket. Different materials can be used as gaskets, how-
ever the most commonly employed material is Re as it behaves exceptionally
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well at high pressures. The sample chamber is drilled after the gasket has
been indented by pressing it between the two aligned anvils, compressing
it down to 15-45 um. The indentation thickness is dependent on the dia-
mond culet: smaller culets require thinner indentation thicknesses [64]. The
sample is usually loaded in the sample chamber together with chips of ma-
terials that show an accurately calibrated correlation between pressure and
a change in their physical properties (easily measurable in a DAC), acting
as pressure-temperature indicators. Ruby (AlyO3:Cr) and Sm:YAG are com-
monly used as pressure gauges in optical/spectroscopic DAC high pressure
experiments. In this work of thesis ruby will be used as pressure indicator in
all the high pressure experiments. The pressure determination for ruby relies
on the pressure-induced frequency shift of the R1 fluorescence line (Fig. 2.2).
This pressure-related shift has been calibrated at room temperature up to
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Figure 2.2: Ruby fluorescence spectra at ambient conditions (red curve) and at 4 GPa
(black curve). The arrow shows the R1 peak in the fluorescence spectrum
of ruby.

[212]. The pressure inside the sample chamber is determined following the
pressure-frequency relation described by [212]:

P =187 x 10°22 {1 +5.63 (Qﬂ (2.1)
Ao Ao

High-pressure experiments can be performed with or without pressure trans-

mitting medium (PTM). Since DACs generate uniaxial stresses, using a PTM

allows for homogeneous stress distribution in the chamber. Different com-

pounds can be used as PTMs, such as noble gases, halides, oil, salts, alcohol
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mixtures and even the sample itself in powder form. In this work of thesis
argon and neon were employed as PTM. Using Ne as PTM ensured quasi-
hydrostatic conditions in the pressure range of interest of the experiments
conducted here [112].

High pressure and high temperature experiments are also possible to perform
in DACs, however no heating experiments were used in this thesis, therefore
heating in DACs will not be discussed here.

2.3 X-ray diffraction

X-ray diffraction (XRD) is a powerful non-destructive analytical technique
used to reveal information about the crystal structure, chemical composition
and physical properties of crystalline materials. When light encounters an
obstacle of size comparable with the wavelength of the radiation diffraction
occurs. A crystalline material is an object with a 3D periodic structure. If
exposed to X-rays with wavelengths close to the interatomic distances that
causes diffraction of the X-rays (Bragg diffraction):

2dsin = n (2.2)

where d is the distance between a family of hkl crystallographic planes, 6 is
the angle of incidence of the X-rays, A is the wavelength of the X-rays, n is
the order of the reflection and is an integer number. In a X-ray diffraction
(XRD) experiment monochromatic radiation coming from a radiation source,
filtered by a monochromator is directed to a sample on a holder, after having
passed through a series of slits used to adjust the shape of the beam. The
diffracted radiation is then collected by a detector. Different configurations
control the wavelength/energy and size of the incident beam, the sample’s
movement geometry and the detector type. A diffraction pattern, produced
in a diffraction process, is given by the intensity of the scattered waves as a
function of the scattering angles. Intense peaks, known as Bragg reflections
are present on the diffraction pattern at values of 20 for which the Bragg
condition is fulfilled (Eq. 2.2).

X-ray diffraction experiments can be performed both on powder samples and
single crystal samples. The information obtained from powder X-ray diffrac-
tion (PXRD) and single crystal X-ray diffraction (SC-XRD) is different.
The position of the peaks (as 20-angles or d-spacing) allow for phase identi-
fication as every compound has a unique set of d-spacing.

The diffraction pattern in a SC-XRD experiment consists in diffraction spots,
at certain 260 angles defined by the Bragg’s law Eq. 2.2. The XRD diffractome-
ter geometry is usually different for PXRD and SC-XRD experiments [30].
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2.3.1 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) is an analytical technique primarily used
for phase identification of crystalline materials and can provide information
on unit cell dimensions. Ambient conditions PXRD patterns were recorded
in transmission mode using a fully automated STOE STADI P diffractome-
ter with monochromated Kal of Cu radiation (A = 1.5406 A) equipped
with a Germanium (111) monochromator and a MYTHEN detector operat-
ing at 40 kV and 40 mA. The diffractometer had a Bragg-Brentano geometry
(shown in Fig. 2.3). The samples were pounded and finely ground (to pm-
grain size) using a mortar and the powdered sample was distributed on a
flat disk made of amorphous material. The disk was placed on a holder that
was rotated during data collection while the arm where the detector was
mounted also rotated of an angle 20. Patterns were recorded in the range
of 20 = 5° — 125° using a step interval of 0.05°. The peaks positions were
calibrated externally using a NBS standard.

As part of the work presented in this thesis, high pressure PXRD experi-

Figure 2.3: STOE STADI P, Bragg-Brentano diffractometer. (A) Radiation source
(B) Ge monochromator, (C) sample and (D) MYTHEN detector.

ments were performed on ankerite samples (Ch. 6) at the diffraction beamline
dedicated to extreme conditions P02.2 at PETRA-III (Hamburg, Germany)
using radiation of 42 keV of energy, A = 0.29 A, focused down to 2 x 2 pum? by
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a Kirkpatrick-Baez (KB) mirror system (Liermann et al. 2015 [122]) and a
PerkinElmer XRD 1621 flat-panel detector. Prior to data collection, calibra-
tion files were created using a CeO, standard. The diffraction images of the
studied samples were integrated using the DIOPTAS software [187], which
allows for background subtraction and creates 2-D diffraction patterns. For
processing of the powder patterns, GSAS-II software package [117, 235| was
used. Once the diffraction pattern of a sample has been collected, it can
be processed using several methods: the Rietveld method, Le Bail method,
Pawley method. In a PXRD diffractogram the intensity I(6) at the scat-
tering angle 26 is the sum of all the (hkl) reflections and the background
function B;(0). The integrated intensitiy of the peaks Iy is given by:

Thiy = thlphlehlelfkl (23)

where My, is the multiplicity, Py is the preferred orientation factor, Ly, is
the Lorentz polarization factor and Fjy,; is the structure factor defined by:

N
Fu =Y fuexp2mi(hay + kyn + 12,) (2.4)

n=1

where f, is the atomic scattering factor of the n-th atom at coordinate
(Tn, Yns 2n). In Rietveld refinement the structure factor Fjy is computed
according to Eq. 2.4 and as such the atomic coordinates and their temper-
ature factor can be refined during the procedure. In a Pawley refinement,
on the other hand, the intensities I, themselves are considered refinable
parameters. In both Rietveld and Pawley algorithms, the refined parameters
are optimized in order to minimize the weighted R factor R,,:

R _ \/Zl wi|Iobs - Ical‘2
o Zz wi|[olJS|2

(2.5)

with w; = 1/Lps.

In this work of thesis, PXRD patterns collected at ambient conditions were
fitted using the Rietveld refinement, while high pressure data was fitted using
the Pawley refinement.

2.3.2 Single crystal X-ray diffraction

Single crystal X-ray diffraction (SC-XRD) allows for absolute structure deter-
mination. In a SC-XRD experiment, the experimental setup is more complex
compared to a powder diffractometer, as the sample is rotated along multiple
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directions during the data collection. Typically four or three-cyrcle diffrac-
tometers are employed for SC-XRD experiments. In this work of thesis an
in-house four-cyrcle diffractometer XCaliburd (Rigaku Oxford Diffraction)
with monochromatic Mo-K, (A=0.7104 A) radiation was used to determine
the orientation of the single crystals studied in the Brillouin spectroscopy
experiments.

High pressure SC-XRD measurements were performed on synthetic Sr-
calcite samples compressed in a DAC (Ch. 4) at the X-ray diffraction beam-
line dedicated to extreme conditions P02.2 at Petra-11I, Hamburg, Germany.
Here, we will describe the general procedure and principles of SC-XRD, a
more detailed and extensive description of the experimental protocol for high
pressure single crystal experiments can be found in Bykova (2015) [30]. Prior
to data collection, calibration files were produced using a well characterized
enstatite (MgSiO3) single crystal. Once the calibration files have been cre-
ated, the data collection can start. The first step consists in placing the
sample on the X-ray beam. The alignment is performed by scanning along
the y-, z- and w-axes (the x-axis is defined as the direction of the incident
X-ray beam), the difference in absorbance between gasket material, sample
and sample chamber allows to position of the sample with respect to the
X-ray beam. It is important to place the sample at the center of rotation
of the system so that it will not move out of the beam during data col-
lection. Data collection can be performed using three types of scans: (i)
still-scans, during which the DAC remains stationary while being exposed
to the X-ray beam for a time t; (ii) wide-scans, during which the DAC is
rotated around the w-axis while exposed to the beam for a few seconds; (iii)
step-scans, during which the DAC is rotated around the w-axis by an angle
w (dependent on the DAC opening angle) and is exposed to the beam every
step dw for a few seconds. Still-scans and wide-scans are generally used to
check the sample quality and the phases present. Step-scans are used for
data collection in a SC-XRD experiment. Data integration and absorption
corrections were performed using the CrysAlisP?¢ software [53]. The first
step of the data analysis performed with the CrysAlis software consists in
the selection of the diffraction peaks of the sample. Diamond, pressure trans-
mitting medium, gasket etc. also produce peaks that need to be filtered out,
this can be achieved exploring the Ewald sphere and manually selecting the
peaks that belong to the sample. Finally, one can perform data reduction
procedures during which the program extracts the reflection intensities and
produces a file, with extension .hkl, containing all the hkl reflections and
their intensities, used in the structure solution procedure. Structure solution
and refinement were performed using JANA crystallographic software [181].
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Structure solution is a process that allows to calculate the position of atoms
and the thermal parameters using a set of experimental structural amplitudes
Fj;; obtained from the measured intensities of the reflections I,;;:

I

Bl = 57,7 A
p

(2.6)

where k is the scale factor, L, is the Lorentz-polarization correction, A is the
transmission factor. A generic wave diffracted by a lattice plane of a crystal
is described by the structure factor given by:

Fhkl = Fhkl exp(iahkl) = Z fj exp(27ri(hxj -+ k’yj + lZ])) (27)

J

where f; is the scattering factor and z;, y;, z; are the coordinates of the
5" atom and oy is the phase of the diffracted beam. While the amplitude
Fyyy of the structure factor can be derived from the diffraction experiments
the phases are unknown. This creates the so-called phase problem, which
is the main issue in a structure solution procedure. Different techniques
are available nowadays for phases elaboration: direct methods, Patternson
methods, heavy atoms methods etc. Once the phases have been derived, it
is possible to calculate the atomic positions as the electron density is related
to the structure factors with an inverse Fourier transform:

1
Poye = 77 %l: Fyp exp[—2mi(hx + ky + 12)] (2.8)

with V unit cell volume.

After an initial structural model has been obtained it is refined against the
experimental data using a least-squares minimization of adjustable parame-
ters. Model and experimental data agreement is defined by R-factors, which
represent the quality of the structural model used:

_ Z ||Fob8| B |Fca10||

R 2.9
' Z |Fob5| ( )
S w|F3, — F2,. 1"
wWRy = obs __~ cale (2.10)
ZwFo%)s

where w is a weighing factor individually derived for each measured reflection
based on the standard uncertainty and F' are structure factor amplitudes
(obs-observed, calc-calculated from the model.)
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2.4 Elasticity

The elastic properties of a material define how it deforms (strains) as a
result of the forces (stresses) applied on a body made up of the material.
Specifically, elasticity refers to instantaneous changes in the sample and does
not include time-dependent deformations or permanent irreversible changes.
The elastic properties of a material, therefore, relate stresses and the result-
ing strains. The relationship between stress and strain in linear elasticity
can be generally expressed by the Hooke’s law. Stress, denoted as o;; with
1,7 = 1,2,3 is a second rank tensor and represents the force applied to a
body. Strain, denoted ¢;; is also a second rank tensor and follows the same
conventions used for stress. Because stress and strain are tensor properties,
each with 3 x 3 = 9 components, the elastic properties of a material are
described by a tensor with 9 x 9 = 81 components. This tensor is either
the compliance tensor s;;;, which specifies the strains resulting from an ap-
plied stress from €;; = s;j5,0;;; or the stiffness tensor c;j,; which expresses the
stresses as a function of the strains o;; = ¢;ji€;; (note: Einstein summation
is assumed). Although the elasticity tensor has 81 components, they are not
independent and can be reduced to 21 independent elastic coefficients by
considering symmetry arguments based on the definition of stress and strain
(symmetric tensors, reduction of the independent coefficients from 81 to 36)
and the second law of thermodynamics, implying that work must be done to
create a state of strain from a relative minimum of energy [165]|. In addition
to that, depending on the symmetry of the material the number of indepen-
dent components can be further reduced, as shown in Tab. 2.1. Fig. 2.4 shows
the independent elastic tensor coefficients and the relationship between them
for different crystal systems:

Table 2.1: Number of independent tensor components (N. ic) for each Laue class.

Crystal system Laue class N. ic
Cubic mJ3,m3m 3
Hexagonal 6/m,6/mmm 5
Tetragonal 4 /mmm 6
Trigonal 3m 6
Tetragonal 4/m 7
Trigonal -3 7
Orthorhombic ~ mmm 9
Monoclinic 2/m 13
Triclinic -1 21
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Figure 2.4: Elastic stiffness and compliance tensor coefficents in the Voigt notation
and their relations between them for different crystal systems. Figure from
[167].

Stress and strain tensors can be reduced to 6-vectors and are related
to one another by 6x6 matrices to reduce the full-tensor expressions, this
representation is referred to as Voigt notation, where: o7 — 01, 090 — 09,
033 — 03, 093 —> 04, 013 — 05 and 019 — 0g. A similar transformation can
be applied to the components of the strain tensor ;. This helps reducing
the tensor equation o;; = Cj;ue€;; to a simple matrix equation o; = Cjje;,
with [165]:

0;" = [011, 099, 033, 023, 013, 012)] (2.11)

&7 = [e11, €22, €33, 2603, 2€13, 2€12) (2.12)

All the physical properties reported in the following articles are reffered to
a Cartesian set of reference axes. For cubic, tetragonal and orthorhombic
crystal symmetries X, Y, Z are parallel to the a, b, c- axes of the crystal.
In the trigonal and hexagonal systems, Z is normally chosen parallel to the
¢ axis while X and Y lie on the (001) plane. For monoclinic and triclinic
systems, it is necessary to determine which convention to use before inter-
preting published values of the coefficients as it is not possible to put all the
Cartesian axes parallel to crystal axes.

In the study of the Earth’s interior, the Earth’s mantle and crust are com-
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posed of multi-phase assemblages. It is, therefore, important to study the
elastic behaviour of aggregates. The elastic properties (bulk and shear mod-
uli) of polycrystalline materials can be determined by measuring single crys-
tals samples of the same material and calculating an aggregate average (weighed
on the distribution of the grains’ orientations) over the single crystal elastic
constants. The most commonly used averages, in the case of aggregates with
randomly oriented grains, are the Voigt and the Reuss averages.

The Voigt (V) bound assumes that strain is uniform throughout the aggre-
gate and the isotropic stiffnesses are obtained by averaging the single crystal
elastic stiffnesses over all possible orientations. The Voigt bulk and shear
moduli are given by:

Ky = %(A +2B) (2.13)

1
Gy = £(A=B+30) (2.14)

where A = %(Cll+022+033), B = %(012+013+023) and C = %(C44+C55+
Css). The Reuss bound (R) assumes uniform stress throughout the sample
and derived the effective isotropic compliances in terms of the single-crystal
compliances averaged over all orientations:

Kr=[3(a+2b)]" (2.15)

Gr=75/(4a — 4b + 3¢) (2.16)

Wlth a = %(811 —+ S99 —+ 833), b = %(812 + 513 + 823) and C = %(844 + S55 =+ 366>‘
The arithmetic mean of the Voigt and Reuss bounds, the Voight-Hill-Reuss

(VHR) average, is generally used describe the elastic properties of randomly
oriented poly-crystals (isotropic materials) [89]:

Kyur = (Ky + Kg)/2 (2.17)
Gvygr = (Gv+GR)/2 (218)

In geophysics we are interested in measuring the acoustic wave velocities
that propagate in a material, which are directly related to the elastic prop-
erties of the material. Let us consider a material point located with respect
to a cartesian coordinate system, and denote its position as X. If stress is
applied the final position of the particle is z:

where u; is the particle displacement. For small vibrations of the first order
in the displacement, the equation of motion is expressed as:
0%u; 0%uy,

Tui _ O 2.20
Porr =~ "M gy, (220)
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where p is the density, Cjjp; is the elastic tensor. Assuming a plane wave
solution for Eq. 2.20 we obtain the Christoffel equation:

|C¢jkﬂljnl - pv25ik’ =0 (221)

where v is the phase velocity, n; is a unit vector defining a given propagation
direction. The solutions to Eq. 2.21 are either a quasi-longitudinal (P-wave)
wave with polarization parallel to the direction of propagation and two quasi-
shear (S-waves) waves with polarization perpendicular to n;. Longitudinal
waves propagate faster than shear waves. Pure longitudinal and shear po-
larizations are found only isotropic materials or along special high symmetry
direction for anisotropic materials. Wave velocities are related to the elastic
bulk and shear moduli in an isotropic homogeneous material by:

op = | BEA3C (2.22)
P

vg = ¢ (2.23)
p
Single crystals are generally elastically anisotropic regardless of the sym-
metry, consequently elastic wave velocities depend on the direction of prop-
agation. In particular, the single crystal azymuthal anisotropy for acoustic
waves is given by [140]:

AP _ UP,maxU_ VPmin (224>
P

Ag = SSmaz — DSmin (2.25)
Us
where vp and vg are the isotropic velocities.
Elastic anisotropy is crucial for diverse applications such as phase transfor-
mations, dislocation dynamics and many others. However, most of the defini-
tions of elastic anisotropy, such as the ones reported above, lack universality.
The universal anisotropy index, AY, defined as [189):
U Gy Ky

A" = 5GR + Kn 6 (2.26)
takes into account all the tensorial nature of the elastic stiffness and over-
comes the dilemma of the non-uniqueness of the anisotropy definitions. In
this formulation AV is zero for locally isotropic single crystals and the depar-
ture of AY from zero defines the extent of the single crystal anisotropy.
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The elastic properties of a material can be experimentally measured using
different methods. In the following the methods used in this work of thesis
to measure elasticity will be described. The main focus will be on Brillouin
spectroscopy, as it is the main technique exploited in this study. A review of
the methods available to study the elastic properties of a material is given

by [8].

2.4.1 Brillouin spectroscopy

Lattice dynamics Before describing Brillouin spectroscopy (BS) it is im-
portant to introduce a few concepts, such as dispersion curves and phonons,
that will be fundamental for understanding the theory behind BS.

In a crystal at temperatures above 0 K, atoms vibrate around their equilib-
rium positions (thermal fluctuations). In the following, a basic description of
lattice dynamics will be provided, a more complete description can be found
elsewhere [111, 54, 22, 62].

Let us consider an infinite crystalline lattice formed by N unit cells, with
S atoms per unit cell with positions R, which are displaced from the equi-
librium due to the thermal agitation. The first step of the analysis of the
lattice dynamics consists in the construction of a potential energy function
expressed as a power series of the displacement of the nuclei from their equi-
librium positions, based on an an harmonic approximation (in which only
quadratic terms in the potential energy are considered). The energy H of the
system is then:

2
_ Z Dis 1 Z T
H = m + § ulsq)lslfsruys/ (227)
s Isl’'s’
2
where Y°,. 2t is the kinetic energy and $gy = 8ul‘925[, - is the force constant

matrix (quadratic term of the Taylor expansion of the potential energy),
where the summation is on the s-atom of the {"* unit cell and w,(¢) is the
displacement vector. In the harmonic approximation, we therefore get a set
of 3sN equations of motion, that separate into /N uncoupled sets of equations,
each set of 3s corresponding to a particular value of q with solutions in the
form:

Uls =

VNm.

Where m, is the mass of the s atom, a;(q) is the normal coordinate of
the vibrational mode, €;5(q) is the normalized displacement pattern, w;(q)
the frequency of the vibrational mode, j runs over the S possible solutions,
S being the number of atoms in the unit cell, and q is a vector in the

]' i(q- r W
— > Refay(@)ej (@ TR0} (2.08)
* a9
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first Brillouin zone. This solutions corresponds to the decomposition of the
displacement u;, into normal modes, allowing to consider the lattice vibration
as a collective motion of all the atoms in the crystal. The total energy of the
system is that of the harmonic oscillator and is obtained by summing over
the kinetic and vibrational energy. If we consider the quantum mechanical
description, in which the particles are non-interacting we obtain:

E= Z hw;(q) (nq,j + %) (2.29)

where n is the occupation number, an integer denoting the number of phonons
in a state defined by the quantum numbers q, j. From Eq. 2.29 it is evident
that the total energy of the system is described by discrete energy levels. A
crystal can, therefore, be considered a gas of non-interacting quasi-particles
with discrete energy and frequency. These quasi-particles are called phonons.
When the equations of motion are solved for different values of q one obtains
a series of dispersion curves (w as a function of q). There are always 3s
branches but in particular cases some branches might not be distinct due
to the degeneracy of the equations of motion. Three out of the 3s branches
are correspondent to all atoms moving in unison (in the q — 0 limit), these
branches always exhibit w — 0 behavior. These q — 0 modes are identical
to macroscopic sound waves and are called acoustic modes. The remaining
3s — 3 branches have non-zero intercepts and correspond to relative motions
of the atoms within a unit cell. These branches are called optical modes
as they are related to molecular vibrations and are responsible for infrared
absorption by the crystal.

Brillouin spectroscopy Brillouin spectroscopy (BS) is an optical tech-
nique used to determine the directional dependence of acoustic phonons in a
material. BS experiments can be performed on crystalline materials, glasses
and liquids. The potential of BS in geosciences was recognized by Anderson
et al. (1969) [3], while the first experiment was performed by Weidner et al.
(1975) [247]. Nowadays BS is commonly employed to investigate the elastic
properties of minerals from ambient conditions to pressure and temperature
conditions of the mantle.

In a BS experiment a monochromatic radiation is focused on the sample and
the scattered light is collected by a detector. The kinematics of light scat-
tering can be derived either from a classical point of view considering the
perturbation of the dielectric tensor by lattice vibrations (q, w); or from a
quantum mechanics point of view considering the second-quantized theory
of lattice dynamics. In the following we will use the quantum mechanical
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approach. Each normal mode of the lattice vibration {q, w} is described in
terms of phonons of energy hw and momentum hAq. In a light scattering event
a phonon is created or annihilated as shown in Fig. 2.5. The conservation
of energy and momentum between the photon and the phonon are described
by:

ws = w; = (2.31)

where k;, w;, ks and w, are the incident and scattered light wavevector and
frequency and €) are the 3s frequencies of the three acoustic branches at
la| = |ks — ki| = 2|k;| sin(0/2). The + sign in Eq. 2.30-2.31 is related to the
Stokes event, in which a phonon is created, while the — sign is due to the
phonon annihilation or Anti-Stokes event.

Stokes event Anti-Stokes event
hw, = h(w, - w) \?Q__f hw, = h(w,+ w) eﬁ,_ )
hk, = h(k - q) i hk_ = h(k + q) S
S &£ )
&) N
Incident Light w -k { Incident Light w-k )
AV AV AYAYAYAYAYA ._) AVAVAVAVAVAVAVAY, i
A v W Y — | VIV IV VIV VWV —
\%L L 6;’,- “E?; 1—'; e
H’:‘q ('i - LA
'~ )) [} ’_“-
%L 2 O‘:,‘\_ 7
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% Z 2 0
ol | N < 7
e 5 q=2n |k| sin(6/2) SN

' |w=2v,n k| sin(6/2)

v, = w/g

Figure 2.5: Stokes and Antistokes events. Figure from [8].

Brillouin scattering is due to the inelastic scattering of light by acoustic
phonons. Acoustic phonons’ g values are very small, the components of scat-
tering due to acoustic modes occur at frequencies {2 that are much smaller
(in the range between 0.01 cm™! and 10 ecm™!) compared to those of opti-
cal modes (range 100 cm™ — 1000 cm™!). The resulting Brillouin shift in
frequency Awpg is given by:

Awp = 2vun|k;|sin(0/2) (2.32)

where n is the refraction index, k; is the wavevector of the incident light, v
is the acoustic wave velocity and 6 is the scattering angle. A representative
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Brillouin spectrum is shown in Fig. 2.6 and is characterized by a main central
peak related to the elastic scattering of light (Rayleigh scattering) and three
pair of peaks symmetrically placed on the sides of the Rayleigh peak that
correspond to the three mutually perpendicular polarizations of the acoustic
waves.
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Figure 2.6: Dispersion curves and Brillouin spectrum. Figure from [8].

A more thorough description of Brillouin spectroscopy and its applica-
tions in geosciences can be found in [54, 224|. Brillouin scattering experi-
ments are performed in a range of different setups and scattering geometries.
The basic features, common to all the setups consist in a monochromatic
light source (laser) which is focused on the sample, a spectrometer and a
detector. Due to the A™* dependence on the intensity of the scattered light,
blue and green lasers are the most commonly adopted as light sources in BS
experiments.

In a BS experiment, very small frequency shifts are measured (1072 < Awp <
10 cm™1), therefore, Fabry-Perot interferometers (FPI) are used to separate
the spectral components of the light. A complete description of the Fabry-
Pérot interferometer can be found in Jacquinot (1960) [99]. The general idea
behind FPI will be briefly described in the following. A FPI consists of two
flat mirror plates with faces parallel to each other separated by a distance L
(mirror spacing). The incident beam is subjected to multiple reflections on
the opposing mirrors’ surfaces. The transmitted wavelength must satisfy the
interference condition:

mA = 2nL cos « (2.33)

where m is an integer, n the refractive index of the medium between the
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mirrors, L the mirror spacing and « the incidence angle. Another impor-
tant parameter is the free spectral range Ak of the interferometer, defined
as the frequency interval (in wavenumbers) given by the difference between
two wavelengths simultaneously transmitted by adjacent interference orders.
For a single FPI the minimum achievable Ak (controlled by the geometrical
parameters of the external optical system) is 0.5 x 1072 cm™!. In a BS ex-
periment the FPI is used as a variable narrow band-pass filter by scanning
the selected free spectral range by moving the mirrors using piezoelectric
transducers and achieving rapid and linear scan rates. Single FPI as BS
spectrometers have limitations, the biggest one is the low spectral contrast
by overlapping of transmission from different interference orders. In order
to solve this problem, multiple interferometers operated in series are used
(multi-passing interferometers). By using multipassing interferometry the
free spectral range can be expanded by combining interferometers of different
mirror spacings L;. In particular a tandem’ design is defined by transmission
of light only when \; = 221L11 =\ = % This condition increases the free
spectral range by a factor of few tens. To use in an efficient manner such
a combination of interferometers, they need to be precisely synchronized so
that increments of the mirror distances, 6 L; (where the index i refers to the
it" interferometer of the series) satisfy:

SLy L
6Ly Loy

(2.34)

In particular, the most common design of tandem multi-pass interferometers
used in BS experiments was developed by Sandercock (1978) [203]. In this
setup, two FPI are positioned so that the second FPI is oriented at an angle
[ with respect to the first one. The mirror distance is such that Ly = Lq cosf3
and the condition of Eq. 2.34 is satisfied at all times during the operation
of the interferometer. Detectors used in BS experiments must represent a
compromise between high energy efficiency in the range of interest and high
signal to noise ratio.

Brillouin spectroscopy is highly sensible to the scattering geometry used.
The scattering geometry used in a BS experiment is fundamental in order to
accurately select the scattering wavevector and angle, which are needed to
obtain the acoustic velocities. In order to define the angle of scattering of
the incident light in the sample it is necessary to know the characteristics of
the sample and the sample container. The scattering angle is then obtained
applying Snell’s law. The geometry of the light path outside the sample can
be set with an accuracy of 1072 degrees. The final accuracy for the internal
scattering geometry is constrained by the uncertainty in the refractive indices
of sample (and sample container in certain experiments, e.g. high pressure
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Figure 2.7: Multipass FPI in the tandem implementation by Sandercock. Figure from
[224].

experiments in which the sample is inside a DAC, see Fig. 2.8).

Figure 2.8: Scattering in a DAC. Figure from [224].

In order to simplify the determination of the internal scattering angle sev-
eral geometries are used in BS experiments, as shown in Fig. 2.9. The most
commonly used geometry, in particular for high pressure applications, is the
forward symmetric geometry or platelet geometry, in which the incident and
scattered sample interfaces are parallel to each other and perpendicular to the
bisector of the external scattering angle set by the optics arrangement (see
Fig. 2.9a). In this geometry the refractive index of the sample is not needed
and the wavevector is ¢ = 2sin(60*/2)/ Ao, where 6* is the external scattering
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angle and )\ is the incident light wavelength in air. Another commonly used
geometry is the 90° normal geometry, where the sample incidence and scat-
tering faces are 90° from each other and perpendicular to the incident and
scattered light paths respectively (see Fig. 2.9b). In this geometry the effect
of the refraction at the sample’s surface is removed by symmetry and the
wavevector of the scattering vibration is at 45° from both the incident and
scattered wavevectors. The magnitude of the scattering wavevector in this
geometry is ¢ = nv/2/\g, where n is the refractive index of the sample. Fur-
ther scattering geometries are the backscattering geometry (Fig. 2.9¢) and
the tilted backscattered geometry (Fig. 2.9d). The backscattering geometry
only gives information on the quasi-longitudinal mode, and the magnitude
of the scattering wavevector is given by ¢ = 2n/Ag. This geometry, when
combined with the symmetric forward scattering can give information on the
refractive index of an isotropic material at the wavelength of the laser source.
Finally the tilted backscattering geometry is used to measure surface Bril-
louin scattering of opaque materials. In this case the scattering wavevector
is ¢ = 2sin ¢/ \g, where ¢ is the angle between incident /scattered wavevector
and the surface normal.

All the BS experiments presented in this thesis were performed at the

Figure 2.9: Schematic diagram of the different scattering geometries used in BS
experiments: (a) forward symmetric geometry; (b) normal geometry;
(c) backscattering geometry; (d) tilted backscattering geometry. Figure
from [224].

Brillouin spectroscopy laboratory at the German Research Center for Geo-
sciences, GFZ, (Helmholtz Centre, Potsdam). The setup used in our BS ex-
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periments is shown in Fig. 2.10. A Coherent VERDI V2 solid state Nd:YVO,
green laser (A = 532 nm) was used as light source. The heart of the setup
consists of a six-pass Sandercock-type tandem Fabry-Pérot interferometer
equipped with a single photon counting module detector (COUNT® BLUE).
A second HeNe red laser is used for the sample alignement.
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Figure 2.10: Brillouin and Raman setup of the Brillouin spectroscopy laboratory at
the German Research Center for Geosciences (GFZ), Potsdam.

The measurements are performed in a forward symmetry geometry with
an external angle § = 60° between incident and scattered beams. In this
geometry, the velocities of the acoustic waves that propagate through the
sample are obtained from the Brillouin frequency shifts Awp as:

AWB)\

YT 2sin(6)2) (2:35)

From the velocities v determined by BS measurements along different direc-
tions on single crystals of known density, p, it is possible to determine the elas-
tic tensor Cj;i,; by inversion of the set of Christoffel’s equations corresponding
to the set of individual probed modes (Eq. 2.21), using a least-square fit. In
general, in each Brillouin spectrum, the fastest velocity is associated with the
quasi-longitudinal mode and the slower velocities are associated to the quasi-
transverse modes with the help of symmetry considerations. The orientation
of the sample can be pre-determined by in-situ XRD. If the orientation of
the sample is not well defined, for high symmetry single crystals measured in
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platelet geometry it is possible to refine both elastic tensor coefficients and
sample orientation, simultaneously. Except for directions with degeneracies
of the acoustic phonon branches or directions following certain selection rules,
it is possible to observe all acoustic modes for each direction. This leads to a
large redundancy of measured phase velocities with respect to the number of
independent coefficients to be determined, that would, in principle, allow for
the determination of the full elastic tensor of crystals of any symmetry with
a relatively small number of measurements performed in general directions.
However, subsets of moduli are strongly correlated and limited datasets can
strongly decrease our abililty to recover the full elastic tensor [35].

2.4.2 Equations of state

The thermodynamic state of a system is usually defined by pressure P, tem-
perature T" and specific volume V. The variation of the unit cell volume V'
of a material as a function of P and T is described by its equation of state
(EoS). Measured EoS are generally parameterized in terms of bulk modulus,

K:
K=-v (g—DT (2.36)

and its pressure derivatives K' = (0K/OP)p—g and K" = (9°K/0P?)p—,
evaluated at P=0. The bulk modulus obtained from XRD experiments is
obtained from experiments performed at constant temperaure, and is called
isothermal bulk modulus Kr. The isothermal bulk modulus is different from
the value obtained from elasticity measurements (e.g. Brillouin spectroscopy,
ultrasonic measurements), which measure adiabatic (at constant entropy, S)
bulk moduli, Kg. The two values of the bulk moduli are related by:

K
=2 — 14 ypal (2.37)
Kr

where 7, is the thermodynamic Griineisen parameter and « is the volumetric
thermal expansion of the material [186]. At room temperature, the difference
between the isothermal and adiabatic bulk moduli is typically a few percent
for the vast majority of minerals.

A number of EoS have been derived [269, 19, 6, 4|, in particular we will
focus on finite strain FoS, which are based on the assumption that the strain
energy of a solid undergoing a compression is expressed as a Taylor series in
terms of finte strain, f. Finite strain f can be defined in a number of ways,
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in this work we will use the Eulerian strain:

(%)2/3 - 1] (2.38)

The most common EoS used in geosciences is based on the Eulerian strain and
is the Birch-Murnaghan (BM) equation, which is derived from the expansion
of the Helmholtz free energy in the Eulerian strain [19]. Expansion of the
BM equation to the fourth order in the strains yields:

f=

1
2

P = 3Kof(152f)" (1 n g(K{) _ 4+ ; (KOK(; + (G — 4)(K) — 3) + %) f2>
(2.39)

A tool that provides a direct indication of the compressional behaviour of a
material and a useful visual evaluation od the quality of an EoS fit is given
by the so called F' — f plot [6]. For the BM EoS, the normalized stress F' is

defined as:
P

"= 3f(1+2f)>?
where f is the Eulerian finite strain 2.38. If the data points lie on a horizontal
line of constant F' = Ky, then K} = 4 and a second order truncation (order
at which the expansion of the Helmholtz free energy in Eulerian strain is
truncated) of the BM EoS can be used to fit the data. If the data lie on an
inclined straight line, the slope is equal to 3Ky (K| —4)/2 and the data can
be fitted with a third order truncation of the EoS.

(2.40)

2.4.3 Density functional theory

Density functional theory (DFT) is a successful theory, originally developed
by Hohenberg and Kohn [91], that allows to calculate the electronic structure-
property relations of crystalline compounds [106, 255|. Traditional electronic
structure methods consist of using the Schrodinger equation of N interacting
electrons moving in an external electrostatic potential, however this problem
is non trivial even for low N and the computational effort grows rapidly with
increasing N. DFT uses a different approach where, instead of a many-body
wave function, the energy of electrons moving in an external potential is a
unique functional of the electron density p(r), making a computationally fea-
sible model even for large systems. A practical scheme for DFT calculations
is given by the so-called Kohn-Sham equations [115] (expressed in atomic
units where A = e = m, = 4dmweg = 1):

ey / p(r)
2 ext |I‘—I’

/Idr, + Vie(r) | ¥i(r) = €ti(r) (2.41)
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plr) = 3 @) (242)

0Eqe [p(r)]
on(r)

Where ¢; are the single-electronic wave functions, —2V?;(r) in Eq. 2.41
represents the kinetic energy of the electrons, V,,; is the external potential,
i |f (_?'dr' is the Hartree potential which describes the interaction of the i-th
electron with the average electron density and V. is the exchange-correlation
potential and contains all the inter-electronic interactions that are not in-
cluded in the previous terms (this term is an approximation).

Several DFT-based codes are available nowadays, in particular, "planewave"
codes such as CASTEP [49] or VASP [116] (and many others such as Quan-
tum Espresso, ABINIT) are computationally efficient as the electron states
in the ionic core are not computed explicitly, but solved using pseudopoten-
tials or the projector augumented method (PAW) [20]. Pseudopotentials are
effective potentials designed to reproduce the scattering of electrons by the
atoms in such a way that only valence electrons become relevant. The accu-
racy of the pseudopotential based calculations depends on the quality of the
pseudopotential itself. For the above mentioned DFT codes the convergence
behaviour is typically controlled by only a few parameters, such as the kinetic
cut-off energy and the k-space sampling, making it straightforward to ensure
the convergence of the results. As mentioned above, current DFT calcula-
tions require an approximate description of the exchange-correlation inter-
action, V.. A commonly used functional is the local density approximation,
LDA, however calculations using LDA binding energies might predict incor-
rect ground state structures, leading to small lattice parameters. A second
common choice is the generalized gradient approximation, GGA, of which
several variants have been proposed, such as the Perdew-Burke-Ernzerhof
(PBE) [177], PBE-SOL [179] and many others. GGA calculations are known
to result in larger lattice constants (‘underbinding’) but the binding energies
are improved compared to LDA. DFT calculations are commonly employed
to predict structural parameters and physical properties of crystalline materi-
als, in particular, in this work of thesis, DFT calculations were performed by
Prof. Bjorn Winkler and Dr. Johannes Wagner to obtain the elastic stiffness
coefficients of aragonite (Ch. 3), dolomite (Ch. 6) and metal organic frame-
works with different compositions (Ch. 7) at P=0 GPa. The approach used
to obtain elastic stiffness coefficients is typically from stress-strain relations.
The results of the calculations are greatly influenced by the choice of the
exchange-correlation functional: LDA results in an upper bound to the elas-
tic stiffness coefficients, while GGA provides a lower bound. Comparison of

Vie = (2.43)
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the elastic stiffness coefficients computed using LDA, GGA-PBE, PBESOL
and WC-xc functionals showed that PBESOL and WC-xc outperform LDA
and GGA-PBE approximations [255]. The accuracy of DFT-based calcula-
tions for elastic stiffness coefficients is about 5% for the diagonal coefficients
and about 10% for off-diagonal coefficients [255].

2.4.4 Other techniques

In addition to Brillouin spectroscopy measurements, complementary tech-
niques such as plane parallel plate ultrasound technique, resonant ultrasound
spectroscopy and thermal diffuse scattering analysis were used to determine
the elastic tensor coefficients of metal organic frameworks (Ch. 7).

Plane parallel plate ultrasonic technique

In a plate ultrasonic technique the sample is connected to a transducer by
means of a suitable transmission medium. The transducer (piezoelectric
crystal) excites mechanical oscillations through a sample (which is typically
a parallel platelet), generating ultrasonic waves. The ultrasonic wave gener-
ated at the face of the plate which is in contact with the transducer travels
through the crystal and is reflected at the upper face of the plate. The state
of resonance is detected by the change of impedance in the transducer-sample
system, or by diffraction of light on the ultrasonic grating. Resonance fre-
quencies can be detected by measuring the phase angle between the current
and the voltage. The difference between the m** and the n*” frequencies, f,,
and f,, and the thickness of the sample parallel to the propagation direction
d are related to the velocity of the ultrasonic wave of a certain mode v by:

v=2d (—fm_f"> (2.44)
m—n
By measuring the acousic velocities that propagate through the sample, for
given known directions and the density of the studied samples it is possible to
obtain information on the elastic tensor parameters. In this thesis, ultrasonic
measurements were performed by Dr. FEiken Haussiihl at the Institut fiir
Geowissenschaften, Goethe Universitat, Frankfurt.

Resonant ultrasound spectroscopy

Resonant ultrasound spectroscopy (RUS) is a technique based on the fact that
solid objects have natural frequencies at which they vibrate when mechani-
cally excited. These natural frequencies are related to the elastic properties,
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Figure 2.11: (a) Schematic of a RUS set-up. (b) RUS sprectrum of tormaline. Figure
from Schreuer et al. (2005) [206].

size and shape of the material. The sample can be either a single crystal or
a compressed polycrystalline aggregate, and can range in size between 1 mm
and 1 cm (for elasticity measurements). In a RUS experiment the sample
is lightly clamped between two transducers, the force acting on the sample
is selected so that the sample will be in a freely vibrating body condition.
A sinusoidal signal is applied to one of the transducers and analysed by the
second one. The advantage of RUS is the possibility to obtain all indepen-
dent elastic tensor coeflicients of a crystal at ambient conditions on a single
sample with high accuracy and internal consistency regardless of the sym-
metry. RUS can also be applied to a broad range of temperatures but is
challenging at high pressures. The principles of RUS analysis are laid out in
[157, 206]. Here, a quick overview of RUS technique is presented. Fig. 2.11
shows the schematic of a RUS setup and an example of RUS spectrum. In
a RUS experiment frequencies between 50 kHz and 20 MHz are employed
(with a frequency resolution of 0.003 kHz). The elastic tensor coefficients
are derived from the resonance spectrum using the frequencies of m observed
eigenmodes, m being dependent on the sample symmetry (e.g. for cubic
crystal at least 100 eigenmodes are needed). The C;; evaluation is carried
out by a least-squares procedure in which the observed resonance frequencies
are compared to calculated ones. The calculated frequencies are obtained
from sample dimensions, experimental density, dielectric permittivity and a
trial set of elastic coefficients and piezoelectric stress coefficients by solving a
general eigenvalue problem, the rank of which is equivalent to the number of
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basis functions used for the components and displacement vector expansion.
The least square refinement consists in the minimization of the quantity:

X = Z w;(w?(calc) — w?(obs)) (2.45)

for n circular eigenmodes with resonance frequencies f; = w; /2.

In this work of thesis, RUS measurements were performed by Dr. Eiken
Haussiihl using a custom-built RUS-device [85] at the Institut fir Geowis-
senschaften, Goethe Universitat, Frankfurt.

Thermal diffuse scattering

Thermal diffuse scattering (TDS) refers to scattering caused by lattice ther-
mal vibrations (phonons). Diffuse scattering can be due to either ther-
mally excited elastic waves or to particular features of the static arrange-
ment of atoms in a crystal and produces a background darkening on X-ray
diffractograms around the Bragg reflections. As a physical phenomenon, the
diminution of the intensity of X-ray reflections due to the thermal vibration
of atoms, had been noticed already in 1920, however, it is only with the cur-
rently available high-flux brilliant synchrotron facilities, used in combination
with bidimensional single-photon counting X-ray detectors with good quan-
tum efficiencies that TDS was rediscovered [245]. TDS allows to determine
phonon dispersions, similarly to neutron scattering and inelastic X-ray scat-
tering. In particular, thermal diffuse scattering, has high data-acquisition
rate and a simple experimental setup compared to other techniques and al-
lows to obtain the full elastic tensor of a material from a single diffraction
experiment for arbitrary crystal symmetries. A previous study by Wehinger
et al. (2017) [245] on calcite and magnesium oxide showed it is possible to
obtain the complete elasticity tensor by measuring TDS at two close temper-
atures (multi-temperature approach). The results from the study displayed
remarkable agreement with literature data, showing that TDS can compare
to standard methods (i.e., BS, RUS) with the advantage of applicability to
very small, opaque materials of arbitrary shape [245].

The analysis of TDS data is based on the fitting of the elastic stiffness coef-
ficients Cj;i; to the TDS intensities close to Bragg reflections in 'regions of
interest’ (ROIs) in the reciprocal space. The ROIs are chosen in order to be
close enough to the reciprocal lattice points as to include diffuse scattering
due to acoustic phonons, but far enough to exclude Bragg scattering. Typical
distances from the nearest Bragg spot are 0.05-0.15 A~!. The intensity of
TDS is given by [245]:
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where NNV is the number of unit cells, Iy the incident beam intensity, )
the total scattering vector, kg the Boltzmann constant, T the temperature, ¢
the momentum transfer, f the atomic scattering factor of ion s with mass m
and Debye-Waller factor M and p is the density of the material. A detailed
explanation of the formalism can be found in [258, 244, 245, 29].
By measuring TDS at two different temperatures, it is possible to isolate the
component of the diffuse scattering due to the static disorder, air scattering
and fluorescence, as they show a much smaller temperature dependence than
TDS. The scattering intensities can then be calculated by summing over
the three phonon branches using Eq. 2.46. The calculated intensities are
then renormalized by an array ¢(@Q), which takes into account absorption,
polarization and geometric factors. A second array b(Q) is also added, for the
background. The elastic tensor C' is determined by solving the optimization
problem

C7 b27 b17 g = argIninC",I)’2,I)’1,g’ <Z ([I&lﬁ (Cl7 b/27 g/) - Igflﬂgl (Clv blla g/)} - [IST%I

Q
(2.48)

where C' is constrained by the crystal symmetry, and b and g are kept in the
vicinity of the individual Bragg reflections [245, 29]. A more detailed descrip-
tion on the TDS analysis is beyond the scope of this thesis and can be found
in [245, 29, 159, 244, 258|. In this thesis TDS experiments were performed at
the P21.1 beamline at PETRA-III, DESY, Hamburg, Germany (the results of
the study are reported in Ch. 7, where a combination of different techniques
was used to study the elasticity of metal organic framework compounds).
Photons with energy of 100 keV were used in order to avoid sample damage.
A CdTe PILATUS 1M detector with pixel size of 0.172x0.172 pm was used,
which provides a dynamic range and allows near noiseless measurements. At
100 keV, the detector had a quantum efficiency of 56%. The analysis of TDS
data was performed by Julia Biischer.
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Chapter 3

Elasticity of natural aragonite, a
Brillouin spectroscopy study

The elastic stiffness tensor of aragonite (CaCOg, orthorhombic with space
group Pmcn) has only been reported in two experimental studies and the
results of these studies differ strongly from one another (up to more than
100% for off-diagonal coefficients C}3 and Cs3). Voigt (1910) [240] performed
torsion experiments and, from the elastic response of the crystal, determined
the elastic tensor coefficients of aragonite. However, no information was pro-
vided on the chemical composition of the samples used in that study and the
method used to determine the elastic properties of this material is likely to
be affected by significantly large measurement errors. Liu et al. (2005) [133]
performed Brillouin spectroscopy experiments on a natural aragonite sample
with 2.5 wt% of SrCOj (i.e. 1.7 mol%), which is the maximum amount of Sr
observed in natural samples.

That means that, to this date, there is no univocally experimentally deter-
mined elastic tensor for end-member aragonite available. Natural carbonates
are known to incorporate trace elements, in particular Sr is commonly present
in natural aragonites up to 2 mol% [34, 158]. Several studies have been per-
formed on the influence of Sr on the elastic properties and phase stabilities
of CaCOj [222, 34, 32|. Brillouin spectroscopy and SC-XRD studies per-
formed on synthetic strontianite SrCOg3, showed that SrCOj3 is much softer
than aragonite CaCOj (the bulk modulus of SrCOj3 is 16% lower than that
of aragonite) [16, 14]. Finally, Spahr et al. (2021) [222] investigated the
effect of Sr on the bulk modulus of synthetic Sr,Ca;_,COj3 solid solutions
with aragonite structure (x = 0.2,0.5,0.8), by high pressure (up to 40 GPa)
synchrotron powder XRD and DFT calculations, showing that the presence
of Sr leads to a non-linear lowering of the bulk modulus, with a minimum at
x = 0.5.
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Additionally, the elastic properties of aragonite were also studied in several
computational studies [175, 94, 166]. However, additional experimental stud-
ies are fundamental to establish a reliable reference set of elastic coefficients
for end-member aragonite and determine its dependence on Sr-Ca substitu-
tion in the Sr-poor range proper of natural materials.

Here, we report a Brillouin spectroscopy study on natural aragonite sam-
ples. In order to verify the reproducibility of the results, three different, well
characterized samples were used. The different chemical compositions of the
samples studied cover most of the compositional range of natural aragonites
with Sr contents ranging from 0.1 to 1.5 mol%.

3.1 Samples and methodology

The single crystals used in this study are natural samples: two samples from
Bilina in Czech Republic (Arag-T, Arag-NT) and one from Sicily, Italy (Arag-
S). The samples were optically clear and free of twins. The chemical composi-
tion of each sample was obtained by electron microprobe analysis (EMPA) us-
ing a JEOL thermal field emission instrument JXA-8500F (HYPERPROBE)
at the German Research Centre for Geosciences (GFZ) (Helmholtz Center
Potsdam, Germany), using an acceleration voltage of 15 kV, a beam current
of 5 nA, and a spot size of 8 um (See Appendix A). The results are shown
in Tab.3.1.

The unit cell parameters for each sample were obtained by powder X-ray

Table 3.1: Chemical composition (expressed as mole fractions of the endmembers)
of the samples used in this study from the EMPA. (bdl= below detection
limit)

Sample CaCOs3 SrCOs3 BaCO3 MgCO3; MnCOjz; FeCOs

Arag-T  0.9986(7) 0.0012(5) bdl bdl bdl bl
Arag-NT 0.996(1)  0.003(1)  bdl bl bdl bl
Arag-S  0.985(1) 0.015(1) bdl bdl bdl bl

diffraction at ambient conditions, using a STOE Stadi P diffractrometer with
a Bragg-Brentano geometry, a Ge(111) monochromator and a 7° wide posi-
tion sensitive detector. Standard operating conditions (CuKal-radiation, 40
kV and 40 mA) were used to collect data in the 26 range 5-125° with a step
size of 0.1°. The structure refinement Rietveld analyses were performed using
the GSAS software package [235] (Fig. A.2).
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Table 3.2: Unit cell parameters, volume and densities from Rietveld refinement of the
powder diffraction experiments performed on the samples in this study and
in the study by [133].

Sample a (A) b (A) ¢ (A) Vv (A?) p (g/cm?)
Arag-T 4.9617(7)  7.969(1)  5.7423(8)  227.05(6)  2.9280(7)
Arag-NT 4.9593(8)  7.965(1)  5.734(1)  226.73(7)  2.9321(9)
Arag-S 49631(2)  7.9695(4)  5.7444(3) 227.21(2)  2.9394(3)
Liu et al. (2005) 4.96183(1) 7.96914(2) 5.74285(2) 227.081(1) 2.9513(1)

The obtained values of the unit cell parameters are in reasonably good agree-
ment with the reference values found in ICDS-16682076 [9]. The unit cell
parameters and densities are reported in Tab. 3.2, together with the litera-
ture values of the sample studied by Liu et al. (2005) [133]. The samples
thickness varied from 1 mm to a few um and they were finely polished to
obtain transparent samples with parallel faces. Brillouin spectroscopy (BS)
measurements were performed at the Brillouin laboratory at the German Re-
search Centre for Geosciences, GFZ, in Potsdam.

The elastic stiffness tensor for end-member aragonite CaCO3 was also ob-
tained, for comparison, by Dr. Johannes Wagner from ab initio DFT calcu-
lations using the projector augmented wave approach (PAW) [20]. The gen-
eral gradient approximation (GGA) in the revised Perdow-Burke-Ernzerhof
(PBE-sol) [178] formalism was used for the exchange correlation energy as
implemented in the VASP code. A set of 7 x 4 x 6 k-points was used to
sample the Brillouin zone. The cutoff energy was set to 600 eV.

3.2 Results

Aragonite is orthorhombic with a space group Pmcn, hence the elastic stiff-
ness tensor Cj; has 9 independent non-zero coefficients: Cy, Cia, Ci3, Coe,
Cas, U3, Cyy, Cs5 and Cgg in contracted Voigt notation. In platelet-geometry,
for non-cubic crystals it is necessary to collect data in at least two orthogo-
nal planes to minimize the covariance between the values of the elastic tensor
coefficients and provide a more accurate set of elastic constants. In this work
at least three approximately orthogonal planes per sample were measured by

BS:
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Arag-T For sample Arag-T three orthogonal planes were cut. Two of the
three planes were then oriented by single crystal XRD, showing a cut per-
pendicular to the [001], [0.67, -1, 0] axes and the orientation of the third
platelet is constrained to be perpendicular to the others, obtaining the crys-
tallographic plane (-1, 0.67, 0). More than 300 acoustic velocity data were
collected for this sample along a total of 108 distinct directions.

Arag-NT For sample Aragonite-NT six different orientations were studied:
the sample was first cut in three orthogonal planes, two of which were oriented
by SC-XRD, showing a cut perpendicular to [001] and [110] the orientation
of the other slices was determined geometrically, finding the crystallographic
planes: (-110), (1, 0.26, 0), (100) and (010). 550 velocity data were collected
for this sample along a total of 198 distinct crystallographic directions.

Arag-S For sample Aragonite-S four different crystallographic orientations
were studied but none of them were oriented by SC-XRD. The orientation of
the platelets was determined from the acoustic velocities dispersion curves,
and using the elastic tensor coefficients obtained for sample Arag-T as a start-
ing model. This allowed to determine a possible orientation of the sample,
which was then refined in combination with the elastic tensor coefficients Cj;.
The refinement of the Eulerian angles show that the crystallographic planes
studied were (001), (1, -0.2, 0), (-0.08, -0.15, 1) and (0.32, -1, 0). More than

400 velocity data were collected for this sample along 144 distinct directions.

Fig. 3.1 shows a representative Brillouin spectrum for Arag-T. Most of
the Brillouin spectra show strong intensities for the wave velocities (v, and
vs) with high signal to noise ratios. The complete velocities dataset was used
to determine the elastic tensor coefficients, by fixing the Eulerian angles of
the platelets oriented by SC-XRD and refining the Eurlerian angles of the
remaining platelets.

Using the normal vectors obtained by the single crystal diffraction study
and the literature values from Liu et al. (2005) [133] as an initial set of
estimated elastic constants, it was possible to obtain the elastic tensor coef-
ficients by least-square fitting of the full sets of Christoffel’s equations (one
per each individual acoustic mode). Fig. 3.2 shows the acoustic velocities as
a function of the rotational angle for the sample Arag-T and Arag-S. The
elastic tensor coefficients, C;, experimentally obtained for natural arago-
nites in this BS study together with the literature data [133, 240] are listed
in Tab. 3.3. Tab. 3.3 also shows the elasticity values for end-member stron-
tianite SrCO3[16]. Additionally, Tab. 3.3 also lists the aggregate elastic bulk
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Figure 3.1: Representative spectrum of Arag-T showing the frequency shift from the
elastically scattered central Rayleigh peak (labeled R) and the peaks cor-
responding to the longitudinal and transverse mode (v, and v;).

(Kg) and shear moduli (G) calculated using the Voigt-Reuss-Hill (H) av-
eraging scheme and the axial compressibilities f;, together with literature
data for comparison. The axial compressibilities, (;, represent the change
in lenght along the orthorhombic axes under hydrostatic pressure and are
related to the elastic compliances s;; by [167]:

Ba = S11 + S12 + S13 (3.1)
By = S21 + S22 + S23 (3.2)
Be = $31 + S32 + $33 (3.3)

In addition to the elastic properties, it is possible to obtain information on
the acoustic velocity anisotropy values for aragonite. The anisotropy of the
longitudinal velocity v, can be obtained using the anisotropy factor A, [140]:

A %) = EZ”’M” - “p’mf'”) - 200 (3.4)
p,Max + Up,mzn)

where v yrgz = 4 /% and Uy min = 4 /% represent the maximum and min-

imum compressional wave velocities respectively. For aragonite, P-waves
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Figure 3.2: Longitudinal and transverse acoustic velocities for the three platelets of
Arag-T (a) and Arag-S (b) as a function of the rotational angle. The
solid lines are calculated from the fit of the Christoffel's equation.

Table 3.3: Elastic tensor coefficients, elastic parameters and axial compressibilities 3
for aragonite (this study and Liu et al. 2005 [133] and Voigt (1910) [240])
and SrCO3 [16].

This study Lit. data

CaCOs3 SrCO;
Elastic DFT Arag-T  Arag-NT Arag-S  Liu [133] Voigt[240] Bied.[16]
Ci (GPa) 178(1)  176.0(5) 176.2(6) 173.8(5) 171(1)  159.6 153(1)
Ciy (GPa) 61.9(8) 60.1(5) 63(1) 62.5(5)  60(1) 36.6 52(1)
Ci; (GPa) 29.7(7)  29.8(6) 25.5(8)  27.2(6) 28(2) 2.0 38(11)
Cy (GPa) 113(2)  110.1(4) 111.6(4) 111.4(4) 110.1(9) 87.0 109.6(8)
Cos (GPa) A7.7(7)  45.2(7) 43.4(7)  43.2(5) 42(2) 15.9 43(15)
Css (GPa) 102(1)  101.4(3) 103.7(2) 99.8(2) 98(1)  85.0 75(1)
Cy (GPa) 40.2(3)  40.9(5) 40.03)  39.7(3) 39.3(6) 41.3 28.0(5)
Css (GPa) 22.26(3) 27.5(4) 26.6(3)  25.9(6) 24.2(4)  25.6 28.6(4)
Ces (GPa) 40.8(5) 39.8(5) 39.4(4)  39.6(3) 40.2(6) 42.7 33.2(5)
Ky (GPa) 72.5(4) 71.0(3) 70.7(3)  70.1(2)  69(1) 64(4)
Gy (GPa) 36.9(3) 37.1(2) 36.9(2)  36.4(1) 35.8(2) 31(1)
B.(TPa~l) 2.97(1) 2.92(1) 29(2)  3.0(2)  3.0(2) 3(2)
By(TPa~') 4.23(4) 4.6(2)  4.7(8)  46(5)  4.6(2) 4(6)
B.(TPal) 6.9(3)  69(2) 69(5)  7.3(5  7.3(6) 10(8)

propagate fastest along the [100] direction and slowest in the [001] direc-
tion [94].
The polarization anisotropy factor for the transverse velocities vg defines the
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difference in percentage between the two orthogonally polarized v, in a given
direction normalized to the average shear wave velocity, vs. It is given by:
Vs1 — Us2

Apor_s[%] = =2—2 100 (3.5)

Vs

where vy = \/g . For aragonite, the largest S-wave splitting (dVs) is observed

for the [010] and [111] directions [94]. A better quantification for anisotropy
is given by the universal anisotropy index, A* (Eq. 2.26). The values for az-
imuthal, splitting and universal anisotropy of the samples measured in this

study, together with the literature values for aragonite [133| and strontian-
ite [16] are listed in Tab. 3.4.

Table 3.4: Acustic velocity anisotropy of aragonite (this study and Liu et al.
2005 [133]) and SrCO3 (Biedermann et al. (2017) [16]).

This study Lit. data
CaCO3  SrCOg
Anisotropy Arag-T  Arag-NT Arag-S  Liu [133] Bied. [16]

Au 0.463(6) 0.506(6) 0.504(4) 0.53(1)  0.5(2)
Ap|%] 27.4 26.4 27.6 27.7 35.3
Ap_s|%| 3383  35.1 33.8 34.9 18.2

3.3 Discussion

Our data show good agreement (within 3% for the individual tensor coeffi-
cients Cj;) with the values obtained from the DFT calculations (this study
and the study by Nguyen-Than et al. (2016) [166], for which a discrepancy of
12% along the C5 is observed) and with the previously measured elastic ten-
sor coefficients from Liu et al. (2005) [133], as shown in Fig. 3.3. The results
of this study provide the most complete available data-set for aragonite at
ambient conditions, covering the compositional range of natural aragonites.
The measured elastic stiffness coefficients values vary slightly among the sam-
ples, in particular the C; and Cs3 coefficients shows a 3% lowering from the
Sr-free aragonite and to the sample with the highest Sr content from Liu et

al. (2005) [133]. Fig. 3.4 shows the dependence of r;; = \/C;j as a function

of the composition. The value of the isentropic bulk modulus Kg obtained
from the elastic tensor coefficients decreases with increasing Sr content from
Arag-T to Arag-S. The trend is confirmed by the results relative to Sr-richer
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Figure 3.3: Comparison between the elastic tensor coefficients of aragonite measured
in this study and the coefficients obtained from DFT calculations (also
this study). The data from Liu et al. (2005) [133] are also shown.
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Figure 3.5: Isothermal bulk modulus for Sr,Ca;_,CO3 solid solutions. Modified after
Spahr et al. (2021) [222]. Diamonds represent the values obtained from
Brillouin spectroscopy (this study and Liu et al. [133]). Values for end-
member CaCOs3 and SrCO3 are from Nguyen-Thanh et al. (2012) [166]
and Biedermann et al. [14]. Experimental values from PXRD experiments
are from Palaich et al. (2016) [173] and Litasov et al. (2017) [126].

sample analyzed by Liu et al. [133]. We compared our results with the values
relative to the isothermal bulk modulus obtained from a series of synthetic
compositions in the system CaCOj3-SrCO;3 [222]. In order to compare the re-
sults we converted Kg in K using the thermodynamic identity of Eq. 2.37,
assuming the the Griineisen parameter and the thermal expansion coefficient
are constant across the SrO compositional range between 0 and 2.5 wt%. In
particular, we used the values of the thermal expansion a=5.8x107% K1
and Griineisen parameter v = 1.39 determined for synthetic aragonite by
Litasov et al. (2017) [126]. The difference in the elastic tensor coefficients
and aggregate elastic moduli is consistent with an effect of Sr on the elastic
parameters from aragonite CaCOj3 to strontianite SrCO3 [16]. However, the
variation is too small to ascertain the effect of a few mol % of Sr on the
elasticity of aragonite.

Another issue to be addressed is the comparison between the elastic bulk
modulus of aragonite with respect to that of calcite. It is generally expected,
for a high pressure polymorph to have a greater bulk modulus compared
to the low-pressure polymorph. For CaCOjs, aragonite is denser than cal-
cite, as expected, however the different structure makes aragonite more com-
pressible, with a bulk modulus 9.7 % lower than that of calcite (Kygr =
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78.6(4) GPa [123]) at ambient conditions. The comparison between elastic
moduli and axial compressibilities of aragonite (sample Arag-T) and calcite
(from Lin et al. (2013) [123]) is reported in Tab. 3.5. From the results re-

Table 3.5: Elastic parameters of aragonite (Arag-T) and calcite (from Lin et al.
(2013) [123]).

Elastic Arag-T Calcite
this study Lin et al. [123])

Ky (GPa)  71.0(3) 78.6(4)
Gy (GPa) 37.1(2)  32.1(2)
B, (TPa~1) 2.92(1)  2.55
B, (TPa™')  4.6(2) 2.55
(TPa~!) 6.9(2) 8.14
vp (km/s)  6.64(3) 6.68(2)
vs (km/s)  3.68(1) 3.43(1)

ported in Tab. 3.5, it is evident that aragonite has a lower value (-9.7 %)
of bulk modulus, K, but a higher (+13 %) shear modulus, G, and, while
calcite is more compressible than aragonite along the c-axis, the axial com-
pressibility along the a- and b-axes is higher in aragonite. The difference in
structure between calcite and aragonite can be used to explain the apparently
anomalous behaviour of the aggregate elastic moduli of CaCOj3. The axial
compressibility of calcite and aragonite is directly related to the orientation
and compressibility of the constituing polyhedra that make their respective
structures [198|. Carbonate groups COj are stiff at low pressures, and com-
pression in calcite and aragonite is accommodated by geometric changes in
the Ca-O polyhedra. In both calcite and aragonite, the plane created by the
a- and b-axes is parallel to the carbonate groups, and the c-axis is perpendic-
ular to them, as shown in Fig. 1.2. Thus resulting in a higher compressibility
along the c-axis for both structures. Calcite is trigonal with space group
R3c. In calcite, the CO3 groups are arranged into planes (see Fig. 1.2a),
whose distance is 2.85 A, from one another along the c-axis. Aragonite is
orthorhombic with space group Pmcn. In aragonite the Ca-O polyhedra are
tilted with respect to the calcite structure; as a consequence, the CO3 groups
are arranged in different levels (Fig. 1.2b), distanced 1.88 A, along the c-axis.
This different arrangement of the polyhedra causes aragonite to have smaller
compressibility along the c-axis compared to calcite. However, the distance
between the stiff CO3 groups in the layers perpendicular to ¢ in the arago-
nite structure is larger than in those of calcite, which leads to higher axial
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compressibilities along the a- and b-axes, and an overall lower bulk modulus
of aragonite.

3.4 Conclusions

The elastic tensor coefficients and aggregate elastic moduli of aragonite were
obtained by Brillouin spectroscopy for three well-characterized natural arago-
nite samples. The results of our study provide the best available experimental
dataset for the elastic properties of aragonite. The data are in good agree-
ment with the values obtained by Lin et al. (2013) [123] and were confirmed
by DFT calculations.

The results of this study also show that low amount of Sr in the samples
(up to a maximum of 1.5 mol%) does not have a significant effect on the
elastic properties of aragonite. By including the results for 2.5 wt% SrCOs,
we can determine a compositional trend, which qualitatively confirms the
XRD studies performed on a wider compositional range. However, the ef-
fects we observe across such a narrow compositional range are at the limit of
the experimental resolution of Brillouin scattering.
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Chapter 4

Crystal structure and phase
behavior of a CaCO3-SrCO3 solid
solution up to 10 GPa

In addition to the unary calcium carbonate system, binary carbonate sys-
tems are of wide interest as they dominate in nature. Key questions are
how cation substitution modifies the CaCOj3 phase diagram and what con-
trols order-disorder processes [237, 28|. Recently, the presence of calcium
carbonate inclusions with high Sr and Ba contents in diamonds from the
transition zones was reported [136, 135]. The reported concentrations of
Sr in calcium carbonate vary from a few hundreds of mole percent (0.06-0.7
mol%) [101] to 5-18 mol% in highly enriched varieties [136, 137]. The high
content of Ba and Sr in carbonates was suggested to be indicative of deep
metasomatic processes related to carbonatites [136, 137, 135]. Carbonatites
possess high abundances of Sr and Ba, which can be found as main compo-
nent in carbonates (e.g. witherite, barytocalcite, carbocernaite, olekminskite
etc.) or as impurities in other minerals [241, 69, 196]. The Sr content in
calcite in carbonatites reaches, in general, a maximum of 2 mol% [40], but
few occurrences of Sr-enriched calcites with up to 9 mol% of Sr were also re-
ported [241]. Given the significant role of carbonates in the mantle processes
related to melting [58, 110], metasomatism [263, 110] and diamond forma-
tion [174, 225], the diversity of the compositions found in natural samples
should be addressed. Cationic substitutions can have an important impact
on the phase diagrams, physical properties and melting temperatures of the
studied materials and should be considered in the modeling of the processes
that involve carbonate minerals. Here, we will focus on Ca-Sr substitu-
tion. Experimental studies have shown that SrCOs3;-CaCO3 solid solutions
crystallize in the orthorhombic aragonite structure [34, 138], and a quan-
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tum chemical calculation study revealed that the incorporation of large ions
(e.g., Sr**, Ba®") is energetically incompatible with calcite [149]. Neverthe-
less, several high pressure-high temperature studies on the SrCO3-CaCOj3
and BaCO3-CaCOj3 systems have been performed, showing that the misci-
bility of Sr in the calcite structure, although limited to few mol% at ambient
conditions, increases with increasing pressure and temperature [41, 42, 32].
Additionally, it was clarified that calcite-incompatible ions (Sr?*, Ba®") can
be structurally incorporated into calcite through crystallization from amor-
phous calcium carbonate [148, 128, 200, 252|. A sample with stoichiometry
of CaggaS10.18CO3 was recently synthesized at high pressure and high tem-
peratures, quenched at high pressure and recovered to ambient conditions
by Martirosyan et al. (2021) [145]. The authors studied the recovered sam-
ple by Raman and Fourier transform infrared (FTIR) spectroscopy at high
pressures and high temperatures, revealing several phase transitions. In ad-
dition to that, the characterization of the recovered sample by powder X-ray
diffraction at ambient conditions showed that, despite the fact that most of
the reflections in the XRD pattern could be indexed in the calcite structure,
several low intensity peaks exhibited a splitting incompatible with calcite,
but indicative of a structure with lower symmetry. These results, in par-
ticular the controversial structural characterization of the sample material,
motivate further investigation of this system, especially, in order to deter-
mine the structure at ambient conditions and the relationships between the
high-pressure phases of CaCO3-SrCO3 and pure CaCO3. Here, we use a com-
bination of transmission electron microscopy (TEM) and synchrotron-based
single crystal X-ray diffraction (XRD) to characterize the microstructures of
the sample material synthesized by Martirosyan et al (2021) [145], determine
its crystal structure and explore its structural evolution under pressure to 9
GPa.

4.1 Experimental methods

4.1.1 Sample synthesis and characterization

A CaCO3-SrCO3 solid solution with stoichiometry of CaggoSrg18CO3 was
synthesized at 2 GPa and 1273 K in a Walker-type multi-anvil apparatus
at German Research Centre for Geosciences GFZ Potsdam. The chemical
composition of the sample was determined by electron microprobe analysis
(EMPA). Details of the sample’s synthesis and characterization are described
in Martirosyan et al. (2021) [145].
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4.1.2 High pressure experiments

Four different single crystals, ranging from 40 x40 x 20 gm? to 40x 70x20 pm?
in size, were handpicked from the synthesis product were studied by single
crystal XRD. Two samples were analyzed at ambient conditions and two at
high pressures (see Table 4.1 for experimental details).

Sample MNAC MNHP BJAC BJHP

Max. Pressure (GPa) 0 13 0 9
) range/step scan (°)  32/0.5 32/0.5 20/0.5 30/0.5
Acq. Time (s) 1 1 15 15

Presure medium - Argon - Neon

Detector dist. (mm)  404.4303 404.4303 404.2289 404.2289
Wavelegth (A) 02892  0.2892  0.2905  0.2905

Table 4.1: Experimental details for the different experiments.

The first crystal (MNHP) was studied using a symmetric diamond anvil
cell (DAC), with diamond culets of 250 ym in diameter. A sample chamber
of 120 pum in diameter was obtained by pre-indenting the central part of a 250
pm-thick Re-foil to 35 pm and drilling a hole in it with an electric discharge
machine (EDM). Argon was used as pressure-transmitting medium and a
ruby sphere was loaded in the sample chamber for pressure determination.
The second crystal (BJHP) was studied using a Boehler-Almax DAC [21],
equipped with Boehler-Almax-designed diamonds/seats and culets with a
diameter of 300 pm. The sample chamber was obtained by pre-indenting
the central part of a 250 pum-thick Re-foil to 40 ym and laser-drilling it to
obtain a sample chamber with a diameter of 150 yum. Neon was used as
pressure transmitting medium [112] and a ruby sphere as pressure calibrant.
For both experiments after each pressure increase we waited for at least 4
hours (to stabilize the pressure) before collecting X-ray diffraction data. The
fluorescence of the ruby was measured immediately after each single crystal
diffraction data collection. The pressure was determined by applying the
ruby reference scale for quasi-hydrostatic conditions Ruby2020 [212].

91



4.1.3 Single crystal X-ray diffraction

Single crystal XRD experiments were performed at the extreme conditions
beamline P02.2 at Petra-III (DESY, Hamburg, Germany) using an X-ray
beam with an energy of 25.6 keV (A ~ 0.29 A) focused down to 2 x 2 pm?
by a Kirkpatrick-Baez (KB) mirror system [122].

X-ray diffraction patterns were acquired at ambient temperature with Perkin
Elmer XRD 1621 flat-panel detector, using an in-house script for collecting
step-scan diffraction images. The instrumental model of the experimental ge-
ometry (sample to detector distance, offsets of the angles of the goniometer)
was calibrated with a standard single crystal of enstatite ((Mg;.93Feq.06)(Si1.03Al0.06)Os,
Pbca, a = 18.2391(3) A, b = 8.8117(2) A, ¢ = 5.1832(1) A). The images were
then converted with an in-house software script to conform to the standard
format of the program CrysAlis PRO (Rigaku Oxford Diffraction, [53]).
The intensities of the reflections were measured in omega step scans. The
experimental details are reported in Table 4.1. The data processing (unit cell
determination and integration of the reflections’ intensities) was performed
with the CrysAlis PRO software. The indexing of the unit cell was carried
out on reflections manually selected in the reciprocal space viewer (Ewald ex-
plorer, implemented in the CrysAlis PRO software). The crystal structures
were solved by direct method implemented in SHELXT [211], and refined
using the JANA software package [181]. For data collection at pressures
lower than 5 GPa, the displacement parameters of all atoms were refined
anisotropically. At higher pressures, the displacement parameters were re-
fined anisotropically only for Sr and Ca. The software VESTA [161] was used
for structure visualization.

4.1.4 TEM analysis

Three samples were studied by Transmission Electron Microscopy (TEM).
The sample preparation was performed with focused Ga-ion beam (FIB)
milling at GFZ Potsdam using a HELIOS system operated at an accelerating
voltage of 30 kV and a current of 2.2 nA. Details of TEM sample prepara-
tion using FIB milling can be found elsewhere [256]. High-resolution TEM
(HRTEM) images were acquired using a FEI Tecnai G2 F20-X-Twin micro-
scope, at the German Research Centre for Geosciences (GFZ), Potsdam. The
TEM was operated at 200 kV acceleration voltages and a field emission gun
was used as electron source. The TEM is equipped with a high-angle annu-
lar dark field detector HADDF, a Gatan imaging filter Tridiem and EDAX
X-ray analyzer.

92



4.2 Experimental results

4.2.1 Crystal structure of Sr-CC-II and micro-structural
analysis at ambient conditions

The structure determination carried out on XRD datasets obtained at ambi-
ent conditions revealed a monoclinic structure, space group P2;/c and Z = 4.
This structure is referred to as Sr-calcite-IT (Sr-CC-1II) because of its simi-
larities with the calcite-II structure [156, 145]. The unit cell parameters of
Sr-CC-II, at ambient conditions, are a = 6.4237(7) A, b = 5.0176(1) A,
c = 81129(1) A, B = 108.064(1)° and V = 248.60(1) A®. The density of
Sr-CC-ITis p = 2.982(1) g/cm?, approximately 10 % higher than calcite at
ambient conditions. The Sr and Ca cations in the Sr-CC-II coordinate six
oxygens, forming octahedra. The structure of Sr-CC-II is shown in Fig. 4.1.

Figure 4.1: Perspective view of the structure of Sr-CC-ll, visualizatized using
VESTA [161]. The cations (Sr,Ca) are represented by the blue octa-
hedra, while the CO3 planar groups are in brown: the brown atoms are C
and the red ones are O.

Similar to calcite-II, Sr-CC-II is a modified calcite structure and exhibits
a rotation of the CO3 groups around the calcite three-fold axis, and a dis-
placement of the cations is observed in Sr-CC-II. Sr and Ca are completely
disordered in the cationic site. The details of the structure refinement for the
Sr-CC-II phase are shown in Table B.3. Table B.1 and B.2 show the atomic
positions the isotropic displacement factors, the atomic bond distances.
Some additional reflections were observed on the diffraction patterns, which
motivated a further microstructural analysis of the Sr-calcite samples by
TEM. Three thin films from different grains were studied with TEM and the
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electron diffraction patterns of the studied samples were refined with the Sr-
CC-II structure model. The main phase was indexed based on a monoclinic
structure with @ = 6.4237 A, b = 5.0175 A, ¢ = 8.1129 A, and 8 = 108.064°
(Fig. 4.2(a)).

The samples are overall homogeneous, as shown in Fig. 4.2(b) (high-angle
annular dark-field (HAADF) image), but present a high density of dislo-
cations in bright field imaging and a lamellar texture with clear interfaces
caused by complex twinning (Fig. 4.2(c)). Furthermore, TEM bright-field
imaging study revealed the presence of antiphase domains (APDs) separated
by antiphase boundaries (Fig. 4.2(d)).

4.2.2 Crystal structure of Sr-CC-III and its equation of
state

P (GPa)  a(A) b (A c (A

) ) I64 V (A% Phase

0 64237(7) 5.0176(1) 8.1129(1) 108.064(1) 248.60(1) Sr-CC-II
5.0059(6)  8.102(2

(

0.31(5)  6.418(6) ) 107.88(6) 247.7(3)  Sr-CC-II
0.53(5)  6.406(7) 5.0063(6) 8.087(2) 107.93(7) 246.8(3) Sr-CC-II
1.72(5)  6.2683(2) 9.922(5) 7.6574(6) 103.856(6) 462.39(5) Sr-CC-III
2.61(5) 6.2467(2) 9.9009(5) 7.6052(6) 104.005(9) 456.38(5) Sr-CC-III
471(5) 6.2181(4) 9.8667(6) 7.521(8) 104.091(9) 447.55(6) Sr-CC-III
6.68(5) 6.178(5) 9.816(7) 7.4222(9) 104.298(7) 436.16(7) Sr-CC-III
7.44(5) 6.1685(3) 9.7906(8) 7.4051(8) 104.34(1) 433.23(6) Sr-CC-III
8.97(5) 6.1445(6) 9.7852(8) 7.329(1)  104.53(1) 426.55(9) Sr-CC-III
2.0(1)  6.2596(4) 9.9224(5) 7.640(1) 103.749(9) 460.95(7) Sr-CC-III

Table 4.2: Lattice parameters and unit-cell volumes of Sr-calcite polymorphs at dif-
ferent pressures determined by single crystal X-ray diffraction.

Upon pressure increase Sr-CC-II transforms into a new phase, Sr-calcite-
IIT (Sr-CC-III). Table 4.2 shows the lattice parameters and unit cell volumes
obtained from the single crystal XRD experiments. This observation is con-
sistent with the findings of Martirosyan et al. (2021) [145] in their vibrational
spectroscopy study of a sample from the same synthesis batch as the crystals
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Figure 4.2: (a) Energy filtered TEM lattice fringe image of Cag.g2Sr9.18CO3 and in the
inset the calculated diffraction pattern from the Fast Fourier Transform
(FFT) of the lattice fringe image indexed based on a monoclinic lattice
(sample 6401). The scale bar in the image is 2 nm. (b) TEM HAADF
image (sample 6401). The vertical black stripes are due to a curtaining
effect from FIB milling. Dark areas are holes. The bar scale is 500 nm.
(c) Bright-field (BF) image of one of the Sr-calcite samples. The lamella
on the left side of the image is a twin lamella. The scale bar in the image
is 0.2 um. (d) Antiphase domains in Sr-calcite (sample 6402). The scale
bar is 0.5 um. The white arrows are a guide to the eye.

described here. Our single crystal XRD experiments confirmed a structural
phase transition from Sr-CC-II to Sr-CC-III occurring at 1.73(5) GPa. Ac-
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cording to [145], further compression of Sr-CC-III revealed some additional
features in the Raman spectra, and two high-pressure modifications were
reported: Sr-CC-IIIb at 4 GPa and Sr-CC-Illc around 7 GPa. Our XRD
experiments did not detect any structural changes in the pressure ranges
at which the Raman spectroscopy study observed Sr-CC-IIIb and Sr-CC-
[IIc. Sr-CC-IIT crystallizes in a monoclinic structure, space group P2;/m
and Z = 8. The lattice parameters are a = 6.2683(2) A, b = 9.9220(5) A,
¢ = 7.6574(6) A, B = 103.856(6)° and V = 462.39(5) A3 at 1.73(5) GPa.
The structure refinement details for Sr-CC-III are shown in Table B.4. The
structure of Sr-CC-III is disordered, as the Sr and Ca cations occupy crys-
tallographically equivalent positions. Sr-CC-III has two features in common
with the structure of pure calcite-I1I such as the planar CO3 groups, which are
no longer coplanar to one another [150], and the presence of non-equivalent
cation sites with different coordination number (8 and 7) (green and blue
octahedra in Fig. 4.3). Table B.5, B.6 show the refined atomic coordinates
and isotropic displacement factors and the bond distances for Sr-CC-III at
1.72(5) GPa. However, Sr-CC-III has monoclinic symmetry rather than tri-
clinic as in the case of calcite-III and the two structures are topologically
different. The compression of a, b and c lattice parameters of Sr-CC-III
(here expressed as the value normalized to the initial one at 1.73(5) GPa) is
depicted in Fig. 4.4.

It is evident that the compression of Sr-CC-III is strongly anisotropic, as
the relative contraction along the c-axis between 1.73(5) and 8.97(5) GPa
is almost two times larger compared to that of the a-axis and b-axis. A
second order Birch-Murnaghan EoS was applied to the cubes of the a,b and
c lattice parameters [79] giving Ko, = 102(3) GPa, Ky, = 148(8) GPa and
Ko. = 37(2) GPa. Confirming that Sr-CC-III is more compressible along
the c-axis. The volume compression data were analyzed using the Birch-
Murnaghan finite-strain equation of state (EoS), as shown in Fig. 4.5. The
unit cell volume V and bulk modulus Ky (K¢ = (0P/0V )r¢) were obtained
by performing a least-square fit of the second-order Birch-Murnaghan equa-
tion of state to the experimental data:

P = 1.5K((Vo/ V)2 — (Vo /V)>/3) (4.1)

The refinement of the EoS parameters (simultaneously weighted by the un-
certainties in both P and V) yielded the parameters of Vy = 474(1) A% and
Ky — 69(2) GPa.
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Figure 4.3: Perspective view of the structure of Sr-CC-lll, visualizatized using
VESTA [161]. The cations (Ca, Sr) are represented by the distorted oc-
tahedra. The different colors help distinguish the two coordination sites:
in blue the site with coordination number of 7, while the green site has
coordination number 8. The CO3 groups are in brown. The brown atoms
are C and the red ones are O.

4.3 Discussion

The synthesis conditions of the samples used in this study (2 GPa, 1273 K) [145]
lie on the boundary between the calcite-IV and calcite-V stability field in the
pure CaCOj phase diagram [10, 97, 96, 13|. The crystal structures of these
polymorphs of CaCOj3 are closely related to that of calcite, and are charac-
terized by orientational disordering of the CO3 groups due to the rotation of
the anionic groups around the threefold axis [160, 190, 232]. Chang (1965)
[41] and Carlson (1980) [32] extensively studied the CaCO3-SrCOj3 system
at high pressures (up to 2.5 GPa) and temperatures (up to 1000 K) by
performing quench-experiments and checking the resulting phases by means
of X-ray diffraction of the high pressure (and high temperature) synthesis
product and at high temperatures with a high-temperature X-ray diffraction
device. Their studies reported the presence of a disordered rhombohedral
structure at high temperatures (T>1000 K), suggested by the abrupt change
in slope and offset of the Ca-rich limb of the miscibility gap. The disordered
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Figure 4.4: Relative variation of unit cell parameters and volume with pressure at
room temperature for the Sr-CC-Ill phase. Error bars of the relative cell
parameter values are smaller than the size of the symbols. The solid lines
are a guide to the eye.

character of this second rhombohedral phase is explained by the gradual dis-
appearance of the 113 reflection (present in calcite) in the powder diffraction
patterns [41]. The 113 reflection is the most intense among a class of re-
flections whose presence implies orientational ordering of the COj3 groups in
the calcite structure [41, 32, 97, 96]. The complete disappearance of the 113
reflection above 1000 K corresponds to a structural transition from the space
group R3c to R3m [41]. Carlson (1980)[32|, combining his new results with
those of the previous studies presents a full high pressure/high temperature
phase diagram for the subsolidus CaCO3-SrCOj system. The phase diagram
shows the presence of an extended miscibility gap between an orthorhombic
Sr-rich phase and a trigonal Ca-rich phase, with an increase in the maxi-
mum content of Sr in the trigonal phase with increasing temperature. The
boundary between the ordered and disordered phase was also observed to
be dependent on the Sr content. Furthermore, it was shown that Sr pref-
erentially fractionates into the disordered structure [32]. Unfortunately, the
high pressure disordered phase was not preserved on quenching, therefore
its structure could only be guessed. Initially, calcite-II was considered as a
possible structure to describe the high-temperature high-pressure phase as,
despite the small cell volume, calcite-II has a greater Ca - O average bond
length than calcite, and as such it’s expected to accommodate larger Sr ion
more easily than calcite [32]. Eventually, this structural model was discarded
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Figure 4.5: Compression curve of Sr-calcite-lll in the pressure range between 1.7 and
9 GPa. The red curve is the best fit of the second-order Birch-Murnaghan
EoS. Error bars of the relative cell parameter values are smaller than the
size of the symbols.

as the XRD patterns did not show any of the reflections characteristic for
calcite-II. However, the reasoning that lead Carlson (1980) [32] to consider
calcite-II as a possible structural model can be used to understand why we
observe a similar structure in the quenched samples in our study. We believe
the SrCC-II phase resulting from the rapid quenching and decompression to
be related to the disordered phase proposed by Carlson (1980) [32].

The TEM analysis of our samples showed the presence of antiphase domains
(APD) in Sr-CC-II. Domains typically form as result of a phase transforma-
tion from a structurally or chemically disordered state to an ordered arrange-
ment of atoms, and are particularly common in solid solutions [257, 164].
A rearrangement of atoms from a disordered to an ordered state is often
accompanied by a loss in symmetry, which can be either due to a composi-
tional ordering, such as Mg-Ca in dolomite, or positional ordering, such as
the orientation of the CO3 groups in calcite and dolomite [195, 194]. An-
tiphase domain boundaries separate two domains of the same phase. They
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result from symmetry breaking that occurs during an ordering process dur-
ing cooling or pressure drop, which can start at different locations in the
cyrstal in a disordered lattice. Based on our results and previous studies,
we propose that the APDs of our samples result from an initially disordered
calcite-like phase (CaCO3-IV or CaCO3-V, described by orientational dis-
order of the COj3 groups) at the synthesis conditions which ordered during
rapid quenching to ambient temperature, transforming into the Sr-calcite-II
phase observed in the present study, characterized by ordering of the COj3
groups, but in which the Sr and Ca cations are disordered (i.e. occupy equiv-
alent positions). The analysis of the powder X-ray diffraction pattern of our
samples showed weak intensities (I/1j) for the calcite-II reflections, confirm-
ing the similarities with the calcite-II phase. We conclude that the synthesis
conditions lead to a Sr fractionation in the disordered calcite structure, which
then ordered during quenching. In the ordering process from a disordered
calcite phase to the ambient conditions structure, the presence of Sr, in the
amount of 18 mol% leads to a distortion of the calcite structure to better
accommodate this larger ion.

The density of Sr-CC-II obtained from single crystal XRD experiments (p =
2.982(1) g/cm?) is higher than pure calcite and is in good agreement with
the values reported in a previous powder XRD study [200] for a solid solution
with a similar composition. In their study, Saito et al. (2020)[200] synthe-
sized SrCO3-CaCOj3 solid solutions with different Sr content using amorphous
calcium carbonate as a starting material. They report the structure of their
solid solution to be trigonal calcite. However, the results of our study, in
combination with the study by Martirosyan et al. (2021) [145] showed that
the powder XRD pattern of the distorted calcite phase (Sr-CC-II) differs
from that of trigonal calcite only by the splitting of the (102), (108), (110)
and (116) peaks [145]. The two phases cannot be distinguished by powder
XRD techniques when the grain-size is small and the crystallinity is poor,
therefore the samples produced in the previous studies [41, 32, 200] could in-
deed have been monoclinic (Sr-CC-II structured) rather than trigonal. Our
experiments show that 18 mol% of Sr in the synthesized solid solution, leads
to significant changes in the phase behavior of calcium carbonate. FEnd-
member calcite-II is a metastable phase detected in a narrow pressure range,
between 1.7 and 2.5 GPa, and not quenchable to atmospheric pressure [184].
The incorporation of Sr leads to the occurrence of a calcite-II-like structure
(Sr-CC-II) at ambient conditions. Furthermore, Sr-CC-IIT is a new high pres-
sure polymorph which is different from the previously described pure CaCOs3
polymorphs. Despite the similarities between Sr-CC-IIT and calcite-III poly-
morph, namely, the non-coplanar COj3 groups and non-equivalent Ca coordi-
nation polyhedral, those structures have major differences. Sr-CC-III has a
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higher monoclinic symmetry, the coordination numbers of the cations are 8
and 7 versus the triclinic structure of calcite-I1I, where the calcium cations
coordinate 7 or 9 oxygens [150]. The results of the single crystal XRD ex-
periments also allowed us to make a statement on the elastic properties of
the studied samples. The data collected at low pressures in the Sr-CC-II
stability field were not sufficient to be studied using the Birch-Murnaghan
equation of state. A rough estimate of the value of the bulk modulus at am-
bient conditions for Sr-CC-II, obtained as a linear extrapolation to Py = 0
GPa, is Kosrco—11 = 50(10) GPa. For Sr-CC-II phase a direct comparison of
the bulk modulus with the isostructural calcite-1I at ambient conditions was
impossible due to the scarcity of available data. Furthermore, despite the nu-
merous studies on calcite-IT [156, 150, 184, 266|, the existent published data
on calcite-II are mutually inconsistent and insufficient to obtain an accurate
value for the bulk modulus, a rough estimate would result in a bulk modulus
of 50(15) GPa, but the large uncertainty makes a comparison with Sr-CC-II
structure inconclusive. The high-pressure phase, Sr-CC-III is experimentally
observed in a wider pressures range, and it was possible to collect enough
data to perform a fitting of the second-order Birch-Murnaghan equation of
state to our data. The bulk modulus at ambient conditions of Sr-CC-III
is 69(2) GPa, about 20% lower than that of end member calcite-I11 (87(5)
GPa), (see Table 2). The lower value of the bulk modulus is most likely
caused by the significant difference between the structures of Sr-CC-IIT and
calcite-III. Generally, Sr-incorporation produces a softening with respect to
the Ca end-member material (|16, 14]). Table 4.3 shows the values of the
bulk modulus at ambient conditions for pure CaCOj (calcite, aragonite and
calcite-I1I), the CaCO3-SrCOj solid solution (this work) and pure SrCOj.

Carbonate Z  V, (A%) K, (GPa) dK/dP, References

Calcite 6 367.789(4)  73.5(3) 4 [191]
Calcite- Il 10 570(1) 87(5) 4 [184]
Aragonite 4 227.11(3)  65.7(8)  5.1(1) [126]

Strontianite 4  250.8(3)  62.7(6)  3.2(1) [14]
Sr-CC-IIT 8 474(1) 69(2) 4 This work

Table 4.3: Comparison of the literature data at ambient conditions for carbonates in
the system CaCO3-SrCOs.

Experimental [222| and theoretical studies [63] of aragonite-structured
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Ca,Sr1_,CO3 solid solutions described the effect of Sr substitution on the
bulk modulus of these solid solutions with z ranging from 0 to 1. Both
studies observed a significant lowering of the bulk moduli compared to a
simple linear decrease between aragonite and strontianite. Unfortunately, a
thorough comparison between the elastic properties of Sr-aragonite and Sr-
calcite systems is difficult due to a lack of data and the difference in structures
between Sr-CC-III and calcite-III.

Summarizing our results, it can be concluded that the substitution of Ca?"
with a larger cation Sr** in the amount of 18 mol%, causes a distortion of
the calcite structure at ambient conditions and the crystallization of new
structures at high pressures different from the ones observed in pure CaCOs.
Sr-CC-I1, is closely related to calcite-II structure, while Sr-CC-IIT which is
structurally distinct from calcite-I11, is 20% softer than calcite-II1.

4.4 Implications

The rich mineralogy and diversity of carbonate compositions found in dia-
mond inclusions and other mantle minerals point to the importance of ex-
tending the study of carbonates to more complicated systems other than the
end-member compositions. The results presented here, in combination with
previous studies show how composition strongly affects the phase diagram
and the physical properties the calcium carbonate-based solid solutions. Our
structural and micro-textural observations suggest the possibility that high
temperature and relatively low-pressure conditions can represent pathways,
even in natural systems, for anomalous incorporation of Sr in calcite-related
calcium carbonate phases. This could help explain the origin of Sr-enriched
calcites found in carbonatites. The highest Sr content in calcite from car-
bonatites is in general around 2 mol% [40]. However, there are few oc-
currences of calcite carbonatites with higher Sr-contents [241, 69, 196]. One
study, in particular, reports a Sr-enriched calcite with a Sr content up to 9
mol% [241]. Carbonatites in those localities contain primary Sr-rich calcite
with SrO content 3-9 mol% and Ca-rich strontianite (<30 mol% CaCOs3)
that form exsolution textures. Typical exsolution textures consist of Sr-rich
calcite in a core, and the subsolvus mineral assemblage confined to marginal
parts of the crystal [196]. Due to the major similarities in the powder XRD
patterns [143], calcite and Sr-calcite-II cannot be accurately distinguished in
the multiphase assemblages, such as those observed in carbonatites. There-
fore, the occurrence of Sr-calcite-II rather than calcite cannot be ruled out
and should be checked in the future studies. The findings of Sr-calcites in
carbonatites confirm the increasing miscibility of Sr in calcite-like structures
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(either calcite-TV, Sr-calcite-1I or calcite) at high pressures and temperatures.
According to previous works [241, 196], the formation of Sr-calcite in carbon-
atites occurs above 923 K and 2 kbar. The compositions of the Sr-calcites
found at room temperature and pressures may not correspond to the initial
magmatic “protocarbonates” [40]). Owing to the limited miscibility in the
calcite-strontianite system at ambient conditions, early magmatic carbon-
ates became enriched in Sr unmix upon cooling. The unmixing is evident
from the observed exsolution textures of Sr-calcite and Ca- strontianite or
carbocenaite [241, 40].

4.5 Conclusions

This study reports the crystal structures of two high pressure polymorphs
of Sr-bearing calcium carbonate. Several studies reported the present of
Sr-rich calcium carbonate in carbonatites and diamond inclusions. We per-
formed single-crystal X-ray diffraction studies on a synthetic solid solution
with composition Sry13CagoCO3z up to 9 GPa. The samples used in this
experimental work are from the same batch as the ones used in a previous
high pressure Raman spectroscopy study (Martirosyan et al. [145]). The re-
sults of this study showed that 18% of Sr leads to strucural modifications
compared to pure CaCQOs3. At ambient conditions the CaCO3-SrCO3 solid
solution is isostructural to the high pressure polymorph of CaCO3, calcite-II.
At 1.73(5) GPa a structural phase transition is observed to a new mono-
clinic structure P2;/m, Sr-CC-III. This structure is different from any pure
CaCO3 polymorph, but shares some common features with calcite-III such as
the non-coplanar CO3 groups and the presence of different coordination sites
with coordination number of 7 and 8 respectively. No additional structural
modifications were observed in the pressure range between 1.7 and 9 GPa.
The combination of structural and microstructural (TEM) measurements,
provide possible pathways for Sr-incorporation in calcite-like CaCO3 phases
at high temperature and relatively low pressure conditions, which may have
relevance for processes in natural carbonatite-related systems. The effect of
cationic substitution on the structure and phase diagram of CaCOg3 shows
the importance of extending the study to more complex carbonate systems
than the pure end-member compositions.
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Chapter 5

Mechanical properties of
amorphous calcium carbonate at
high pressures

Calcium carbonate is a material of great interest due to its technological ap-
plications and for its importance in the formation of biogenic minerals [1].
At ambient conditions, in addition to the anhydrous polymorphs (calcite, va-
terite, aragonite) hydrous forms are observed: amorphous calcium carbonate
(ACC), calcium carbonate monohydrate (monohydrocalcite, CaCO3-H50),
and calcium carbonate hexahydrate (Ikaite, CaCO3-6 HyO) [31]. ACC is the
least stable non-crystalline polymorph, and is often a precursor in the for-
mation of the more stable crystalline polymorphs, functioning as temporary
calcium storage or as a metastable precursor in biological mineralized struc-
tural materials [248]. Inspired by magnesium incorporation in carbonatic
biomineralization, where many organisms form magnesium-rich calcite skele-
tons, ACC has also recently been used for doping incompatible elements into
calcite [148, 200, 250, 251, 208, 252.

Furthermore, it has been demonstrated that ACC is a compound that pos-
sesses more than one amorphous state, a phenomenon known as polyamor-
phism, where each polyamorphic form has a distinct short-range order (ob-
served in both natural and synthetic samples) [33]. Previous studies showed
that it is possible to produce synthetic ACC samples with different local
structures by varying the pH of the starting solutions. Syntheses of ACC
performed at pH~8.75 and pH>9.80 produce local structures related to cal-
cite and vaterite, respectively [33, 77].

Water also plays a key role in ACC formation, stability and crystallization
mechanisms [188]. A previous study by Schmidt et al. (2014 )[205] investi-
gated the effect of hydration and synthesis procedure on the structure and
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physical properties of amorphous calcium carbonate samples. Their X-ray
absorption fine structure spectroscopy (XAFS) and synchrotron X-ray to-
tal scattering measurements on ACC samples revealed little differences in
the structures of the synthetic samples produced via different synthesis pro-
cedures [114, 68]. Despite the short-range structural similarities between
the samples (obtained from the different synthesis procedures), simultane-
ous thermo-gravimetric analysis and differential scanning calorimetry (TGA-
DSC) measurements revealed differences in crystallization and dehydration
temperatures [205], providing insights into the role of water in the ACC
structure at the different length scales (mid- to long-range).

Amorphous calcium carbonate is not only interesting as a precursor for the
crystalline calcium carbonate polymorphs present at the Earth’s surface, but
may also have implications for the study of the deep Earth. The phase di-
agram of calcium carbonate has been extensively studied at high pressures
and high temperatures [230, 171, 126, 13, 92]. A recent article by Hou et al.
(2019) [92] focused on the region of the phase diagram of CaCOj3 above 3 GPa
and 1000 K, which has long been controversial: Suito et al. (2001)[230] de-
scribed the stable phase at these P-T conditions to be a disordered crystalline
phase, while Litasov et al. (2017) [126] suggested it might be a different
new phase. However, neither study provided detailed structural informa-
tion on this high P-T phase. A recent ab initio study by Gavryushkin et
al. (2020) [76] described this phase as a disordered aragonite with dynami-
cally disordered, freely rotating CO3 groups, similar to the trigonal CaCO3-V
structure [97, 96]. Hou et al. (2019) [92] reported a reversible temperature-
induced transition from aragonite to an amorphous calcium carbonate phase
at pressures of 3.9-7.5 GPa and a temperature above 1000 K. If crystalline
CaCOg progressively disorders, and eventually amorphizes, in the pressure
range from 4 to 8 GPa and at high temperatures, knowing the elastic proper-
ties and seismic velocities of ACC and comparing them to the high pressure
crystalline CaCO3 polymorphs in this pressure range allows us to determine
whether the presence of ACC in the upper mantle may cause a seismically
detectable signature.

In a previous study on the high pressure behavior of a synthetic ACC in a di-
amond anvil cell (DAC) up to 20 GPa, Fernandez-Martinez et al. (2013) [70]
compressed a synthetic ’vaterite-like’ ACC sample in diamond anvil cell
(DAC) up to 20 GPa and measured X-ray diffraction and Raman scatter-
ing. This study revealed the presence of a pressure-induced polyamorphic
transition from "vaterite-like" ACC to "aragonite-like" ACC, at a pressure
of ~ 10 GPa.

A second study on amorphous calcium carbonate at high pressures was per-
formed by Fruhner et al. (2018) [73], who studied Eu doped calcite and
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aragonite samples by time-resolved optical fluorescence spectroscopy and to-
tal X-ray scattering combined with pair distribution function analysis up to
20 GPa. They observed that, below 1.7 GPa, crystalline calcite:Eu trans-
forms into an amorphous phase with a calcite-like local structure which then
transforms to an amorphous phase with an aragonite-like local structure at
about 10 GPa [73].

Here, we present a high pressure study on the acoustic velocities and elastic
properties of both hydrous and anhydrous synthetic samples ACC, obtained
from different synthesis procedures [114, 68| studied up to 20 GPa.

5.1 Experimental

5.1.1 Sample synthesis and characterization

Two different synthesis methods were employed to produce the ACC samples.
The synthesis of the sample was performed by Rita Luchitskaia at the Goethe
University, Frankfurt am Main. The procedure of Faatz et al. (2004) [68] was
adopted for the synthesis of the first sample, ACC-I: 294 mg (0.002 mol) of
calcium chloride solution CaCly-2H,0O and 900 mg (0.01 mol) of dimethyl
carbonate were dissolved in 160 ml water in a vessel that was placed in an
ice water bath at 278 K. The precipitation of ACC was initiated by adding
drop-by-drop 40 ml of 0.5 N sodium hydroxide under stirring to the reaction
solution. The precipitation occurred slowly, after a delay of about 5 minutes.
The precipitate was vacuum filtered, rinsed with aceton and dried. The sam-
ple was then heated at 423 K for 12 hours. The sample was checked by X-ray
diffraction before being loaded in a diamond anvil cell (DAC) (Fig. 5.1). The
samples ACC-II and ACC-III were prepared according to the procedure of
Koga et al. (1998) [114], 100 ml of 0.02 M sodium carbonate and 25 ml of
0.5 N sodium hydroxide were mixed under stirring in a vessel, while 100 ml
of 0.02 M calcium chloride solution was prepared in a different vessel. Both
solutions were kept in an ice water bath at 278 K for about 30 minutes.
Then, the calcium chloride solution was added rapidly to the mixed solution
of carbonates under stirring. The precipitated colloidal phase was vacuum
filtered, rinsed with aceton and dried.

Sample ACC-II was heated at 520 K for 20 hours. The heated sample was
checked by X-ray diffraction before being loaded in the DAC (Fig. S1). Sam-
ple ACC-IIT was loaded into a diamond-anvil cell without being subjected
to any dehydration treatment. The pH of the starting solutions used in
the samples preparation produced samples with a ’'vaterite-like’ local struc-
ture [31, 77].
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Figure 5.1: X-ray diffraction patterns of samples obtained by the two synthesis pro-
cedures. The green curve refers to sample ACC-I [68], while the red curve
refers to sample ACC-II [114]. The absence of sharp peaks in the diffrac-
togram proves the amorphous nature of the samples.

Both synthesis methods produce nanospheres of ACC [68, 114]. Before load-
ing in the DAC, the samples were compressed between two diamonds (culets
500 pm) to an unknown pressure in order to obtain transparent platelets
of about 100 x 100 x 30 pum?® (ACC-I and ACC-II) and 50 x 80 x 15 um?
(ACC-III) which were then loaded in the DAC.

5.1.2 Thermogravimetric analysis

The evolution of the samples under heat treatment was characterized by si-
multaneous thermogravimetric and differential thermal analysis (TGA-DTA).
The thermogravimetric analysis was performed on a Linseis STA 1600PT
(Linseis, Selb, Germany). The measurements were performed on fresh sam-
ples obtained following the same synthesis procedures as the samples loaded
in the DACs. Sample Al (analog for ACC-I) was heated at 10 K/min up to
423 K, then kept at constant temperature for 12 hours and finally heated to
1500 K at 10 K/min. Sample A2 (analog for ACC-II) was heated at 10 K/min
up to 521 K, kept at constant temperature for 20 hours and finally heated
to 1500 K at 10 K/min. The TGA-DTA measurements were carried out by
Matthias Schneider from the University of Potsdam, Institute of Chemistry,
Potsdam, Germany.
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5.1.3 High-pressure measurements

High pressure measurements at ambient temperature were carried out us-
ing a Boehler Almax diamond anvil cell (DAC)[21]|. Diamonds with 300 pm
culets were used for both samples. Sample chambers of 150 ym in diam-
eter were laser drilled in rhenium gaskets, which had been pre-indented to
a final thickness of 40-48 pum. The cells were loaded with Ne as pressure
transmitting medium. A ruby (Al,O3:Cr®") fragment was placed inside the
sample chamber as pressure calibrant. The pressure was measured using the
shift of the R1 fluorescence line of ruby, relative to a standard ruby at room
pressure. The pressure was determined before and after each set of Brillouin
measurements using the ruby reference scales for quasi-hydrostatic conditions
(referred to as Ruby2020) [212].

5.1.4 Brillouin spectroscopy

Brillouin scattering is the inelastic scattering of light by acoustic phonons.
Brillouin scattering measurements were performed in the Brillouin labora-
tory at the German Research Centre for Geosciences, GFZ, Potsdam.

At low pressures, in addition to the Brillouin shifts due to the forward scat-
tering of both the sample A4 and the pressure transmitting medium (Ne)
Avfe, it was possible to measure the Brillouin shift due to the backscattering
of Ne Av5¢, because the laser beam reflected from the downstream diamond
(defined as the DAC diamond on the side of the detector) serves as an inci-
dent beam. The wavevector ¢ of the acoustic phonon, in forward scattering
geometry, is parallel (60°) to the interfaces of the diamonds crossed by the
laser beam, while the backscattering wavevector is in the same direction of
the beam reflected by the culet of the downstream diamond (Fig. 5.2).

The measured acoustic velocities for Ne are reported in the Supplementary
material and are in complete agreement with the results reported by Shimizu
et al. (2005) [214] and Wei et al. (2019) [246]. The reproducibility of the
data of Ne provides an additional control on the compression conditions and
the pressure determination in our experiments.

ACC-I was studied by Brillouin scattering while increasing pressure from
2.0(1) GPa up to 17.0(2) GPa and on pressure release down to 3.4(1) GPa.
ACC-II was measured in compression from 2.68(3) up to 19.9(1) GPa and
decompression to 3.3(3) GPa. ACC-III was studied in compression from 0
to 18.8(2) GPa and decompression down to 0.6(1) GPa.

The Brillouin spectra features were fitted using pseudo-Voigt functions and
a linear background using the Peakfit software (Systat Software, California).
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Figure 5.2: Sketch of the forward and backscattering from ACC and Ne. q is the
scattering wavevector. The grey rectangle represents the sample. The
white rectangle is the sample chamber in the DAC.

5.2 Results

5.2.1 TGA

The results of simultanous TGA-DTA allowed us to constrain the water con-
tent depending on the synthesis and heat-treatment of the samples. Fig. 5.3
shows the results of the TGA measurements on samples ACC-I and ACC-II.
As observed by Schmidt et al. (2014) [205], three regimes were defined on
the basis of the distinct mass-loss slopes, separated by vertical grey lines in
Fig. 5.3. The first regime is indicative of the bulk HoO mass loss and is
the same for the two samples; regime 2 is dependent on the treatment of
the samples; regime 3 is insensitive to the treatement temperatures, and is
unaffected by dehydration. It is evident, from Fig.5.3, that the two synthe-
sis methods produce samples with different water contents. The total water
content of sample ACC-I is of 22%. The mass-loss after the heat-treatment
(12h at 423 K) is 16%, resulting in ~6 wt% residual water. The total water
content of samples ACC-II and ACC-III (produced with the same synthe-
sis procedure as ACC-II) is 18%. The heat-treatment of ACC-II (20h at
518 K) leads to the loss of all the bulk water in the sample. A water uptake
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Figure 5.3: TGA results. The black solid line refers to sample ACC-I, the red solid
line refers to sample ACC-Il. The blank spaces in the curves are due to
a technical malfunctioning of the temperature reading. The grey vertical
lines separate the three mass-loss regimes for ACC-I.

of ~1% was estimated for both samples at the end of heat treatment and
before sample preparation for the high pressure experiments, resulting in a
water content of 7(1) wt% for sample ACC-I and 1 wt% for sample ACC-II.
Sample ACC-III was not subjected to any dehydration/heating treatment.
The water content of ACC-III was estimated to be 18(1) wt%, based on the
total water content of sample ACC-II which was produced according to the
same synthesis method.

5.2.2 Brillouin spectroscopy

At each pressure, we collected at least one Brillouin spectrum from the center
of the sample and from the pressure medium. The majority of the samples’
spectra contain spectral features corresponding to the acoustic longitudinal
phonon mode (LA) and the acoustic transverse phonon mode (TA) of the
ACC (Fig. 5.4). For each sample, the ACC spectra was collected in different
spots to check for homogeneity of the sample and to verify the reproducitility
of the measurements. At pressures below 7 GPa, it was possible to observe,
in addition to the Brillouin shifts of the acoustic modes of the sample Avg Y,
Brillouin frequency shifts of the forward scattering and backscattering of the
Ne LA mode, Avgl® and Av¢. At higher pressures only the peak correspond-
ing to the LA mode of Ne was observed in addition to the sample peaks.
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The analysis of the Brillouin spectra gives us access to different informa-
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Figure 5.4: Brillouin spectrum of ACC-Il at P3 = 7.7 GPa. The Brillouin frequency
shift is converted to acoustic velocities (see main text). The central part
of the spectrum is attenuated by a factor of 102

tion, such as (a) the velocity of the acoustic waves that propagate through
the sample (v, is the velocity corresponding to the LA mode and vy is the
velocity of the TA mode), which can be calculated using Eq. ?7Eg:BSvel,
and (b) the Poisson’s ratio o; (c) if the density of the material is known it
is possible to determine aggregate elastic properties such as the isentropic
bulk modulus Kg and the isentropic shear modulus Gg from the acoustic
velocities.

Acoustic velocities

Fig. 5.5 shows the pressure dependence of the acoustic velocities of the three
ACC samples in compression and decompression experiments and the veloci-
ties measured by Faatz et al. (2005) [67] by Brillouin spectroscopy at ambient
conditions for a sample synthesized with the same procedure as ACC-I [68].
The longitudinal velocity v, appears to be more sensitive to pressure com-
pared to the transverse velocity vs. Both the v, and the v, values increase
monotonically with pressure. As shown in Fig. 5.5, the acoustic velocities of
the two heat-treated samples (ACC-I and ACC-II) are the same within the
experimental error. The acoustic velocities for both the longitudinal and the
transverse mode are reproducible in compression and decompression. Unfor-
tunately, it was impossible to measure the vg at pressures lower than 6 GPa
for sample ACC-III in the DAC, but a second platelet, obtained from the
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Figure 5.5: Acoustic velocities of ACC-| (black), ACC-Il (red) and ACC-IlI (green) in
compression and decompression experiments. The filled symbols represent
compression data, while open symbols represent the velocities measured
upon pressure release. In blue are the acoustic longitudinal and transverse
velocities of ACC from Faatz et al. (2005) [67] at ambient conditions.
The purple curves represent the acoustic wave velocities for aragonite from
Huang et al. (2017) [94]. The red and green curves follow the acoustic
velocities data as a function of pressure for the heat treated ACC-II (red
curve) and the hydrous sample ACC-III (green curve).

same synthesis batch as ACC-III, was measured at ambient conditions to
obtain the acoustic velocities of hydrous ACC.

Poisson’s ratio

Amorphous calcium carbonate is an isotropic material. Poisson’s ratio o for
isotropic materials can be obtained directly from the measured velocities as:

(vg — 20v%)
2(1}% —v2)

Most materials have a Poisson ratio close to 1/3, and a much smaller shear
velocity vg compared to their longitudinal velocity vp [2]. Here, the Poisson’s
ratio was obtained for the three ACC samples for each pressure point where
both the v, and the v, peaks were measured (see Fig. 5.6). The value of
the Poisson’s ratio increases with pressure up to 15 GPa, above this pressure
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point ¢ becomes independent of pressure, as shown in Fig. 5.6. Due to the
lower v, detected in ACC-II the values for the Poisson’s ratio oacc.ir at high
pressures are lower than oaccg and oaccoqn, however they overlap within
their uncertainties. Our results show that the Poisson’s ratio of ACC is
higher compared to that of aragonite (Fig. 5.6).
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Figure 5.6: Poisson’s ratio o as a function of pressure. Black squares: ACC-I; red
circles: ACC-II; green triangles: ACC-IIl, blue diamond: value of the
Poisson's ratio at ambient conditions from Faatz et al. (2005) [67], purple
curve: Poisson'’s ratio of aragonite from Huang et al. (2017) [94]. Filled
symbols: compression data; open symbols: decompression data. Solid
red curve: o behaviour of ACC as a function of pressure, the dashed line
shows the extrapolation of the low-pressure dependence of the Poisson's
ratio to high pressures.

Elastic Moduli

Once the density p of the material is known, it is possible to obtain the isen-
tropic shear modulus Gg and the isentropic bulk modulus Kg. In this study
we used the density values measured by Fernandez-Martinez et al. (2013) [70]
for a hydrous ACC sample, which is similar to sample ACC-III as they were
both synthesized using the same procedure and have the same water content.
A more thorough discussion on the density can be found in the Supplemen-
tary material. It is important to mention that the different water content of
the samples has an effect on the density of the material [199]. In particu-
lar, we expect the heat-treated samples to have a higher density compared
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to the pristine hydrous one. A previous molecular dynamics study on the
effect on water on the properties of ACC at ambient conditions reports a
lowering (-4.43 %) of the density of hydrous (CaCOs-1 HyO) compared to
anhydrous ACC [199]. However, the density values reported in the modelling
study are much higher (~16 % higher) compared to the densities measured
by Fernandez-Martinez et al. (2013) [70] for a hydrous ACC sample at am-
bient conditions. Due to the inability to directly measure the density of
the ACC samples used in this study, the effect of water on the density of
the water-poor samples was not considered and the densities measured by
Fernandez-Martinez et al. (2013) [70] were used for the determination of the
elastic moduli of all the three samples.

The elastic moduli are directly proportional to the density of the material
and to the combination of the squared values of the acoustic velocities, as
shown in the following description. Therefore, the values reported here have
to be considered as a lower bound for the shear modulus Gg and bulk mod-
ulus K of the heat-treated ACC samples, ACC-I and ACC-II. The values
of the elastic moduli for samples ACC-I and ACC-II at ambient conditions
were extrapolated from the high pressure data. ACC-III was studied both
at ambient conditions and high pressures. Sample ACC-III deserves special
attention as it is the best characterized sample: it was synthesized with the
same method as the sample used by Fernandez-Martinez et al. (2013) [70]
and, as such, the pressure-density curve is known for hydrous ACC. Further-
more, the data collected at ambient conditions allows for a more complete
understanding of the behaviour of the sample. Therefore, a more thorough
analysis of the high-pressure behaviour of the aggregate moduli K and G
was carried out for sample ACC-III using the finite strain formalism [229].
The isentropic shear modulus Gg and the isentropic bulk modulus Kg at
high pressure are obtained using the equations:

Gs = vip
4
Ks=uvlp— §Gs
Fig. 5.7 shows the dependence of the shear modulus (a) and bulk modulus

(b) on pressure, respectively. The pressure dependence of the bulk and shear
moduli of sample ACC-III was studied using the finite strain formalism [229]:

15
Ky = (142f)>/? (KO + (BKpoK) — 5Ko) f + (6KTOK6 — 40K 1o — 14K, + 7KTOK’TO) f2)

9
G = (1+42f)%/? (GO + (3KorGjy — 5Go) f + (6K0TG3 — 24Kor — 14Gy + §KOTK6T> f2)
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where, f is the Eulerian strain (Eq: 2.38), K, and K|, are the isentropic bulk
modulus and its pressure derivative, Gy and G, are the isentropic shear mod-
ulus and its pressure derivative and Kor and K, are the isothermal bulk
modulus and its pressure derivative. The isothermal values, Kp¢ and K7
were obtained from Fernandez-Martinez et al. (2013) [70] and kept as fixed
parameters.

The bulk and shear moduli of samples ACC-I and ACC-II, as previously
mentioned represent a lower bound on the values, due to the unknown den-
sities for water-poor samples at high pressures. A linear dependence of the
elastic moduli on pressure was assumed:

G(P)=Go+G - P

K(P)=Ky+K'-P

Tab. 5.1 shows a comparison between the bulk and shear moduli of ACC and
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Figure 5.7: Pressure dependence of (a) the shear modulus, G, and (b) the bulk
modulus, K, of ACC. Black squares: ACC-I; red circles: ACC-II, green
diamond: ACC-III; blue cross: isothermal bulk modulus [70]. Filled sym-
bols: compression data; open symbols: decompression data. Purple lines:
pressure dependence of G and K for aragonite [94]; Red lines: linear fit
of the elastic moduli as function of pressure for ACC-II; green lines: finite
strain fit of the high pressure values for sample ACC-III.

their derivatives at ambient conditions determined in this study, compared to
literature data |70, 67]. In addition to the values for amorphous calcium car-
bonate, the values of bulk and shear moduli for crystalline calcite [123, 191],
aragonite [176, 126|, vaterite [207, 147], monohydrocalcite [38] and ikaite [38]
are reported in Tab. 5.1.
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Dataset po (g/cm?®) Gy (GPa) G Ky (GPa) K Method
ACCIc 18.0(5)  1.02(5)  42(1)  5.2(1) BS
ACC-Id 18.6(4)  1.02(4)  44.3(7)  4.99(6) BS
ACC-IIc 17.8(2)  1.04(2)  45.0(1)  4.65(8) BS
ACC-IId 18.3(3)  1.03(2)  49(1)  4.5(1) BS
ACC-IIIm 13.7(3) - 32.7(5) - BS
ACC-IIIc 13.7(2)  1.63(1)  34(1)  6.2(1) BS
ACC-FM-c [70] 2.17 [70] ; ] 27(1) 4 EoS
ACC-FM-d [70] 2.24 [70] . ; 32.4(6) 4 EoS
ACC-F [67] 1.9 [67] 14(1) ; 41(3)
Calcite [123] 271 [123]  32.1(2) . 78.6(4) : BS
Calcite [191] - - 73.4(3) 4 EoS
Aragonite (Ch. 3) 2.93 37(2) - 71(3) - BS
Aragonite [126] - 65.7(8)  5.1(1) EoS
Vaterite [207] 2.54 [81] 18.8 ; 69.1 ] AS
Vaterite [147] - 63.8(6) 4 EoS
Monohydrocalcite [38] | 2.4 [70] 27.28 ; 44.28 _ DFT-PBE
Tkaite [38] 1.8 [81] 16.40 31.08 DFT-PBE

Table 5.1: Elastic bulk (K() and shear moduli (Gy) at ambient pressure and tem-
perature of the measured ACC samples, together with the values of K|
and G obtained from the acoustic velocities measured by Brillouin spec-
troscopy by Faatz et al. (2005) [67], ACC-F, the values of the isothermal
bulk modulus at ambient conditions measured by Fernandez-Martinez et
al. (2013) [70], ACC-FM, and the bulk and shear moduli for the different
crystalline CaCO3 polymorphs. The elastic moduli for calcite [123, 191]
and aragonite (Ch. 3, [126]) from Brillouin spectroscopy (BS) and from
X-ray diffraction experiments (EoS) are also reported. The elastic moduli
for vaterite result from atomistic simulations (AS) [207] and synchrotron
X-ray diffraction experiments (EoS) [147]. The elastic moduli for mono-
hydrocalcite and ikaite result from DFT-PBE calculations (DFT) [38]. K’
and G’ are the pressure derivatives of the elastic moduli. —c compression
data; —d decompression data.

5.3 Discussion

The experiments performed in this study allow us to discuss the effect on
the elastic properties of a pressure-induced phase transition from vaterite-like
ACC to aragonite-like ACC, reported by Fernandez-Martinez et al. (2013)[70].
Fernandez-Martinez t al. (2013) [70] studied a hydrous ACC sample and ob-
served a discontinuous change in the position of the main diffraction peak
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and some changes in the in the CO3 2 v, and vy Raman modes as a function
of pressure at approximately 10 GPa. Reverse Monte-Carlo modeling of the
diffraction data allowed the authors to interpret these features as a phase
transition from vaterite-like to aragonite-like amorphous calcium carbonate.
In addition to that, the study by Fernandez-Martinez et al. (2013) [70] re-
ports the first values for the bulk modulus at ambient conditions of ACC and
the density as a function of pressure. They observed an irreversible densi-
fication of the material upon compression, but the measured density values
showed no discontinuities across the transition at 10 GPa. It is important
to note that the experiments described in their study were performed using
methanol-ethanol as pressure transmitting medium, which is known to be
significantly non-hydrostatic above 10 GPa [112].
The samples used in this study, ACC-I, ACC-II and ACC-III, differ in synthe-
sis method and hydration state. In our Brillouin spectroscopy experiments,
performed with Ne as pressure transmitting medium, we did not observe, in-
dependently on the hydration state and synthesis procedure of the samples,
any discontinuities in the acoustic velocities’ trend in the pressure range from
0 to ~20 GPa. Our results suggest that, if indeed a phase transition takes
place in amorphous calcium carbonate at 10 GPa, it does not have a notice-
able effect on the acoustic velocities and elastic parameters of ACC.
Tab. 5.1 reports the elastic moduli of hydrous and anhydrous ACC and
CaCOg3 polymorphs at ambient conditions. It is evident from Tab. 5.1 that
there is a substatial difference in the isothermal and isentropic bulk moduli
(~20%) and their pressure derivatives (~30%) at ambient conditions. The
higher value of K§g, compared to K leads to a divergence of the bulk mod-
uli at high pressures (see Fig. 5.8). In crystalline materials, the isothermal
and isentropic bulk moduli tend to coverge at high pressures, as shown for
MgCOs3 in Fig. 5.8.

The relationship between isothermal and isentropic bulk modulus is given
by:

KS = KT(l + Ck’ythT> (51)

where « is the thermal expansion coefficient, 7y, is the thermodynamic Griineisen

parameter and 7T is the temperature. The pressure derivatives of isothermal
and isentropic elastic moduli are related by:

Ky = Ki(1+ aywT) + Krymd' + Kravy,, (5.2)

For crystalline phases, the thermal expansion o and thermal Griineisen pa-
rameter 7, normally decrease with increasing pressure, leading to higher
value of K than K% [229]. The unusual behaviour of the pressure deriva-
tives of ACC can be explained by an increase of the Griineisen parameter
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Figure 5.8: Isothermal bulk modulus from Fernandez-Martinez et al. [70] and isen-
tropic bulk modulus of ACC-I1l as a function of pressure, together with the
isothermal [125] and isentropic [261] bulk moduli of crystalline MgCOs.

Y with pressure, which could be indicative of pressure-induced changes in
the structure of ACC. A similar behaviour was reported in a computational
study for liquid MgSiO3 [228], where the continuous pressure-induced in-
crease of the average Si-O coordination to a higher coordinated phase was
shown to produce an increase in the ~;, of the liquid, qualitatively compara-
ble to the increase of v, due to the effect of pressure. If indeed the originally
vaterite structured ACC undergoes a continuous evolution of the local struc-
ture towards that of an aragonite-like ACC, a phase where Ca has a higher
coordinated number, it would lead to an increase in the value of 7, which
results in the unusual behaviour of the elastic bulk moduli for this material.
Our measurements and results allow us to quantify the effect of hydration on
the elastic properties of amorphous calcium carbonate. The present study
shows that, at pressures lower than 5 GPa, the longitudinal acoustic veloci-
ties of the hydrous sample are lower than those of the dehydrated ones (-13%
at ambient conditions), as shown in Fig. 5.5. At pressures higher than 5
GPa the effect of water on the stiffness of the material is remarkably re-
duced, with the acoustic velocities of the three samples almost overlapping
at the maximum experimental pressure (Fig. 5.5). However, further stud-
ies are necessary to study the behaviour of water in the hydrous samples as
pressure is increased. Fernandez-Martinez et al. (2013) [70] in their Raman
spectroscopy study, observed the loss of loosely bound water around 5 GPa.
The softening of the ACC as a function of its water content is confirmed
by the values of the elastic moduli at ambient conditions. Fig. 5.9 shows
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the bulk and shear moduli for ACC (Fig. 5.9(a-b)) and CaCOj3 polymorphs
(Fig. 5.9(c)) as a function of the water content. The values of bulk and shear
moduli at ambient conditions were corrected to account for the effect of the
water content on the density of the samples, a 4.43 % increase on the density
for the dry sample as observed by Saharay et al. (2013) [199]. The simplest
model to describe the behaviour of the moduli as a function of the water
content (in wt %, x) up to the maximum H,O content in the hydrous sam-
ples studied here (18(1) wt %) is a linear dependence of the data obtained
from the BS experiments, using both compression and decompression data
as data points:

K,(z)=-1.1(1)x + 53(1) (5.3)

Go(z) = —0.37(6)z + 21.3(8) (5.4)

The values for the bulk modulus and shear modulus for anhydrous ACC at
ambient conditions obtained by the linear extrapolation (blue data Fig. 5.9a-
b) are K, = 53(1) GPa and G, = 21.3(8) GPa. The values of the bulk and
shear moduli obtained from linear extrapolation of the data, without account-
ing for the density correction due to the water content (grey data Fig. 5.9)
are K, = 48(1) GPa and G, = 19.0(6) GPa. According to our results, the
elastic moduli decrease, as a function of the HyO content of the samples, up
to 38 % for the bulk modulus and 36 % for the shear modulus.

Finally, by comparing the results of this study on ACC with crystalline and
molten CaCQOgj it is possible to obtain information of geophysical interest.
If indeed pressure has an effect on the local structure of ACC, as observed
by Fernandez-Martinez et al. (2013) [70] and Fruhner et al. (2018) [73],
the initially vaterite-like ACC should transform to aragonitic-like ACC with
pressure. Therefore, we expect the elastic properties of fully hydrous and
dehydrated ACC measured at high pressures in this study to be related to
an aragonitic-like ACC. According to a study by Hou et al. (2019) [92], in
the pressure range between 4.8 and 8 GPa and at temperatures higher than
1000 K, aragonite undergoes a temperature induced phase transition to an
amorphous phase. For this reason, we will focus on the comparison between
ACC and crystalline aragonite. In particular, we are interested in the com-
parison between water-poor ACC and aragonite, as the amorphous calcium
carbonate resulting from amorphization of aragonite is expected to be anhy-
drous. ACC is more compressible than aragonite over the pressure range from
0 to 20 GPa, as shown in Fig. 5.7. If indeed an amorphization process is tak-
ing place in the P-T range between 4.8 and 8 GPa and temperatures higher
than 1000 K, it would be associated with a softening of the material, different
mechanical properties of the material (ACC is isotropic, while aragonite is
strongly anisotropic) and a change in the acoustic velocities. Studies on the
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Figure 5.9: (a) Isentropic bulk modulus of ACC as a function of the HyO content,
(b) isentropic shear modulus as a function of the HyO content. The
grey symbols are the values without the density correction for the water
content. The blue symbols are the elastic moduli corrected for the water
effect on the density of ACC. The red line is the linear fit of the data
corrected for the effect of water on the density of ACC. Dependence of
the bulk modulus (c) and shear modulus (d) on the water content for
crystalline [207, 123, 38, 133] and amorphous CaCOs.

thermal behavior of crystalline aragonite and calcite polymorphs prove that
the effect of temperature on the elastic properties of CaCOj3 is much smaller
than the effect of pressure (e.g. for aragonite, an increase in temperature to
1000 K would lead to a lowering of the bulk modulus of ~16% [126], while an
increase in pressure of 10 GPa would lead to an increase on the bulk modulus
of ~33% [123]). Therefore, assuming the temperature effect on the density
and elastic moduli of ACC and aragonite to be comparable, we focus on the
pressure dependence of the acoustic velocities and elastic parameters. At
4.8 GPa a phase transition from aragonite to amorphous calcium carbonate
would produce a lowering in the longitudinal (-7.3 %) and transverse (-15 %)
acoustic velocities (Fig. 5.5). The bulk carbon content in the Earth is poorly
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constrained, but previous studies estimate the amount of carbon to be in
the order of ~ 120(60) ppm [72, 260]. Due to this small abundance in the
mantle, it is doubtful that the velocity jump related to the phase transition
from aragonite to ACC could be detected based on seismic data. However,
knowledge on the elastic properties of ACC at high pressures might have im-
portant implications for the full characterization of processes associated with
the decarbonation of the subducting slabs and the recycling of carbon in the
subduction zones. Our results show that ACC is softer than aragonite, with
the bulk and shear moduli of ACC at 4.8 GPa being lower ( ~25% for the
bulk modulus and ~40% for the shear modulus) than that of aragonite [94].
Hou et al. (2019) [92] proposed that the presence of a soft, bouyant amor-
phous phase could facilitate the dissolution mechanisms through percolation
of the ACC from the subducting slab to the mantle wedge.

High pressure-temperature measurements of the acoustic velocities and elas-
tic properties of CaCQs3, using calcite as a starting material, and their com-
parison with the results from our study could provide a way to verify if
amorphous calcium carbonate is indeed a candidate phase in subducted slab
materials in the pressure range between 4-10 GPa and temperatures higher
than 1000 K, which is of great importance for understanding the mechanisms
of carbon migration.

5.4 Conclusions

The acoustic velocities of synthetic ACC samples with different water con-
tents have been measured at high pressures by Brillouin spectroscopy. The
smooth behavior of the acoustic velocities with pressure does not provide a
direct confirmation of the polyamorphic phase transition observed at 10 GPa
by Fernandez-Martinez et al. (2013) [70], however the anomalous behaviour
of the isothermal and isentropic bulk moduli are indicative of a continous
evolution of the local structure of the studied samples. The presence of up
to 18 wt% H,O in the samples leads to a softening of ACC, causing a 38 %
decrease of the bulk modulus and a 36 % decrease of the shear modulus.
Further measurements on the densities of anhydrous ACC are necessary to
better constrain the high pressure elastic moduli. The phase transition from
aragonite to ACC [92], assuming the temperature effect on the density and
elastic moduli of ACC and aragonite to be comparable, would lead to a
lowering in the acoustic velocities (vp ~-7.3 %, vg ~ —15 %).
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Chapter 6

Elastic properties of Fe-dolomite
as a function of the Fe content

Most of the studies available on the elastic properties of dolomite and ankerite
are based on XRD experiments [198, 141, 273, 153, 273, 151, 18, 48|, which
only provide information on the isothermal bulk modulus, K7. The results
of these studies show that composition has little effect on the compressibility
of dolomite and ankerite, reporting bulk moduli ranging from 91.7(10) GPa
up to 95(1) GPa [198, 151]| for the Dol-I phase.

The complete elastic tensor of dolomite was reported in only two experi-
mental studies [95, 46]. Humbert and Plicque (1972) [95] and Chen et al.
(2006) [46] performed ultrasound pulse measurements and Brillouin spec-
troscopy experiments, respectively, and obtained the complete elastic tensor
of dolomite, however, no chemical characterization of the samples was re-
ported in these studies and the results show clear discrepancies (i.e. 14% in
the Cs3, 25% in the Ci3, 14% in the C14 and 48% in the Ci5 coefficients). To
help resolve this disagreement, an additional Brillouin spectroscopy study on
a natural, well characterized, sample was performed by Speziale et al. [223]
who investigated the effect of ordering on the elastic properties of dolomite.
A natural (ordered) dolomite sample from the Eugui metamorphic complex
(fragment of the sample studied by Zucchini et al. (2012) [272]) was studied
by Brillouin spectroscopy. A second fragment, from the same Egui dolomite,
was heated at 3 GPa to 1473 K and then quenched, this second (disordered)
dolomite was also studied by Brilloiun spectroscopy to determine the effect
of ordering on the elasticity of CaMg(COs3),. However, the data has not yet
been published.

The elastic tensor of dolomite has also been obtained from computational
studies: Bakri et and Zaoui (2011) [12] performed density functional theory
(DFT) calculations, while Titiloye et al. (1998) [233] performed an atom-
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istic simulation study based on the Born model of solids [22]. The elastic
tensor coefficients obtained from the atomistic simulation from Titiloye et
al. (1998) [233] are in perfect agreement with the results from Humbert and
Plicque (1972) [95], but show a clear discrepancy with the results from Bakri
and Zaoui (2011) [12] (92% in the C5 coefficient, 10% in the Ciy coefficient).
No elastic tensor has been provided theoretically or experimentally, to this
date, for ankerite.

Here, we studied the elastic properties of Fe-dolomite and ankerite samples
with different compositions by synchrotron PXRD up to 40 GPa and ambient
conditions Brillouin spectroscopy.

6.1 Samples and methodology

Natural samples of Fe-dolomite from Hospental, Switzerland (named Ank-1),
Wittmannsgereuth, Thiiringer Wald, Germany (sample 2008-15895, named
Ank-2), Leogang, Salzburg, Austria (sample 1998-2093, named Ank-4), and
a natural ankerite sample from Vordernberg, Steiermark, Austria (sample
1998-2098, named Ank-5) were used in the current study. Samples Ank-2,
Ank-4 and Ank-5 were provided by the Museum fiir Naturkunde of Berlin.
The chemical composition of the samples was determined by electron micro-
probe analysis at GFZ (Helmholtz Center Potsdam, Germany). EMPA re-
sults indicate a stoichiometry of Cag.gs(Mgg.09,Fe0.05)(CO3)s for sample Ank-
1, Cag.g9(Mgo.55,Fep.40Mng g6) (CO3), for sample Ank-2,
Cao.gg(Mg0,78,FeO,29Mn0,03) (003)2 for sample Ank-4 and Cag'gg(Mgo'gg,Feo,GgMn().og,) (COg)Q
for sample Ank-5 (details in the Appendix).

The unit cell parameters of each sample were determined by PXRD at am-
bient conditions, using a Bragg-Brentano STOE Stadi-P diffractometer at
GFZ, Potsdam. The data were processed with the GSAS software pack-

Table 6.1: Lattice parameters a, b, ¢, unit cell volume, V, and density p obtained
from Rietfeld refinement of ambient conditions PXRD of the samples used
in this study.

Sample a (A) b (A) ¢ (A) V(A% p(g/cm®)

Ank-1  4.8076(5) 4.8076(5) 16.012(1) 320.50(5) 2.88(3)
Ank-2  4.8264(5) 4.8264(5) 16.138(1) 325.55(5) 3.04(2)
Ank-4  4.8083(2) 4.8083(2) 16.080(2) 321.35(1) 2.98(1)
Ank-5  4.8364(5) 4.8364(5) 16.200(2) 328.10(5) 3.12(5)

age (Larson and Von Dreele, 1994)[117] (details in the Appendix Tab. D.1).
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The unit cell parameters for the samples obtained from Rietveld analysis are
shown in Tab. 6.1.

6.1.1 Brillouin spectroscopy experiments

Single crystals of samples Ank-1, Ank-2 and Ank-5 were studied by Brillouin
spectroscopy at the Brillouin Spectroscopy laboratory in GFZ (Helmoltz Cen-
tre, Potsdam). A solid state laser (Nd:YVO4) (A = 532 nm) and six-pass
tandem Fabry-Perot interferometer (JRS Scientific Instruments) were used
for the experiments. The experiments were performed in a symmetric for-
ward scattering configuration with 8 = 60°. Orthogonal platelets were cut
and finely polished for each sample in order to obtain parallel faces. Three
orthogonal platelets were studied for sample Ank-1, one platelet was stud-
ied for sample Ank-2 and two orthogonal platelets were studied for sample
Ank-5. The normal vector of the platelets was determined by single crys-
tal X-ray diffraction using a Xcalibur single crystal diffractometer in Goethe
University, Frankfurt am Main.

6.1.2 DFT

First principle calculations were used to obtain the elastic stiffness tensor
at ambient conditions for end-member dolomite, CaMg(COs3),, and ankerite,
CaFe(CO3),. Unfortunately, the determination of the elastic tensor coeffi-
cients for end-member ankerite, CaFe(CO3)2, was unsuccesful due to limita-
tions of DFT in handling Fe-bearing compounds.

The elastic stiffness coefficients of dolomite were obtained from stress-strain
relations. Two strain patterns were employed along the xx and zz + yz
directions, using six amplitudes for each direction with an amplitude maxi-
mum strain of 0.003. Pseudopotentials generated using the descriptors in the
CASTEP data base were employed in conjunction with plane waves up to a
maximum cutoff energy of 630 eV. A Monkhorst-Pack grid [162] of 8x8x8
was employed (k-point separation of less than 0.031 A='). The calculations
were considered to converge once the maximal residual force acting on an
atom was < 0.01 eV/A, the residual stress was <0.02 GPa, and the maximal
energy change was < 5-107% eV /atom.

6.1.3 High pressure experiments

Samples Ank-2, Ank-4 and Ank-5 were studied at high pressures by means
of PXRD. The samples were ground into a fine powder and loaded in sym-
metric DAC, with diamond culets of 300 um in diameter. A sample chamber
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of 150 pum in diameter was obtained by pre-indenting the central part of
a 250 pm-thick Re-foil to 35 um and drilling a hole in it with an electric
discharge machine (EDM). Neon was used as pressure transmitting medium
(Klotz et al. 2009)[112] and a ruby sphere as pressure calibrant. The ruby’s
fluorescence was measured immediately after each data collection. The high
pressure experiments were performed at the extreme conditions beamline
P02.2 at Petra-III (DESY, Hamburg, Germany) using an X-ray beam of
wavelength A = 0.2906 A [122]|. The samples were studied up to a maximum
pressure of ~40 GPa in steps of 1-2 GPa. We obtained the lattice param-
eters and unit cell volumes by Pawley refinement using the GSAS software
package [235]. The unit cell volumes were fitted to a second order Birch-
Murnaghan equation of State (EOS) [19, 5] using the EoSFit program |7, 79).
The BM-EoS parameters were simultaneously refined using the data weighted
by uncertainties in both P and V.

6.2 Results and discussion

6.2.1 Brillouin spectroscopy

Fig. 6.1 shows a representative spectrum collected in the BS experiments for
samples Ank-1 (a) and Ank-5 (b). The peaks are sharp and exhibit an excel-
lent signal to noise ratio for both the longitudinal and transverse modes. The
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Figure 6.1: Brillouin spectrum of: (a) Ank-1, orientation (-0.17, 0.02, 1); (b) Ank-5,
orientation (0.6, 0.6, -1).

normal vectors of the platelets used in this study, determined from SC-XRD
are: (-0.14, 1, -0.2), (1, -0.64, -0.02) and (-0.17, 0.02, 1) for sample Ank-1,
(0, 1, 0.7) for sample Ank-2 and (0.06, 0.06, -1) and (0.5, -1, 0.7) for sample
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Ank-5. Using these normal vectors and the elastic coefficients from Chen et
al. (2006) [46] as initial set of values, it was possible to obtain the elastic
stiffness tensor for the studied samples, by a least-square fit of the full set
of the Christoffel equations (Eq. 2.21). Fig. 6.2 shows the acoustic velocities
measured in the BS experiments as a function of the rotational angle for
the two samples Ank-1, Ank-2 and Ank-5 and the results of the fit. Due to
the fact that only one platelet of Ank-2 was studied, it was not possible to
determine all the elastic tensor coefficients for this sample.

Tab. D.2 lists the elastic tensor coefficients and elastic moduli obtained in
this work from BS experiments and DFT calculations, together with litera-
ture values on dolomite (Speziale et al. (unpublished material) [223|, Chen et
al. (2006), Humbert and Plicque (1972), Bakri and Zaoui (2011) and Titiloye
et al. (1998) [46, 95, 12, 233|. The elastic tensor coefficients obtained in our
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Figure 6.2: Distribution of the acoustic velocities as a function of the rotational angle
for the different platelets (red, black and blue) of samples Ank-1 (a),
Ank-5 (b) and Ank-2 (c).

study for sample Ank-1 are in good agreement with the results on ordered
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dolomite reported by Speziale et al. [223|, as shown in Fig. 6.3. The sign of
the C14 and Ci5 coefficients (Tab. D.2) is related to the coordinate system
selected for the description of the orientation of the samples (a and b are
rotated clockwise by 60 degrees about the ¢ axis). Therefore, Fig. 6.3 shows
the value of |C14] and |C}5] for a better comparison with the literature data.
The experimental results obtained in this study show discrepancies with the
elastic tensor coefficients from DFT calculations, in particular for the Ci4
and C1s coefficients (10% in the Cia, 25% in the Chy, 11% in the Cs3 coeffi-
cients).

The presence of Fe in samples Ank-2 and Ank-5 has a remarkable effect
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Figure 6.3: Comparison between the Cij obtained in this study for sample Ank-1 and
Ank-5, the DFT values computed for dolomite and the literature data
(Chen et al. (2006), Humbert and Plicque (1972), Bakri and Zaoui
(2011), Titiloye et al. (1998) [46, 95, 12, 233]). The red line is a guide to
the eye representing perfect correspondence between the data obtained for
dolomite from Speziale et al. (unpublished data) and the other datasets.

on the elastic tensor coefficients compared to the Fe-free sample Ank-1: Ciy,
C33 and Cyy decrease with increasing Fe (-17% for Cy; and C33 and -13% for
Cy4 comparing sample Ank-1 and Ank-5); C12 and C15 show an increase (9%
and 20% respectively with 63% Fe, Ank-5); while C13 and Cy4 do not appear
to be sensitive to compositional changes. Fig. 6.4 shows the variation of the
elastic tensor coefficients Cj; as a function of the composition of the studied
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samples, together with the results from Speziale et al. [223].

The increase in the off-diagonal components and lowering of the diagonal
components of the elastic tensor is similar to what observed in megnesiosiderite
in previous experimental studies, where the effect of composition on the elas-
ticity of a Mg;_,Fe,COj3 solid solution was investigated [227, 74, 124, 202].
Tab. D.2 lists the isentropic bulk and shear moduli in the Voigt-Reuss-Hill
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study, Speziale et al. [223]). The solid lines represent the fit of the C;; as
a function of the Fe content.

bound, Kgs and Gy, the acoustic velocities vp and vg, and the values of
the universal anisotropy index, A" [189]. Fig. 6.5 shows the aggregate elastic
properties (VHR bound) of dolomite (from Speziale et al. [223|) and ankerite
as a function of the Fe content. The presence of Fe leads to a lowering of the
aggregate elastic properties, differently from what was observed for MgCOs3-
FeCOs solid solutions, where the presence of Fe showed no effect on the bulk
modulus, K, but caused a drastic lowering of the shear modulus (33 %) and
acoustic velocities (20 % for vp and 30 % for vg) [202].
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6.2.2 High pressure powder diffraction experiments

Samples Ank-2, Ank-4 and Ank-5 were studied by PXRD up to ~ 40 GPa
in steps of ~ 1 GPa. In this pressure range dolomite and ankerite are
known to undergo two well defined phase transitions [153, 151, 18]. The
Pawley refinement of the high pressure diffractograms was carried out in
collaboration with Dr. Naira Martirosyan (GFZ, Potsdam).

Ankerite-2 Upon compression of sample Ank-2 (Fe=40 at%), we observed
a change in the PXRD pattern at about 17 GPa, related to the second-order
Dol-I to Dol-II phase transition. A second order Birch-Murnaghan equation
of state (EOS) (Birch 1947 [19]|, Angel 2000 [6]) was fitted to the unit cell
volumes, using the EoSFit program |7, 79]

v, 7/3 Vi 5/3
) -(7)
where Kyr is the isothermal bulk modulus, V; is the volume at ambient
pressure and V is the volume at pressure P. The second order was selected for
the fitting as the F' vs f plots (Eq. 2.40) show a constant trend up to the tran-
sition pressure. The fitting of the Dol-I phase data yielded Ky = 84(2) GPa
and Vj = 325.8(5)A%. The value of bulk modulus at ambient conditions for
the Dol-I phase obtained in this study is lower compared to literature data
on ankerite samples with similar compositions [153, 151] (Tab. 6.2, Fig. 6.6).
A second-order BM was fitted to the Dol-II data, yielding a bulk modulus
and volume at ambient conditions of Ky = 60(3) GPa and V = 225(2)A3.
Dol-II is observed up to 36 GPa. At pressures higher than 36 GPa a new

_ 3Kor
2

P (6.1)
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polymorph was observed. Merlini et al. (2012, 2017) [153, 151| performed
SC-XRD studies on Fe-dolomite samples with similar compositions report-
ing either a triclinic (Dol-III) or a trigonal (Dol-IIIb) structure. The trigonal
Dol-IIIb structure matches better the XRD pattern of Ank-2 phase at 41
GPa.

Ank-4 Upon compression of Ank-4 (Fe = 29 at%), the phase transition
from Dol-I to Dol-II was observed at about 13 GPa. Fitting of the Dol-
I phase with a second order BM yielded values of Ky = 86(1) GPa and
Vo = 321.35(3) A3. At 32-34 GPa a first-order transition from Dol-II to a
new polymorph was observed. The monoclinic Dol-IIIc phase indexes the
XRD pattern at 44 GPa.

Ank-5 The XRD patterns of Ank-5 (Fe = 63 at%) reveal the presence
of a secondary phase, however no reaction occurred between this secondary
phase and the sample in the pressure range investigated. The phase transition
from Dol-I to Dol-IT phase in Ank-5 was observed at about 10 GPa. Dol-
IT was observed up to 35-37 GPa. At 38 GPa the XRD patterns could be
indexed with the trigonal Dol-IIIb structure, although the XRD pattern still
contained peaks corresponding to the Dol-II phase.

¢ Ank-2 (Fe =40%)
¢ Ank-4 (Fe =29 %)
Ank-5 (Fe = 63%)
A Chulia-Jordan et al. (2021)
A Merlini et al. (2012)
Binck et al. (2019)
Mao et al. (2011)

g
O © oomm
44 — oG
o Ca
oV B 4
42 © o0
T T T T T T T
0 5 10 15 20 25 30

Pressure (GPa)

Figure 6.6: Unit cell volumes V/Z as a function of pressure for Ank-2, Ank-4 and Ank-
5 together with literature data from Mao et al. (2011) [141], Merlini et al.
(2012) [153], Binck et al. (2019) [18], Chulia-Jordan et al. (2021) [48].
Filled symbols: Dol-I phase; Open symbols: Dol-Il phase.

The P-XRD measurements conducted in this study, combined with Ra-
man scattering measurements reported in Martirosyan et al. wn prepara-
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tion [144] showed a clear dependence on the chemical composition of the
pressures at which the Dol-I to Dol-II phase transition occurs, as already ob-
served in the study by Mao et al. (2011) and Merlini et al. (2017) [141, 151].
This is consistent with what observed in previous carbonate studies where
the cationic substitution with a bigger ions leads to a lowering in the tran-
sition pressures [15, 14]. The collected data are in good agreement with the
literature data [141, 153, 48, 18|, as shown in Fig. 6.6 for the Dol-I and Dol-11
phases.

Furthermore, from the analysis of the high pressure phases it appears that
the triclinic Dol-IIIc phase is favoured for pure Fe-poor dolomites up to 29
mol% Fe, while the trigonal Dol-IIIb is adopted for higher Fe concentrations,
from 40 mol% Fe [144]|. Martirosyan et al. [144] suggested that the different
structural behaviour of the high pressure phases of dolomite with the pres-
sure induced Fe-spin transition, observed around 45 GPa. Higher contents
of Fe lead to a more significant structural change due to the Fe-spin tran-
sition leading to larger tilting of the CO3 atoms and consequently different
structures [144].

105 ¢ KgBS (this study) @ K;PXRD (this study)
¢ K Speziale et al. Ks Chen et al. (2006)
T K¢ Humbert&Plicque (1972) Ky Merlini et al. (2017)
E 100—| @ K;Maoetal, (2011) K; Ross&Reeder (1992)
e
v 95
)
3
2 90|
(o]
S
4
= 85
m
80
T T T T T T
0 20 40 60, 80 100
CaMg(CO,), XFeCa(co,), (MOl %) FeCa(CO,),

Figure 6.7: Experimental bulk moduli of dolomite and ankerite as function of the
CaFe(CO3)2 content z. Diamonds: isentropic bulk moduli from Bril-
louin spectroscopy experiments (this study, Speziale et al. [223], Chen
et al. (2006) [46], Humbert and Plicque (1972) [95]). Circles: isother-
mal bulk moduli from high pressure PXRD experiments (this study, Mao
et al. (2011) [141]). Squares: isothermal bulk moduli from high pres-
sure SC-XRD experiments (Merlini et al. (2017) [151], Ross and Reeder
(1992) [198]). The red curve represents a polynomial fit to the data on
dolomite.
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Fig. 6.7 shows the values of the isothermal and isentropic bulk moduli for
dolomite and ankerite samples from this study and from literature [151, 48,
198, 46, 95, 12, 233| for the Dol-I phase. The experimental bulk moduli
obtained in this work are lower compared to the ones reported in literature
as shown in Fig. 6.7. In particular there seem to be a discrepancy in the data
related to compositions with 40% Fe.

Table 6.2: Elastic data obtained from X-ray diffraction experiments for ankerite and
dolomite samples with different compositions. (2"¢ order BM EoS were
fitted to the data, K/ = 4.)

Fe content Phase Vo(A3) Ky (GPa) Reference

0 dolomite-T 320.7(9)  95(1) Merlini et al. (2017) [151]

0 dolomite-I 320.22(8) 94.1(7) Ross & Reeder (1992) [198]

8 dolomite-T 321.77(6) 94.1(4)  Mao et al. (2011) [141]

29 dolomite-I 321.35(3) 86(1) this study-Ank4

40 dolomite-I 325.8(5)  84(2) this study-Ank2

40 dolomite-T 323.1(9)  92(1) Metlini et al. (2017) [151]

63 dolomite-I  328(1) 87(4) this study-Ank5

68 dolomite-I  328.0(2)  95(1) Chulia-Jordan et al. (2021) [48]
70 dolomite-I  327.8(1)  91.7(4) Ross&Reeder (1992) [198|

6.3 Conclusions

We experimentally measured the elastic properties of ankerite samples with
different Fe content via Brillouin spectroscopy and PXRD. Ambient condi-
tions BS measurements of samples Ank-1 (Fe = 0.05%), Ank-2 (Fe = 40%)
and Ank-5 (Fe = 63%) show a clear dependence of the elastic tensor coeffi-
cients and of the aggregate elastic properties with Fe content. The values of
the elastic tensor coefficients C7; and Cs3 decrease with increasing Fe con-
tent, while the off diagonal coefficients C'5, C3, C}5 show an increase with
increasing Fe. Cyy and C}4 are not sensitive to compositional changes. The
aggregate elastic properties Kg, Gg, vp and vg show a decrease with increas-
ing Fe content. Unfortunately, further BS measurements, along different
crystallographic directions are needed to constrain the complete elastic ten-
sor of Ank-2. Having measured only one platelet, it was possible to constrain
only Ci1, Cig, C14, Cyy and Cgg for this sample. The values of bulk moduli
for the ankerite and Fe-dolomite samples Ank-2, Ank-4 and Ank-5 where also
measured by high pressure synchrotron PXRD.
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Chapter 7

Elasticity of dense metal-organic
framework compounds

In addition to the study of the elastic properties of carbonates, the effect
of cationic substitution on the elasticity of a material was also investigated
by performing elasticity measurements on dense metal organic framework
compounds. Metal-organic frameworks (MOFs), are an emerging class of
very promising crystalline microporous materials. They are hybrid materials
consisting of organic and inorganic components, characterized by metal ions
coordinated by organic linkers forming structures with ultrahigh porosity
(up to 90% free volume) and incredibly high internal surface areas extending
beyond 6000 m?/g [270]. These structural features are crucial in functional
applications, typically in storage and separation, sensing, proton conduction
and drug delivery [270]. It is possible to design MOFs according to targeted
properties by controlling the geometries of the organic linkers and coordina-
tion modes of the inorganic metal ions or clusters of metal ions [270]. The
organic linkers connecting the metal cations often allow magnetic interac-
tions, leading to weak ferromagnetic materials whose magnetic properties
are of great importance for a large number of applications [243, 52|. Due to
their potential for different compositions and great promise in photovoltaic
applications [262, 104|, hybrid perovskite-structured materials (ABX3) have
gained increasing attention [183].

Perovskite materials are characterized by B cations linked by anions X in a
pseudo-cubic network where A cations occupy the cubic interstices. In this
study, the elastic behavior of the metal-guanidinium formates (MGF'), where
M= Mn, Co, Zn, Cu, Cd and Ca was investigated. MGFs are perovskite-
like MOFs ABX3 = C(NH,)3 M I(HCOO)3, where A =C(NH,)3" is guani-
dinium, B = M!! is a divalent metal ion (Mn, Fe, Co, Ni, Cu, or Zn) and
X =(HCOO)~ is anion formate, a large polyatomic linker. The guanidinium
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Figure 7.1: Structures of (a) ZnGF (isostructural to MnGF and CoGF) and (b) CuGF.
Grey polyhedra: Zn; dark blue polyhedra: Cu. Red spheres represent O
atoms; brown spheres represent C atoms, light blue spheres represent N

atoms; pink spheres represent H atoms. Structural models drawn using
VESTA [161].

cation C(NHy)3™ is a unique hydrogen bonding cationic component that pos-
sesses powerful structure directing capability in constructing predictable or-
ganic architectures [93|. In the structures presented here, the metal cations
(M) are octahedrally coordinated with formate anions HCOO™, while the
guadininium cation resides within the nanoporous cavities of the structure
and is bound to the surrounding framework by hydrogen bridge bonds [93].
As a result of the strong hydrogen bonding the guanidinium ions are crys-
tallographically ordered [231]|. Substitution of the divalent metal cation in
C(NH,)3 M (HCOO); results in different structures: MGFs with M7/ = Mn,
Fe, Co, Ni, Cu and Zn are structurally close to each other, crystallizing in the
orthorhombic symmetry. In this study we will focus on orthorhombic struc-
tured MGFs with M!! — Mn, Co, Cu and Zn. MnGF, ZnGF and CoGF are
isostructural with space group Pnna, in which the pseudocubic perovskite
cell is distorted slightly along the face diagonal. The structure of ZnGF is
shown in Fig. 7.1a. CuGF has a similar crystal structure as ZnGF, however,
being Cu*" is a Jahn-Teller (JT) ion, a higher distortion of the octahedra
is observed for this compound, leading to a symmetry reduction from Pnna
to Pn2;a [80] (Fig. 7.1). A more detaied description of the structures of the
metal organic frameworks studied here can be found in Hu et al. (2009) [93].
The unit cell parameters, densities and structural information for the MGF
mentioned above are listed in Tab. 7.1.

MGFs have attracted a lot of attention as they exhibit interesting effects
such as temperature induced phase transformations, polar properties, ferro-
electric phases and almost zero axial compressibilities [262, 93, 50]. Collings
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et al. (2016) [50] studied the thermal behaviur of perovskite-like MOFs of
composition [AT||MTHCOQ3|, with different A’ cations (i.e [CH3CH,NH3],
[(CHj3)2NHs], [(CHg)3NH,] and [C(NH;)s|), and found an essential relation-
ship between the radius of the divalent metal cation M/ and the flexibility
of the framework and determined the thermal expansion of these compounds
using PXRD. The larger the cation, the more flexible the metal formate struc-
tures formed are. Additionally, Collings et al. (2016) [50] correlated the shape
of the complex cation, A’, residing in the cavities of the framework with the
framework hingeing: prolate cations cause all framework angles to converge
towards 90°, forming more cubic-like frameworks, while oblate cations are
associated with diverging angles, leading to distortions of the pseudo-cubic
framework. Furthermore, the thermal behaviour of the different MOFs com-
positions was studied, in particular, it was observed that MnGF, ZnGF and
CoGF show an expansion in the a- and b-axes with rising temperature but a
contraction in the c-axis, while in CuGF, the a- and c-axes expand with in-
creasing temperature and the b-axis exhibits a crossover from contraction to
expansion [50]. A more thorough study on the thermomechanical behviour of
CuGF is reported by Viswanathan (2018) [238], who performed temperature
dependent neutron diffraction measurements on deutered MnGF, CuGF and
CoGF. In their study they observed that, MGFs show wider hydrogen bond
lengths in the case of CuGF, a Jahn Teller ion, with a consequent influence
on the framework flexibility.

In this study several different methods were employed, such as Brillouin spec-
troscopy, plane parallel plate ultrasonic technique (measurements performed
by Dr. Eiken Haussiihl), resonant ultrasound spectroscopy (measurements
performed by Dr. Eiken Haussiihl), thermal diffuse scattering analysis (data
analysis performed by Julia Biischer) and DFT calculations (performed by
Prof. Bjorn Winkler) in order to accurately determine of the elastic stiffness
coefficients of bulk single crystals.

7.1 Samples description and characterization

Samples of Cu-, Zn-, Mn-, Co-guanidinum formate were grown from aqueous
solution via evaporation at room temperature. The phases were characterized
by powder or single crystal XRD. The evaporation solution was prepared
by dissolving all educts in bidistilled water. The synthesis of the samples
was performed by Julia Biischer. Metal sulfate, guanidinium carbonate and
formic acid in a molar ratio corresponding to the stoichiometric composition
of the crystals were used. To ensure that the educts dissolve properly, the
metal sulfate and the guanidinium carbonate were added to the bidistilled
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water separately. After combining the solutions, the formic acid was added.
The pH value of the solution was initally between 3.3 and 3.8. It was left
to evaporate at room temperature in a fume hood. The first crystals formed
after seven to fourteen days. ZnGF (transparent) and CuGF (bright blue)
crystals grew up to an edge length of 1 ¢m, while most of the crystals had
edge lengths of 3-5 mm. The MnGF crystals showed pale pink and yellowish
colour. The biggest crystals had edge lengths of ~7 mm, but typically, the
edges were 2-4 mm long. The CoGF solution produced crystals in an intense
purple colour. The largest crystals reached edge lengths of ~4 mm, most of
them were 0.5-2 mm long.

7.2 Methods

In this study the elastic properties of ZnGF, MnGF, CoGF and CuGF were
investigated by means of several techniques: plane parallel plate ultrasonic
technique, resonant ultrasound spectroscopy, Brillouin spectroscopy, density
functional theory, and thermal diffuse scattering analysis. The MGF sam-
ples studied here are orthorhombic therefore the elastc stiffness tensor is
completely described by 9 independent elastic tensor coefficients: Cyy, Cis,
Ci3, Cya, Cys, Cs3, Cyy, C55 and Cgg in Voigt notation.

7.2.1 Powder X-ray diffraction

Powder X-ray diffraction measurements were performed on the samples to
check the phase purity and determine the lattice parameters and the density
of the samples. The experiments were performed at Goethe University, using
a X'Pert Pro diffractometer from PANalytical in Bragg-Brentano geometry
equipped with a PIXcel detector and Cu- K, radiation. Rietveld refinements
were performed using the GSAS software package [235]. The obtained lattice
parameters and densities are shown in Tab. 7.1.

Table 7.1: Crystallographic data for Mn, Zn, Co, Cu-GFs from PXRD.

MnGF CoGF ZnGF CuGF
space group Pnna Pnna Pnna Pna2,
a (A) 8.5211(3)  8.3343(2)  8.3493(3)  8.5212(3)
b (A) 11.9779(4) 11.7530(4) 11.7276(5) 9.0321(3)
c (A) 9.0593(3) 8.9111(3) 8.9089(4)  11.3497(4)
V (A3) 924.64(5) 872.87(5)  872.34(6) 873.52(5)
p (g/cm?) 1.796 1.933 1.984 1.967
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7.2.2 Plane parallel plate ultrasound technique

A preliminary determination of the elastic tensor coefficients, later used as
a set of initial parameters for the resonant ultrasound spectroscopy mea-
surements, was obtained by the plane parallel plate ultrasonic technique for
CuGF and ZnGF. The plane parallel plate ultrasound measurements and
data analysis were performed by Dr. Haussiihl at Goethe University. In
the case of CuGF, the complete elasticity tensor of the samples was solved
for 295 K using the corresponding Christoffel determinants and a computer
programm developed by Siegert [217].

7.2.3 Resonant ultrasound spectroscopy

The elastic properties of ZnGF and CuGF samples were studied experimen-
tally by Dr. Haussiihl with the aid of an ambient-temperature in-house Res-
onant ultrasound spectroscopy device [84]. The dimensions of the samples are
~5.351(2)x5.091(2) x4.252(2) mm? for ZnGF and ~5.961(2) x3.578(2) x4.376(2) mm?
for CuGF. The samples were clamped between an ultrasound generator and
detector. The force acting on the opposite corners of the sample was kept
below 0.05 N to ensure the conditions of a nearly freely vibrating body. For
signal generation and detection, network analyzers (4394A and 4194A from
Keysight) were employed. On each sample at least 10 resonance spectra in
the frequency range between 100 kHz and 1400 kHz with a resolution of
0.01 kHz were collected at 295 K for different sample positions (Fig. 7.2).
234 RUS eigen-frequencies for CuGuFormate and 89 for ZnGuFormate, re-
spectively, which were recorded at room temperature.

Figure 7.2: Photograph of a ZnGF single crystal mounted in the RUS set-up. The
sample size is of ~5.351(2)x5.091(2)x4.252(2) mm?.

7.2.4 Brillouin Spectroscopy

Single crystals of samples ZnGF and MnGF were studied by Brillouin spec-
troscopy at ambient conditions. The experiments were carried out in the
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Figure 7.3: Single crystal of Mn-guanidinium formate (=~ 800 x 1180 x 500 um?)
used for the TDS experiments, mounted on a carbon fiber.

Brillouin Spectroscopy laboratory at the GFZ (Helmoltz center, Potsdam),
using a Fabry-Perot interferometer (JRS Scientific Instruments) and a solid
state laser (Nd:YVOy) (A = 532 nm) as excitation source. The measurements
were performed in a symmetric scattering configuration with a scattering an-
gle between the external incident beam and scattered beam path of 8 = 60°.
Measurements were conducted on two different platelets for each composi-
tion. The platelets were obtained by polishing samples along their natural
faces, obtaining plates with parallel faces. The orientation of the platelets
was determined from the dispersion curves of the acoustic velocities, using an
intial set of elastic tensor coefficients obtained from DFT calculations. The
orientation was then refined in combination with the Cj; with a least square
fitting procedure of the full set of Christoffel equations, as described in the
subsequent section. The platelets orientations, thus determined, are: (0, 1,
0.13) and (1, 0, 1) for MnGF and (1, 0.08, 0.88) and (1, 0.11, 0.99) for ZnGF.

7.2.5 TDS

Thermal diffuse scattering analysis was performed on a Mn-guanidinium for-
mate (MnGF) sample of about 800 x 1180 x 500 um?®. The crystal was
glued with heat conducting glue (VE GARNISH) on a ~4 mm long carbon
fiber with ~1.5 mm diameter which was attached to a copper sample holder
to ensure heat conduction to the cooling system (cold finger) from the sam-
ple (Fig. 7.3). The diffraction experiments were performed in a closed cycle
cryostat using a vacuum of ~4x 1073 mbar at beamline P21.1 of DESY, using
a beam with energy of 100 keV. For better temperature control, the sample
was shielded by a mylar foil tube during the experiments. The TDS of MnGF
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was measured at 295 K and 265 K with a PILATUS CdTe 2M detector with
a pixel size of 172x172 pm? which provides a high dynamic range and al-
lows near noiseless measurements. The distance between the detector and
the sample was about 1020 mm. The scattered X-rays are directly converted
into charge pulses in the CdTe sensor, so that nearly no intensity is spread
between neighbouring pixels, and hence the point spread function of this de-
tector is smaller than the pixel size. This allows the detection of weak TDS
close to strong Bragg reflections. At 100 keV, the detector has a quantum
efficiency of 56%.

At each temperature, we performed four 200° ¢-scans where each frame was
exposed for 1 s, covering a ¢ rotation of 0.1°. The four separate measure-
ments were added together in one data set with an exposure time of 4 s per
frame. This strategy was adopted to avoid overexposure of the detector.

7.2.6 DFT

First-principles calculations were carried out by Prof. Bjoern Winkler within
the framework of density functional theory employing the Perdew-Burke-
Ernzerhof exchange-correlation function [177] with a Tkatchenko-Scheffler
correction for dispersion forces [234] and the plane wave/pseudopotential
approach implemented in the CASTEP [49] simulation package. “On the
fly” norm-conserving pseudopotentials generated using the descriptors in the
CASTEP data base were employed in conjunction with plane waves up to
a kinetic energy cutoff of 990 eV. A Monkhorst-Pack [162| grid was used
for Brillouin-zone integrations with a distance of <0.03 A~! between grid
points. Convergence criteria included an energy change of <5 x 1076 eV
atom ™!, a maximal force of <0.008 ¢V A~!, and a maximal component of
the stress tensor <0.02 GPa. Phonon frequencies were obtained from density
functional perturbation theory (DFPT) calculations.

7.3 Data Analysis

7.3.1 Plane parallel plate ultrasound technique

The elastic stiffness tensor coefficients C;; can be determined from the Christof-
fel equations (Eq. 2.21). The resonance frequencies are detected by measuring
the phase angle between the current and the voltage. The acoustic veloci-
ties are calculated from the impedence spectra using the highest and lowest
frequency modes. An example of the spectrum is shown in Fig. 7.4. The
evolution of the frequencies from the resonance modes taken from the spec-
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trum of the (111) plate of CuGF are shown in Fig. 7.5. The complete elastic
tensor was obtained for CuGF, while the elastic tensor coefficients C11, Css,
Cs3, Cyy, Cs5 and Cgg were obtained for sample ZnGF. The results are shown

in Tab. E.2.
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Figure 7.4: Ultrasound resonance spectrum of a plane parallel plate of CuGF with
orientation (111) (a). (b) Showns an enlargement of the full spectrum
displayed in (a), where the frequency regions in the range dominated by
the transducer is excluded. Figures provided by Dr. Eiken Haussiihl.

7.3.2 RUS

Fig. 7.6 shows a part of an experimental RUS spectrum collected for ZnGF at
ambient conditions. The evaluation of the elastic coefficients, Cj;, from the
measured resonance frequencies was carried out by a non-linear least-squares
procedure in which the observed resonance frequencies were compared to
those calculated from the dimensions of the sample, the density and an ini-
tial set of elastic coefficients which were derived from ultrasound plane wave
technique. In order to minimize errors due to truncation effects, up to 10962
normalized Legendre polynomials were used in the expansion of the displace-
ment vector. The results of the RUS measurements are reported in Tab. E.2

7.3.3 Brillouin spectroscopy

Fig. 7.7 shows representative spectra collected in the BS experiments for
samples ZnGF (a) and MnGF (b). The peaks are sharp and exhibit a strong
signal to noise ratio for both the longitudinal and transverse modes. The elas-
tic tensor coefficients of ZnGF and MnGF were obtained from an initial set of
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Figure 7.5: Number of resonance modes of the plane parallel plate of CuGF with

orientation (111) plotted against frequency. Figure provided by Dr. Eiken
Hausstihl.
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Figure 7.6: Part of an experimental RUS spectrum of ZnGF at ambient conditions.
Figure provided by Dr. Eiken Haussiihl.

estimated elastic constants using least-square algorithm to fit the Christof-
fel equations (Eq. 2.21) to the measured acoustic velocities as a function
of the azimuthal angle [66]. The initial set of estimated elastic coefficients
used are the Cj; obtained by DFT calculations. The fitting of the acous-
tic velocities was performed using the IGOR PRO software (Wavemetrics,
Lake Oswego, OR, USA). Fig. 7.8 shows the acoustic velocities measured in
the BS experiments as a function of the azimuthal angle for the two samples
ZnGF and MnGF. The results of the BS measurements are listed in Tab. E.2.
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Figure 7.7: Brillouin spectrum of ZnGF (a) and MnGF (b).
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Figure 7.8: Distribution of the acoustic velocities as a function of the rotational angle
for sample ZnGF (a) and MnGF (b).

7.3.4 TDS

The elastic stiffness coefficients Cj; of MnGF were obtained using the open-
source package TDS2EL2 [159] with the multi-temperature approach [245],
collecting data sets at 265 K and 295 K. The analysis of the TDS data was
performed by Julia Biischer. ROI between ¢ = 0.05 A~ and ¢ = 0.09 A~?
were chosen, based on the phonon dispersion curve of MnGF and on empirical
testing with TDS2EL2. The data was imported and prepared following the
procedure described by Mirone and Wehinger (2017) [159]. The C;; obtained
from DFT were used as starting values. The collected scattering intensity
was too weak to refine all nine Cj; at once, therefore, we first refined our
starting values individually for each coefficient to determine starting values
tailored to our data set. Then, we refined the coefficients in groups ordered
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Figure 7.9: Comparison between experimental TDS (top) and calculated TDS (bot-
tom) of the (2 8 0) and (1 2 5) Bragg reflections using ¢;; fitted to
our experimental data (Table E.2) with an ROl between ¢ = 0.05 A~!
and ¢ = 0.09 A=1. The intensity scale is logarithmic. Figure from Julia
Biischer.

by stability of the Cj;, in order to achieve the most accurate result without
making the fit unstable. The Cj; values obtained from our TDS analysis are
reported in Tab. E.2.

7.4 Results

The elastic tensor coefficients obtained in this study, via PPPU, RUS, BS
TGA and DFT are reported in Tab. E.2. For sample ZnGF, only the elas-
tic tensor coefficients Cy1, Cyy, Cs3, Cyy, Cs5 and Cgg were obtained using
PPPU. Fig. 7.10 shows a comparison between the experimentally obtained
C;; and the DFT-computed C;;. The results from PPPW, RUS, BS and
DFT show perfect agreement between the elastic tensor coefficients, except
for Cs3, where the value determined by DFT is 15% larger (Fig. 7.10a).
The experimental results (TDS and BS) for MnGF are in good agreement,
however, here too, Cs3 is an exception because the experimental results are
about 15% (BS) smaller than the DFT calculated value (Fig. 7.10b).

The Cjjs determined for CuGF are shown in Fig. 7.10c. The DFT calcula-
tions for this compound were performed both with and without dispersion
correction (Tab.E.1). Cia, Ci3 and Cys from the corrected calculation are in
better agreement with the experiments, while C};, Cs, from the uncorrected
calculation are in better agreement with the experimentally obtained values.
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Figure 7.10: Comparison between the data obtained by DFT with and the data col-

lected with the different experimental methods for MnGF (a), ZnGF
(b) and CuGF (c). The straight line represents perfect correspondence
between the DFT data and the other datasets.

7.5 Discussion

Table 7.2 shows the best estimate for the elastic tensor coefficients and elastic

moduli. The values reported in the table were obtained by averaging among
the values obtained from the different methods. Some values were discarded

as clearly not representative for the studied compounds: Cs3 for ZnGF and
MnGF obtained by DFT calculations is 15% larger compared to the mea-

sured (with both RUS and BS) elastic tensor coefficients, and as such was
not considered in the averaging process. For CuGF the DFT values for Cy
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were discarded and the dispersion corrected values were considered as the
most representative values to describe the elasticity of CuGF. For CoGF, we
report only the DFT-calculated values of Cj;.

The discrepancy between the experimental results and the ones obtained

Table 7.2: Preferred elastic tensor coefficients, Cj;, elastic bulk Kg and shear Gg
moduli and acoustic velocities for the studied orthorhombic MoFs.

Compound | ZnGF MnGF CuGF CoGF

Cip (GPa) | 34.9(8) 29(2)  25.6(3) 39.0(8)
Cia (GPa) | 14(1) 7(1) 19(1) 12.7(3)
Ci3 (GPa) | 29(1) 25(2)  12(1) 29.6(4)
Cyy (GPa) | 49(1) 43(2)  50(3) 56.2(3)
Cys (GPa) | 21.5(9) 13(4)  16(2) 17.1(6)
Css (GPa) | 69.3(3)  58(2) 51(3) 86.1(4)
Cyu (GPa) [ 88(9)  9(2) 8.3(7) 10.9(5)
Css (GPa) | 11.0(8)  12.1(7) 9.5(6) 15.2(3)
Ces (GPa) | 10.3(4)  9(2) 8.5(7) 9.8(8)
Ky (GPa) | 31.3(8) 24(1)  24.6(8) 33.3(2)
Gy (GPa) | 12.0(5) 11.6(7) 10.6(4) 15.3(2)
Kr (GPa) | 27.13(7) 20.9(2) 21.75(7)(8) 28.82(2)
Gr (GPa) 10.9(2)  9.4(2)  10.0(5) 13.2(1)
Kg (GPa) |29.2(5) 23(1)  23.2(8) 31.1(2)
Gs (GPa) 11.4(3)  10.8(7) 10.0(5) 14.2(2)
vp (km/s) | 4.7(2)  4.5(4)  4.3(2) 5.09(8)
vg (km/s) 2.39(8)  2.44(3) 2.25(2) 2.714(8)
A 0.64 0.99 0.73 0.96

from DFT can be associated to temperature issues. The experiments were
conducted at ambient conditions, while the calculations were performed at
0 K (athermal limit).

Having studied M GF with different compositions, it is possible to see the
effect of cationic substitution on the elastic properties of M GFs.

The differences in elasticity between the different MOFS can be illustrated us-
ing a graphical representation of longitudinal effects [11]. Fig. 7.11 shows the
representation surfaces of the longitudinal elastic stiffness I’ = ;2 ;2,2,Cjji,
where x; are the components of the radius vector that points from the origin
of the tensor to the surface, of the orthorhombic ZnGF, MnGF, CuGF and
CoGF MOFs. The differences between the representation surfaces for the
different MGFs are substential, showing a strong dependence of the elastic
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Figure 7.11: Representation surfaces of the longitudinal elastic stiffness for or-
thorhombic MGFs.

properties on the cationic substitution in these structures.

The studied MGFs exhibit a strong anisotropic behavior due to their crys-
tal structure (Fig. 7.1). Along the c-axis the longitudinal elastic stiffness
for Mn-, Zn- and CoGF is the largest and is the smallest along the a-axis
(Fig. 7.11). In the direction of c-axis, the guanidinium cations that sit in the
framework cavities are oriented with one N-O bond aligning exactly along
the axis, and although the metal formate chains do not run along the axis
but at an angle of 45° from ¢, the chains bend less than the those running
along b, making them stronger against uniaxial pressure. The b-axis aligns
with metal formate chains that bend significantly due to the distorted oc-
taedra. Since none of the N-O bonds are exactly aligned with the axis, it
is weaker against uniaxial stress than c. The a-axis is weakest because the
metal formate chains run diagonal to the axis and none of the N-O bonds of
the guanidinium cation align with the axis. CuGF has a similar behaviour,
however due to the octahedra deformation caused by the fact that the Cuy™
cation is a JT ion, the N-O bonds are aligned along the b-axis, causing the
b-axis to be substantially stiffer to uniaxial compression.

Additionally, the effect of cationic substitution on the elasticity of MOFs can
be studied by considering the dependence of the aggregate elastic proper-
ties of these materials. Fig. 7.12 shows the dependence of the bulk (Kg)
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and shear (Gg) moduli in the Voigt-Reuss-Hill formalism and of the acoustic
velocities (vp,vg) of the studied M GFs, obtained from the preferred elastic
tensor coefficients reported in Tab. 7.2, as a function of the unit cell volume.
CoGF, ZnGF and MnGF are isostructural with space group Pnna. Zn and
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Figure 7.12: Bulk modulus in the VHR formalism, Kg, as a function of the unit cell
volume. In blue are the data for CuGF.

Co have a similar cation size (the atomic radii of Zn and Co only differ by
1%) and have similar elastic moduli. MnGF is characterized by a larger vol-
ume but a much smaller density compared to ZnGF and CoGF. This results
in a lower (-20%) value of the bulk modulus for MnGF compared to isostruc-
tural CoGF. CuGF has orthorhombic symmetry, but Cu?* is a JT ion, and
as such it causes a structural distortion of the ochtahedra, leading to a lower
symmetry, space group Pna2;. Due to this distortion, CuGF is more com-
pressible compared to the other MOFs studied, with a bulk modulus 24%
lower compared to that of ZnGF, but similar to that of MnGF.

Table 7.2 also reports the values of the universal anisotropy index A“[189].
MGFs exhibit anisotropic behaviour, with A" values in the range between
0.64 (ZnGF) and 0.96 (CoGF). The octahedra distortion in the CuGF does
not have a great effect on the elastic anisotropy of the material.

In addition to the effect of composition on the aggregate moduli of metal
guandinium formates it is interesting to study the linear axial compressibil-
ities f; of these compounds. A previous study by Yang et al. (2019) [262]
studied the behaviour of MnGF, CoGF and CdGF at high pressured by DF'T,
single crystal XRD and powder neutron diffraction. The values obtained in
their study for the axial compressibilities and bulk moduli are in agreement
with our study (see Tab. 7.3). The four MGFs show substantial differences
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Table 7.3: Axial compressibilities of the studied MOFs from DFT obtained in this
study compared with the results of Yang et al. (2019) [262].

Compound | ZnGF MnGF CuGF CoGF
Reference | This work This work Yang [262| | This work | This work Yang [262]
B, (TPa™") | 22(4) 30(1) 26.7(4) | 30(5) 20(1) 19.5(3)

By (TPa™!) | 13(2) 17 3(5)  15.2(2) 5(4) 12.61(4)  11.4(2)

B. (TPa~1) | 1(4) 0.5(7) 0.03(2) 11(3) 2.3(5) 1.10(8)

in the linear compressibilitis along the crystallographic axes. In particular,
MnGF shows a large compressibility along the a-axis while it is within the ex-
perimental error of zero along c-axis. This behaviour can be easily explained
by considering the orientation of the guanidinium (Gua™) ions, which keep
the framework rigid within their plane, acting like struts, while preserving
void spaces above and below this plane. In the orthorhombic MnGF struc-
ture, the c-axis is parallel to the plane of the Gua™ ion, while a- and b-axes
are angled away from the Gua™ planes. This leads to a far greater linear
compression along the a- and b-axes than along the c-axis [262].

7.6 Conclusions

In this chapter the elastic properties of orthorhombic MGFs ZnGF, MnGF,
CoGF and CuGF are reported. The elastic tensor of MGFs obtained from
different experimental and computational (DFT) methods are in good agree-
ment, with the exception for the values of the C33 coefficient obtained from
DFT calculations, which is (15%) larger compared to the experimental val-
ues. The results of this study provide the most complete determination of
the elastic properties of MGFs at ambient conditions. The cationic substi-
tution has a strong effect on the individual elastic tensor coefficients, Cj;,
and on the aggregate elastic properties of MGFs. Larger M!! cations lead
to a softening of the material in isostructural compounds. The cationic sub-
stitution with M = Cu?*, a JT ion, causes a structural distortion which
leads to a softer compound. Our results also confirm the almost-zero axial
compressibility along the c-axis of MnGF, ZnGF observed in previous single
crystal diffraction and neutron diffraction experimental study.

150



Summary and outlook

Within the overarching scope of my PhD work, I investigated the effect of
chemical composition on the elastic properties of carbonates. The measure-
ments were performed on both crystalline (natural and synthetic) and amor-
phous materials.

Well-characterized natural aragonite samples, covering the range of nat-
ural compositions, with Sr contents ranging from 0.3 to 1.5 mol% were in-
vestigated by Brillouin spectroscopy. My results, combined with the val-
ues obtained in a previous Brillouin study on a natural aragonite with 2.5
wt% [133], show a compositional trend in qualitative agreement with what
observed in a high-pressure XRD study on synthetic CaCO3-SrCOj solid so-
lutions [222].

The elastic properties of Fe-dolomite and ankerite were first determined
in this study. The combination of Brillouin spectroscopy and high pressure
PXRD show a clear dependence of the elastic properties of Fe-dolomite and
ankerite on composition, showing a non-linear behaviour of the bulk modu-
lus with the Fe content, with a minimum (~-10%) around 40 mol% in the
CaFe(COs3)y component. The new high quality results set the reference for
elasticity of these carbonate minerals.

The effect of cationic substitution of Ca with Sr in a calcite-structured
CaCOj3 was studied by synchrotron SC-XRD on a sample synthesized at 2
GPa and 1300 K. The presence of 18% of Sr leads to structural modifications
compared to pure calcite and at ambient conditions Srg15Cag g CO3 adopts a
calcite-II structure (monoclinic, space group P2;/c), Sr-CC-II. The samples
were studied at ambient conditions and at high pressures up to 9 GPa. At 1.7
GPa, a phase transformation from Sr-CC-II to a new polymorph, Sr-CC-III
(monoclinic, space group P2;/m) was observed. Sr-CC-III is different from
any other pure CaCOjs polymorph but shares some common features with
the metastable CaCOs-III polymorph, such as the non-coplanar CO3 groups
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and the presence of different coordination sites.

The elastic properties of amorphous calcium carbonate were investigated
upon compression up to 20 GPa as a function of the water content. Three
synthetic ACC samples, with different H,O contents up to 18 wt%, were
studied by Brillouin spectroscopy. No discontinuities were observed in the
elastic properties of the samples independently on the water content, how-
ever the difference between the isothermal and isentropic bulk moduli, which
increases with increasing pressure, seems to be indicative of a continuous evo-
lution of the local structure upon compression. Our results also show that
the addition of 18 wt% HO leads to a softening of -38% in the bulk modulus
and -36% in the shear modulus of ACC.

The effect of composition on the elasticity of metal guanidinium formates,
C(NHy)3 M (HCOO)3, with M =Mn, Co, Zn and Cu, was investigatedby
combining the methods used for the study of the elasticity of carbonates with
additional probes. The results obtained with the different techniques are in
good agreement and show that cationic substitution has a strong effect on
the individual elastic tensor coefficients, C;;, and on the aggregate elastic
properties of MGFs due to cationic substitution. Larger M cations lead
to a softening of the material in isostructural compounds. In particular, the
introduction of M = Cu?*, a JT ion, causes a structural distortion which
leads to a softer compound.
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Appendix A

Aragonite

Electron microprobe image and results of the electron microprobe analysis
EMPA performed on the aragonite samples used in this study.

Sample CaO FeO SrO BaO  Total

Arag-T 56.51(8) - 0.12(6) -  56.65(7)
Arag-NT 55.9(8) - 0.4(1) - 56.3(7)

Arag-S 53.51(7) - 1.44(6) - 55.0(1)

Table A.1: EMPA results for aragonite Arag-T, Arag-NT and Arag-S samples.
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Figure A.1: EDX images for the aragonite samples studied: (a) Arag-T, (b) Arag-NT
and (c) Arag-S.
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Figure A.2: Rietveld refinement of the powder sample of (a) Arag-T (wR = 6.53 %),
(b) Arag-NT (wR = 5.44%) and (c) Arag-S (wR = 6.99%). Reflection
positions are shown by blue tick marks and the residuals are shown in
black.
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Appendix B
SrCC

Table B.1: Refined atomic coordinates and isotropic displacement factors for Sr-CC-l|
at ambient conditions.

Atom Element x Y z Ueq/iso

Sr01 Sr 0.23963(4) 0.24700(6) 0.22746(5) 0.0186(2)
Ca01 Ca 0.23963(4) 0.24700(6) 0.22746(5) 0.0186(2)
0001 O 0.3856(2)  0.6470(5)  0.6353(2) 0.0350(8)
0002 O 0.1312(2)  0.5926(5) 0.3839(2) 0.0353(9)
0003 O 0.2357(3)  0.9984(5)  0.4792(2) 0.0353(9)
Co001 C 0.2527(2)  0.7476(4)  0.4992(2) 0.0154(7)

Table B.2: Atomic distances for Sr-CC-1l at ambient conditions.

Bond Distance A)
Ca01-0001 2.384(1
Ca01-0001 2.383(1
Ca01-0002 2.375(1
Ca01-0002 2.377(1
Ca01-0003 2.384(3
Ca01-0003 2.383(3

(5
(3
(3
(2
(5

<Ca-O> 2.381
C-0001 1.260
C-0002 1.283
C-0003 1.269
<C-O> 1.270
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Table B.3: Crystallographic information and details of the crystal structure refinement
for the Sr-CC-Il structure.

Phase Monoclinic
Crystal system Monoclinic
Space group P2, /c
a (A) 6.4237(7)
b (A) 5.0176(1)
¢ (A) 8.1129(1)
a (°) 90
B (°) 108.064(1)
7 (%) 90
V (A3) 248.60(1)
p (g/cm?) 3.007(1)
Z 4
F(000) 218
Theta range for data collection (°) 1.97 — 17.69
Index ranges —12 < h <12
—6< k<8
-1d<i<14
Reflections collected 709
Goodness of fit on F? 1.39
Num. parameters 48
Final R indices (I > 30(I)) Ry =0.0286, wRy =0.0594
Final R indices (all data) R, =0.029, wRy =0.059
Rint 0.0676
Completeness to d = 0.8 A 49.65

I

) ) 5 5 \2 1/2
po = SR meanl . p _ EllFabl-Featell. p - | 20 Fane)
int — S F2 ) 1 — S [Fops| ; Wity = ST wk2

obs obs

w=1/[0*(Fg,) + (0.01 % P)*|, P = (Max(Fg,,0) + 2% FZ,.) /3
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Table B.4: Crystallographic information and details of the crystal structure refinement

for Sr-CC-lll
Phase Sr-CC-I11
Pressure (GPa) 1.7(3)
Crystal system Monoclinic
Space group P2,/m
a (A) 6.2683(2)
b (A) 9.922(5)
¢ (A) 7.6574(6)
B (°) 103.856(6)
V (A3) 462.39(5)
p (g/cm?) 3.217(3)
Z 8
F(000) 429
Theta range for data collection (°) 1.6-17.92
Index ranges —13<h<12
17 <k <20
—-9<il<15
Reflections collected 2164
Goodness of Fit on F? 1.49
Num. parameters 100
Ri/wRs (I > 30(1)) 0.025/0.053
Ry /wR; (all) 0.033/0.057
Rint 0.0527
Completeness to d = 0.8 A 67.06

)

) ) 5 5 271/2
R' — Z|Fobs*(Fobs)mean‘ . R — ZHFobs|_Fcalc||. wR — Zw(Fobstialc)
int 2 ! 1 Z |Fobs| ’ 2 Z Wngs

)+ (0.01% P)?], P = (Max(Fj3,,0) +2x F2,)/3

obs

w=1/[0?*(F?>

obs
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Table B.5: Refined atomic coordinates and isotropic displacement factors for Sr-CC-Il1
at P=1.72(5) GPa.

Atom Element x Y z Ueq/iso

Sr01 St 0.03975(3) 0.47602(2) 0.25445(3) 0.01470(7)

Cal1 Ca 0.03975(3) 0.47602(2) 0.25445(3) 0.01470(7)

Sr02 St 0.49006(4) 0.75 0.47063(5) 0.01475(9)

Ca02 Ca 0.49006(4) 0.75 0.47063(5) 0.01475(9)

Sr03 St 0.41737(4) 0.25 -0.01886(5) 0.01651(9)

Ca03 Ca 0.41737(4) 0.25 -0.01886(5) 0.01651(9)

0001 ) 0.2539(2) 0.75 0.1609(4)  0.0368(8)

0002 O -0.1028(2) 0.75 0.6166(2)  0.0159(4)

0003 ) 0.6632(2) 0.4130(1)  0.1369(2)  0.0284(4)

0004 @) 0.1265(1) 0.86168(9) 0.4865(2)  0.0165(3)

0005 ) 0.6473(2)  0.5994(1)  0.2859(2)  0.0240(3)

0006 ) -0.0514(2) 0.6398(1)  0.0264(2)  0.0218(3)

0007 ) 0.4170(2)  0.4257(2)  0.2957(3)  0.0345(5)

Co01 C 0.0559(2) 0.75 0.0730(3)  0.0150(4)

C002 C 0.0466(2) 0.75 0.5281(3)  0.0119(4)

€003 C 0.5735(2)  0.4816(1)  0.2415(2)  0.0123(3)

Table B.6: Atomic distances for Sr-CC-lll at 1.72(5) GPa.

Bond Distance [A] Bond Distance [A]
Sr01-0002 2.441(6) Sr02-0001 2.477(3) Ca03-0001 2.550(3)
Sr01-0003 2.390(1) Sr02-0002 2.441(6) Ca03-0003 2.352(1)
Sr01-0004  2.363(1) Sr02-0004 2.563(1) Ca03-0005 2.486(1)
Sr01-0004 2.701(1) Sr02-0004 2.563(1) Ca03-0005 2.486(1)
Sr01-0005 2.810(1) Sr02-0005 2.423(1) Ca03-0006 2.529(1)
Sr01-0006 2.353(1) Sr02-0005 2.423(1) Ca03-0006 2.529(1)
Sr01-0006 2.455(1) Sr02-0007  2.466(1) Ca03-0007 2.974(3)
Sr01-0007  2.363(1) Sr02-0007  2.466(1)
<Sr1-O> 2.486(7) <Sr2-O> 2.491(3) <Ca3-0O> 2.558(5)
C01-0006 1.289(1) C02-0002 1.281(2) C03-0003  1.279(2)
C01-0006 1.289(1) C02-0004 1.287(1) C03-0005  1.274(2)
C01-0001 1.262(2) C02-0004 1.287(1) C03-0007  1.280(2)

<C-O> 1.281(5)
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Appendix C
ACC

The structure of crystalline Ne is cubic FCC. The longitudinal and backscat-
tered velocities of Ne were measured as a function of pressure up to ~ 5 GPa,
as they are related to the Brillouin shifts AvVe:

v = AvgA (C.1)

Ne AvFen
B o
where )\ is the wavelength of the laser, n is the refractive index of the medium.
At pressures lower than 4.6 GPa, because the liquid is acoustically isotropic,
the sound velocity is the same for all directions. Fig. C.1, shows the mea-
sured longitudinal acoustic velocity as a function of pressure for Ne, with the
literature data from a previous Brillouin study on Ne by Shimizu et al. [214].
From the measured v, and vp it is possible to determine the refractive
index dependence on pressure. Fig. C.1 shows the values of the refractive
index up to 4.6 GPa. The measured values are in good agreement with
literature values from the Brillouin study by Shimizu et al. [214], as shown
in Fig. C.1.
The density of amorphous calcium carbonate during compression can be
estimated from the measured acoustic velocities by:

(C.2)

p(P) = po + / —-dP (C.3)

where, where p(P) and p, are the density of the sample at pressure P and
at the ambient pressure P, respectively, ¢ = Cp/Cy is the ratio of specific
heats a constant pressure and volume and vg is the bulk velocity.
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Figure C.1: Pressure dependence of the (a) the refractive index and (b) acoustic
longitudinal velocities v, for Ne. Black squares: ACC-I; Red circles: ACC-
II; green diamonds: ACC-IIl; triangles: literature data from Shimizu et
al. (2005) [214] (blue) and Wei et al. (2019) [246] (orange); dashed
blue line in (a): literature data from Dewale et al. [61]; vertical dashed
line (b) indicates the liquid solid phase transition at P = 4.6 GPa. Filled
symbols: compression data; Open symbols: decompression data.

For elastically isotropic materials the bulk velocity v is given by:
4
vy =2 — —0? (C4)

where v, and v, are the longitudinal and transverse acoustic velocities, re-
spectively.

The density of ACC at ambient pressure used in this study is the value
measured for an hydrous ACC sample by Fernandez-Martinez et al. [70] at
ambient conditions, py = 2.17 g/cm?.

The ratio of specific heats follows:

g—i = ;—i =1+ ypnaT (C.5)
where K is the isentropic (adiabatic) bulk modulus, K7 is the isothermal
bulk modulus, « is the thermal expansion coefficient, 7, is the Griineisen
parameter and 7' is the temperature. For values of v, and « typical of a wide
range of minerals, the difference between K¢ and K7 is in the order of 1% and
the value of the ratio ¢ is close to 1 [186]. For crystalline aragonite, the values
of the Griineisen paramenter and thermal expansion coefficient at ambient
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conditions are v, = 1.39 and o = 5.8(2) x 107° K~ [126], corresponding to
a value of ¢ = 1.02.

0 5 10 15 20
Pressure (GPa)

Figure C.2: Density of ACC-l (black) and ACC-II (red) from the Brillouin spec-
troscopy acoustic velocities measured during compression (filled symbols)
and decompression (open symbols) using the ambient pressure of ACC
measured by Fernandez-Martinez et al. [70]. The red curve represents
the density data measured by Fernandez-Martinez et al. [70] in compres-
sion (red line) and decompression (dashed line).

Fig. C.2 shows the values of density at high pressures estimated for sam-
ples ACC-I and ACC-II in this Brillouin spectroscopy study. The red line
represents the density values measured by Fernandez-Martinez et al. [70]
using a combination of X-ray diffraction and absorption measurements. Un-
fortunately, it was not possible to obtain the density as a function of pressure
for sample ACC-III because of the missing signal for the transverse velocity
for this sample at ambient conditions. It is evident from Fig. C.2 that the
density values from Fernandez-Martinez et al. [70] are considerably higher
compared to the ones obtained from our Brillouin spectroscopy measure-
ments (9 % higher for ACC-I at 16.7 GPa). Petitgirard et al. [180] ob-
served a similar inconsistency between the densities of amorphous MgSiO3
at high pressures from X-ray absorption measurements and those estimated
from Brillouin spectroscopy [201]| using the same approach as the one used
for samples ACC-I and ACC-II in this study. The contrast between X-ray
and Brillouin measurements is due to the fact that the values for isothermal
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and isentropic bulk moduli of ACC are different and diverge with increasing
pressure, as discussed in the main text.

This results in the densities’ values of the material obtained from the
measured acoustic velocities to be underestimated.
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Appendix D

Ankerite

Electron microprobe image and results of the electron microprobe analysis
EMPA performed on the ankerite samples used in this study. Dolomite (Dol),
siderite (Sid) and calcite (Cal) where used as standards. The compositions
reported in Tab. D.1 are the result of an average of 6 to 12 measurements
for each phase.

Sample MgO FeO CaO MnO Total
Ank-1 21.9(3) 2.1(2) 29.59(5) 0.12(3) 53.84(5)
Ank-2 11.3(4) 14.7(4) 28.2(2) 2.2(2) 56.36
Ank-4 16.6(9)  9(1) 29.0(3) 1.1(1) 55.50
Ank-5 6(2) 22(2)  26.9(5) 1.7(1) 56.95
Standards | Dol — 22.20 0.11 30.53 0.04 52.87
Sid  0.12 59.06 - 2.80 61.98
Cal - 0.04 54.84 0.11 54.99

Table D.1: EMPA results of the ankerite Ank-1, Ank-2, Ank4 and Ank-5 samples.
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Figure D.1: EDX images for the ankerite samples studied: (a) Ank-1, (b) Ank-2, (c)
Ank-4 and (d) Ank-5.
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Figure D.2: Rietveld refinement of ankerite Ank-1 (wR = 4.463%) (a), Ank-2 (wR =
4.33%) (b), Ank-4 (wR = 5.99%) (c) and Ank-5 (wR = 4.93%) (d).
Reflection positions are shown by the blue tick marks and the residuals
are shown in black.
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Figure D.3: Pawley refinement of (a) Ank-2 (Dol-l) at 4.6 GPa (wR = 16%); (b)
Ank-4 (Dol-Il) phase at 33.3 GPa (wR = 12.6%).
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Table D.2: Elastic tensor coefficients for Ank-1, Ank-2 and Ank-5 and experimental data from Speziale et al. (unpublished
material), Chen et al. (2006) [46] and Humbert et al. (1972) [95], together with calculations for dolomite samples
(DFT, this work), Bakri et al. (2011) [12] and Titiloye et al. (1998) [233].

Experimental DFT
Spez. [223] This work Chen [46] Humbert [95] This work Bakri [12] Titiloye [233]
Ank-1 Ank-2 Ank-5

Cii (GPa) 206 (1) 204.2(8) 184.1(7) 171(1) 204(2) 205 186(1) 196.6 201.6
Ci2 (GPa) 69(2) 71.7(6)  79(1) 76.0(6) 69(3) 71 62.3(5) 64.6 71.0 o
Ci3 (GPa) 59(2) 57.0(6) 59(1)  46(4) 57.4 50.5(5) 54.71 57.4 =
Ci4 (GPa) -21(2) -20.8(4) -20(78) -16(9) 20(1) -19.5 15.28(7) 22.45 -19.5
Ci5 (GPa) 10(3) 10.7(8) 12.4(2) 7(2) 13.7 -10(3) -1.35 13.7
Cs3 (GPa) 115 (1) 112.0(3) 95(5)  97(5) 112.8 102.8(3) 110.01 113.0
Cys (GPa) 40.5(4) 40.0(5)  39.4(5) 35.4(3) 39(2) 39.8 37.1(3) 41.57 39.8
Ces(GPa)  69(2) 66.2(6)  52(1) 47(1) 62(1)
Kg(GPa)  96(6) 94(2) 87(5)  85(9) 95(6) 85(5) 90(6) 94(6)
Gs(GPa)  47(7) 46(2) 36(5)  46(8) 47(7) 44(5) 46(7) 46(7)

A 1.34 1.37 1.2 1.01




Appendix E
MOFs

Table E.1: Elastic tensor coefficients of CuGF using standard (DFT-) and dispersion
corrected (DFT-d) and without dispersion correction (DFT) for CuGF.

CuGF
Technique DFT  DFT-d

Ci3 (GPa)  8.1(5)  11(1)
Cy (GPa)  49.8(7) 60.5(1)
Cas (GPa)  13.3(8) 14.1(6)
Csz (GPa)  49(2)  47(2)
(GPa)
(GPa)

(
8.4(2)  9.8(
73(5)  T.7(2)
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Table E.2: Elastic tensor coefficients, bulk modulus Kg, shear modulus G5 and acoustic velocities for the orthorhombic MOFs
studied from DFT and experimental methods.PPPW = plane parallel plate wave ultrasound technique, RUS = resonant
ultrasound spectroscopy, BS = Brillouin spectroscopy, DFT = density functional theory.

MGF ZnGF MnGF CuGF CoGF
Method | DFT PPPW RUS BS DFT BS TDS DFT RUS PPPW | DFT

C11 (GPa) | 34.5(6) 34.0(3) 34.90(5) 36.3(4) | 27.8(5) 30.7(6) 27.5(5) | 25.3(7) 25.5(1) 25.6(1) | 39.0(8)
Ci2 (GPa) | 13.3(5) 15.2(3)  13.5(9) | 9.2(2) 6.5(7) 5.8(5) | 14.8(6) 18.4(2) 20.1(5) | 12.7(3)
Ci3 (GPa) | 27.4(6) 28.6(8)  30(1) 23.4(3) 26.9(4) 18.1(5) | 11(1) 12.0(2) 13.6(5) | 29.6(4)
Cy (GPa) | 48.6(7) 49.2(5) 50.9(5) 49.1(4) | 41.4(6) 44.8(1) 49.3(5) | 60.5(1) 52.5(6) 47.9(5) | 56.2(3)
Cys (GPa) | 21.0(5) 22.5(3)  21(1) 15.3(3) 13.9(9) 8.1(5) | 14.1(6) 17.2(2) 17.0(3) | 17.1(6)
C33 (GPa) | 81(2) 69.5(3)  69.5(7) 69(5) 75(1) 59.7(2) 54.1(5) | 47(2) 53.7(1) 52.8(5) | 86.1(4)
Cy (GPa) | 9.8(4)  7.7(3) 8.42(7) 9.1(4) |88(1) 7.3(1) 9.6(5) |9.1(6) 7.88(4) 8.05(6) | 10.9(4)
Css (GPa) | 11.0(4) 10.5(2) 10.80(5) 11.5(4) | 12.9(2) 11.6(1) 10.9(5) | 9.8(5) 9.61(4) 8.78(6) | 15.2(3)
Ces (GPa) | 10.4(2) 10.2(2) 10.27(5) 10.4(2) | 9.5(1) 7.2(1) 10.0(5) | 7.7(2) 8.78(4) 9.12(6) | 9.82(8)
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