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Zusammenfassung

Untersuchungen unter extremen Bedingungen sindieimtiges Hilfsmittel bei der Herstellung
neuer Materialien und deren Charakterisierung bimikch der physikalischen und chemischen
Eigenschaften. Solche Experimente sind nicht nur der Physik, Chemie und den
Materialwissenschaften sondern auch in den Geomssbaften interessant, da sie eine
Mdoglichkeit erdffnen, geophysikalisch relevante Bbtalien unter Bedingungen des tiefen
Erdinneren zu untersuchen. Der Schwerpunkt denfoiiegenden Arbeit liegt auf dem Entwurf
und Test eines mobilen kombinierten Hochdruck- whachtemperatursystems und dessen
Verwendung, um eine fundamentale Fragestellung @m Hochdruck-Mineralphysik zu
beantworten, namlich die Frage hinsichtlich dertZBPlasetzung und der elektronischen
Konfiguration von Eisen in eisen- und aluminiumiggh MgSiQ Perowskiten unter
Bedingungen des unteren Erdmantels. Eine weitereveAdung dieses Aufbaus, namlich
Untersuchungen zur Hochdruckphase eines potemtielM/asserstoffspeichermaterials,

Amminboran, wird in dieser Arbeit beschrieben.

L. Entwurf des mobilen Laserheizsystems fiir Experimente mit

Diamantstempelzellen

Die Technik der Laserheizung fir Diamantstempetrellist augenblicklich die einzige
Mdoglichkeit, Temperaturen von tausenden von Gratérustatischen Dricken im vielfachen
Megabar-Bereich zu erreichen, um die Bedingungent@ééen Erdinneren zu simulieren. Wir
haben ein mobiles doppelseitiges Laserheizsystagakelt, dass sich einfach zwischen dem
Labor und verschiedenen Beamlines einer Synchrstir@mungsquelle transportieren laft.
Dieses System erlaubt es, verschiedene analytiBebleniken mit in-situ Experimenten unter
extremen Bedingungen zu koppeln. Es ermdglichtBdieutzung der Laserheizung zusammen
mit der Diamantstempelzellentechnik fir Experimentie eine Bewegung des gesamten
Aufbaus als Einheit bendtigen, wie z.B. EinkrisBdugungsexperimente. Unsere technischen

Entwicklungen haben die Aufbauzeit fiir das SystefrRa3 Stunden reduziert.

Das System besteht aus zwei Hauptteilen — die licsiuelle und die Laser-Heizkopfe. SPI
Fiberlasers werden als Quelle benutzt und Glasiasglauben es, die Netzteile mit der

Laserlichtquelle (40 kg) von deren optischen Teientrennen und damit den Platz fur die
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Probenumgebung zu reduzieren. Die Laser-Heizkopfahen auf einem ,FineCutter® System
der Fa. Precitec KG. Sie verbinden die AufgabenFakussierung des Laserlichts, der in-situ
Probendarstellung, der Beleuchtung und des Erfassenausgesandten thermischen Strahlung

zur Temperaturmessung.

Erste Experimente mit dem Aufbau wurden an der gema Synchrotron Radiation Facility
(ESRF) durchgefuhrt. Dies waren zum einen EinKti@augungsexperimente mit
(Mgo.s#&.139(Sio.sAl0.11)Os Perowskiten an der Hochdruckstation der White Bdmamline
IDO9A (Hauserma and Hanfland, 1996) und zum and&&$ Experimente (Potapkin et al.,
2012) mit (MgsFe2)O Ferroperiklas an der Nuclear Resonance beartild8 (Ruffer and
Chumakov, 1996).

II. Platzbesetzung und elektronische Konfiguration von Eisen in

eisen- und aluminiumhaltigen Magnesium-Silikat-Perowskiten.

Eisen- und aluminiumhaltiges MgS0On der Perowskitstruktur (FeAlPv) kdnnte wenigsten
75% des unteren Erdmantels ausmachen. Es wird wetndass Eisen in dieser Struktur als
Eisen(lll) und Eisen(ll) enthalten ist. FeAlPv hatei verschiedene Kationenplatze: einen
grof3en, verzerrten dodekahedral Platz (A-Platz)einen kleinen, relativ ungestérten oktahedral
Platz (B-Platz). Wahrend allgemeine Ubereinstimmbegscht, dass Eeallein den A-Platz
besetzt, ist die Besetzung von*F der Diskussion. Einerseits wird berichtet, dessen(lll)
exklusiv den A-Platz besetzt (McCammon et al., 26@8apkin et al., 2013; Vanpeteghem et al.,
2006), andererseits jedoch beide Platze, A und &allC et al., 2011; McCammon, 1997).
Weitere Untersuchungen behaupten zusétzlich, dass blochdruck und hohen Temperaturen

eine Platzaustauschreaktion stattfindet: Fal>"—Fel*+Al** (Catalli et al., 2011; Fuijino et al.,

2012)

Um die Hypothese des Platzaustausches zu verdiziehaben wir in-situ Hochdruck-
Hochtemperatur-Einkristallbeugungsuntersuchungem ®lgo s77€>*0 086 0.04)(Sio.gAl 0.1 O3
Perowskiten an der Beamline IDO9A der ESRF durfiigé Die chemische Zusammensetzung
beruht auf den Ergebnissen der Elektronen-Mikrofrealyse und der MGssbauerspektroskopie.
Wir nahmen mehrere Datensétze zwischen 65 und 78: @&, wahrend und nach der

Laserheizung bei 1750(50) K. Zusatzlich zu den Atoondinaten und den isotropen
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thermischen Parametern haben wir die BesetzungsteshiB-Platzes, unter Berlcksichtigung
von Fe und Si (Fe und Si sind in unseren Einkilstalgungsuntersuchungen nicht
unterscheidbar) und des A-Platzes durch Mg undbEésser bestimmt. Der Eisengehalt des A-
Platzes stimmt innerhalb des Fehlers mit dem geewwam Wert aus der Elektronen-
Mikrostrahlanalyse Uberein. Langer andauernde rbassing bei 1750 K hat keinen sichtbaren
Austausch von Al und Fe zwischen den Platzen ed@tassen; damit gibt es keinen Hinweis,
dass Fe den B-Platz besetzt. Unsere Ergebnissemstingut mit den kirzlich erzielten
Ergebnissen von Glazyrin et al. (2014) vori'Fand AF*-reichen Perowskiten tiberein.

Der Spinzustand des Eisens im Krustenmaterial kdienEigenschaften und Dynamik des
Erdinneren signifikant beeinflussen. In Ferropexrskivurde ein Spinlibergang vom hohen Spin
(HS) zum niedrigen Spin (LS) in Eisen(ll) bei Drécktber 50 GPa beobachtet. Berichte von
Anderungen des Spinzustandes in FeAlPv mit untexdtbhen Valenzen sind kontrovers.
Experimentelle Untersuchungen haben gezeigt, dassn@) in FeAlPv einen HS - IS
(intermediaren Spin) Ubergang oberhalb von 35 GBRehim Simulationen ergeben jedoch, dass
der HS Zustand von Eebei allen Driicken des unteren Erdmantels derIstakist. Eisen(lll)
auf den A-Platzen bleibt in allen Druckbereichers dmteren Erdmantels im HS Zustand;
wohingegen Eisen(lll) auf den B-Patzen einen HSUI®rgang oberhalb von etwa 50 GPa
macht. Dieser letzte Prozel3 wird mit einer PlatdwetReaktion, wie oben beschrieben, in
Verbindung gebracht.

Die meisten der oben genannten Arbeiten extramulielie bei Raumtemperatur gewonnenen
Hochdruckdaten beziglich des Spinzustandes desn<£ige Temperaturen des unteren
Erdmantels. Bei McCammon et al. (2008) war die Teratur auf 1000 K begrenzt und die
Ergebnisse zeigten die Stabilitat de$'#8-Zustandes (iber den des”FelS-Zustandes. Um
nun die elektronische Konfiguration des Eisens udém Bedingungen des tiefen Erdinneren zu
bestimmen, fuhrten wir die ersten in-situ Untersuen von Mgsde 20Al0.06510.003
Perowskiten bei Driicken bis zu 81 GPa und Tempemathis zu 2000 K mit NFS and SMS
durch. Konventionelle Mdssbauermessungen bei Raunpemtur erganzten die
Untersuchungen.

Alle drei Methoden zeigten das Erscheinen eineendtd” Komponente bei Driicken oberhalb

von 35 GPa, die wir dem IS Spinzustand zuschregerauso wie in den vorherigen Arbeiten.
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Die NFS Daten lassen einen scharfen HS-LS Uber{a29 GPa) vermuten; die MB und SMS
Daten weisen jedoch auf einen langsamen Ubergamgaléi sogar bei den hochsten erreichbaren
Drucken nicht vollstandig ist. Der Unterschied arherigen Beobachtungen scheint in der NFS
Technik zu liegen, welche bei sehr friilhen Zeiten der elektronischen Streuung uberlagert ist
und somit hier nicht immer fur eindeutige Ergebaisergt. Diese friilhen Zeiten entsprechen
jedoch bei MB und SMS den breiten Linien im Spektruwie sie im Fall des HS Ee

anzutreffen sind.

Es gab keinen Hinweis auf einen Spintubergang desnBil) der A-Platze. Nach Laserheizung
bei Driicken oberhalb von 40 GPa wurde eine kleiomponente (etwa 5%) beobachtet, von der
angenommen wird, von LS Feauf den B-Platzen herzuriithren. Dieser kleine Bgittes Eisens
auf den B-Platzen ist unterhalb der Nachweisgremmre Rontgenstreumethoden. Die Tatsache

von LS F%* ist wahrscheinlich eher kontrolliert von einer Usreilung von Kationen-

Leerstellen als von einer Platzwechselreaktion ada F& und AF*. Der geringe Anteil an LS
Fe*, der in FeAlPv in einer Zusammensetzung, die sslevzum unteren Erdmantel ist,
gefunden wurde, zeigt, dass der HS-LS Ubergangsen@ll) eine vernachlassigbare Rolle bei

der Bestimmung der Eigenschaften im tieferen Erelien spielt.

NFS und SMS Hochdruck-/Hochtemperaturdaten konnenchd eine Uberlagerung von
Unterspektren, die heiRen und relativ kalten Teden Probe entsprechen und wahrscheinlich
von Temperaturgradienten in der Probe herrihrege@afit werden. Unsere Daten zeigen, dass
der hohe Eisen(lll)-Anteil, der kirzlich in abgesstkten Proben beobachtet wurde, auch unter
relevanten Bedingungen des unteren Erdmantelstenhialeibt. Unsere Daten zeigen auch, dass
der Hauptanteil des Eisen(lll) in FeAlPv unter Beglingen des tiefen Erdinneren im HS

Zustand erhalten bleibt; wohingegen Eisen(ll) il\IR¥ in den IS Zustand Ubergeht.
III. Druckinduzierte Strukturanderungen im BH3NH3; Komplex

Der Amminboran-Komplex, BsNH3 (AB), ist wegen seiner hohen Wasserstoff-Volumendichte
ein potenzieller Kandidat fir die Wasserstoffspercimg (Stephens et al.,, 2007). Unter

gewdhnlichen Bedingungen kristallisiekB in der tetragonalen Struktur (Raumgruggenm)

mit nichtgeordnetem Wasserstoff (Bowden et al.,7208ein Hochdruckverhalten wurde in der

letzten Dekade grundlich untersucht. Die Synthese dichterenAB Polymorphen wirde die
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Existenz von Materialien mit groRer Wasserstoffti¢liie sogar hoher als die des tetragonalen
AB ware, bedeuten. Wahrend generelle Ubereinstimnim@zdiglich des Phaseniibergangs von
der tetragonale4dmm zu der orthorombische®mcZ Struktur nahe 1 GPa besteht (e.g.,

Chellappa et al., 2009; Filinchuk et al., 2009kilsen die Berichte Gber Phasentbergange bei
hoheren Driicken kontrovers (e.g., Chen et al., 2Rliéhar et al., 2010; Lin et al., 2012).

Um diese Phasenilibergange zu untersuchen, fuhrterinygitu Ramanspektroskopie unter
Hochdruck bis zu 65 GPa durch. Wir fanden heraass &ichAB unter quasi-hydrostatischen
und nicht-hydrostatischen Bedingungen untersctdkedlerhalten. Das mag die Unterschiede in
den Beobachtungen der Phaseniibergéange unter 12rdBeen. Unsere Messungen bestétigen
den Phaseniibergang bei etwa 12 GPa (Lin et al8§)20fd lassen einen neuen Ubergang bei

etwa 27 GPa unter quasi-hydrostatischen Bedingungenuten.

Wir haben beobachtet, das&B nichtlineare optische Eigenschaften besitzt, die d
Frequenzverdopplung (SHG) des Laserlichts ermogicibie Beobachtung des transmittierten
Signals der SHG wurde fir die Entwicklung und degstTder oben beschriebenen mobilen
Laserheizung benutzt. Dies war speziell fir diebésserung der Fokussierungsmaoglichkeiten
der Laserstrahlen hilfreich. Die geringe Streustarkler Atome von AB macht
Rontgenbeugungsuntersuchungen schwierig, was jesiztiche Strukturinformation wertvoll
macht. SHG ist nur in anisotropen Medien ohne Isiegissymmetrie moglich. Wir haben SHG
beim Durchgang von Nd:YAG\(= 1072 nm) Laserlicht durcAB bei Driicken bis zu 130 GPa
beobachtet. Das lal3t vermuten, dass die nichtagmtmmetrische Punktgruppensymmetrie in

diesem Material bis zu sehr hohen Driicken erhdlkeitt.



Summary

Experiments under extreme conditions are an impbttol for synthesis of new materials and
investigation of physical and chemical properti®ach experiments are of interest not only to
physics, chemistry and materials science, but &isgeoscience because they provide the
opportunity to probe the properties of geophysjcetlevant materials at conditions of the deep
Earth’s interior. The current work focuses on tlesign and testing of a portable system for
simultaneous high pressure and high temperaturergion and its application in resolving one
of the fundamental problems of high-pressure minghngsics, namely the site occupancy and
iron electronic configuration in Fe-, Al-bearing Bi@; perovskite at conditions of the Earth’s
lower mantle. The work also demonstrates the agiptic of the developed setup to the
investigation of the high-pressure phases of anpalehydrogen storage material, ammonia

borane complex.

L. Design of the portable laser-heating system for experiments with

diamond anvil cells

The technique of laser heating in diamond anvilscédDACs) is currently the only way to
achieve temperatures of thousands of degreesadbatit pressures in the multi-megabar range
in order to simulate conditions of the deep Earihterior. We developed a portable double-
sided laser-heating system that can be easily felapd between the laboratory and a
synchrotron and between different synchrotron bewsl The portable system allows for
coupling of numerous analytical techniques viittsitu experiments under extreme conditions. It
gives the possibility to use the laser-heating DAghnique for experiments that require
movement of the entire setup as a single unitef@mple single crystal X-ray diffraction. Our
technical developments reduced the time for iresialh of the laser-heating setup at beamlines

to only 2-3 hours.

The system consists of two main parts — a sourdasef light and the laser-heating heads. SPI
fiber lasers are used as the laser sources, agrs flow the power units of the laser sources (40
kg) to be separated from the optical parts of §stesn, hence decreasing the space required for
the sample environment. The laser-heating headsam®d on a fine cutting device produced by

Precitec KG. The laser heads combine the functminser beam focusingn situ sample
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imaging, illumination, and collection of the emdtethermal radiation for temperature

measurements.

The first applications of the setup were demonstiadt the European Synchrotron Radiation
Facility (ESRF). These comprise a single crystalra}(- diffraction investigation on
(Mgo.sF& .13 (Sio.sAl 0.11)O3 perovskite at the High Pressure Station of thet®VBeam beamline
ID09a (Hauserma and Hanfland, 1996) and a Synawdetdssbauer Source study (Potapkin et
al., 2012) on (MgsFe2)O ferropericlase at the Nuclear Resonance beartii8 (Ruffer and
Chumakov, 1996).

II. Site occupancy and electronic configuration of iron in Fe-, Al-

bearing magnesium silicate perovskite

Iron- and aluminum-bearing MgSiGn the perovskite structure (FeAlPv) is consideted
comprise at least 75% of the Earth’s lower margle.( Irifune et al., 2010; Ringwood, 1982).
Iron is expected to be incorporated into the stmgcin significant amounts as both ferric and
ferrous iron. FeAlPv has two different cation sitea large distorted dodecahedral site (A-site)
and a small relatively undistorted octahedral @esite). While there is general consensus that

Fef* occupies exclusively the A-site (i.e.,iF)ethe site occupancy of Feis a matter of some

debate. Ferric iron has been reported to occupgreéxclusively the A-site (McCammon et al.,
2008; Potapkin et al., 2013; Vanpeteghem et aD620r to occupy both the A- and B- sites
(McCammon, 1997; Catalli et al., 2011). Severaligtsl have additionally proposed that a site

; ; ; . 3+ 3+, A13+
exchange reaction takes place at high pressuresighdiemperatures: /;Ii'*ekAIB —Fe +Al

(Catalli et al., 2011, Fujino et al., 2012).

In order to test the site exchange hypothesis wedwtted anin situ high-pressure high-
temperature single crystal X-ray diffraction invgation on
(Mgo.sF€ 0,086 0.04)(Sio.goAl0.17)O3 perovskite at beamline ID09a at the ESRF. The atam
formula is based on the results of electron miasbpranalysis and Méssbauer spectroscopy. We
collected several datasets between 65 and 78 Gifareb during, and after laser heating at
1750(50) K. In addition to the atomic coordinatesl asotropic thermal parameters we refined
the occupancy of the B-site considering Fe andSbafd Al are not distinguishable within our
single crystal X-ray diffraction experiments) arfdtlee A-site by Mg and Fe. We found that the
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refined amount of iron in the A-site coincided wiithuncertainty with the value determined by
the electron microprobe. Extended laser heatiriya0 K did not cause any detectable exchange
of Al and Fe between the sites; therefore, thereoisvidence that Fe enters the B site. Our
results correlate well with the recent results ddz@rin et al. (2014) on Bé& and APF*-rich

perovskite.

The spin state of iron in mantle phases may sicpaifily influence the properties and dynamics
of the Earth’s interior (e.g., Frost et al., 20®hncharov et al., 2008; Potapkin et al., 2013). In
ferropericlase the high-spin (HS) to low-spin (lc8)ssover in ferrous iron has been observed at
pressures higher than 50 GPa (Badro et al., 260@)orts of iron spin crossover(s) in FeAlPv in
different valence states are controversial. Expenital investigations have shown that ferrous
iron in FeAlPv exhibits HS-intermediate-spin (I3pgsover above ~ 35 GPa (McCammon et al.,
2008; Potapkin et al., 2013). However, computaiisiaulations find HS configuration of Fe

to be the most stable at lower mantle pressures @isl., 2012; Zhang and Oganov, 2006).
Ferric iron in the A-site has been reported to rienia the HS state over all lower mantle
pressures; whereas ferric iron in the B-site hanldeund to undergo HS-LS crossover above ~
50 GPa (Catalli et al., 2011; Fujino et al., 20TRg latter process has been associated with the

site-exchange reaction described above.

The majority of previous reports extrapolate highgsure iron spin state data at ambient
temperature to lower mantle temperatures. In McCamet al. (2008) the temperature was
limited to 1000 K and results showed the stabitifylS F&" relative to HS F&. In order to
probe electronic configuration of iron at condisoof the deep Earth’s interior we conducted a
first in situ investigation on Mgs3Fe 20Al 0.06Si0.9203 perovskite at pressures up to 81 GPa and
temperatures up to 2000 K by means of Nuclear Fohv@&attering (NFS) and Synchrotron
Mdossbauer Source (SMS) techniques complemented doyn rtemperature conventional

Mossbauer spectroscopic (MS) investigations.

The data measured by all three methods show theasgpce of a new Fecomponent assigned
to the IS state at pressures above 35 GPa, sitnilarevious studies. The NFS data suggest the
HS-IS crossover to be sharp (< 20 GPa); whereadM®i@and SMS data show a more sluggish
crossover that is not complete even at the highestsure achieved in the study. The difference

between previous observations appears to be dtleetpeculiarity of the NFS technique. NFS
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spectra at very early collection times are supeoseg by electronic scattering and may provide
not reliable results. These early times correspandroad lines in absorption spectra, which
appear in the case of HS%*eNo evidence of spin crossover of ferric iron fire tA-site was
found. After laser heating at pressures above 48, GfPninor component (~ 5% of the total iron
content) thought to arise from LS¥én the B-site was observed. This low amount of i the
B-site is below the detection limit of X-ray difton methods. The presence of L%*F'Es

likely controlled by a redistribution of cation \awies rather by the site exchange reaction
between F& and AF*. The low amount of LS Bé& detected in FeAlPv with composition
relevant to the lower mantle shows that HS-LS @wssin ferric iron plays a negligible role in

determining the properties of the deep Earth.

NFS and SMS high-temperature high-pressure spewrabe fitted as a superposition of
subspectra corresponding to hot and relatively paids of the sample, possibly arising from
temperature gradients within the sample. Our dadavghat the high ferric iron content observed
previously in quenched samples (Frost et al., 2@94)so maintained at conditions relevant to
the Earth’s lower mantle. Our data also show thatrajor fraction of ferric iron in FeAlPv
remains in the HS state at conditions of the deaphEs interior; whereas all ferrous iron in
FeAlPv converts to the IS state.

III. Pressure induced structural changes in the ammonia borane

complex

The ammonia borane complex B¥H3; (AB) is a potential candidate for hydrogen storage due
its remarkably high hydrogen volume density (Steshet al., 2007). At ambient conditioA8
crystallizes in the tetragonal structure (spacegidmm) with disordered hydrogen (Bowden et
al., 2007). Its high-pressure behavior has beesnsgitely investigated during the last decade.
Synthesis of dens&B polymorphs would imply the existence of materiaith bulk hydrogen
density even higher than that of the tetragohBl phase. While there is general consensus
regarding the phase transition from the tetragdisdm to the orthorhombic€mc2 structure
near 1 GPa (e.g., Chellappa et al., 2009; Filinobiu&l., 2009), reports on phase transitions at
higher pressures remain controversial (e.g., Chead.£2010; Kumar et al., 2010; Lin et al.,
2012).
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In order to investigate these phase transitionscamucted ann situ high-pressure Raman
spectroscopic investigation &B up to 65 GPa. Our data show theB behaves differently
under compression at quasi-hydrostatic and nonesyaltic conditions, which may explain the
difference in observations of phase transitionewel2 GPa. Our study confirms the previously
reported phase transition at ~ 12 GPa (Lin e2808) and indicates a new transition at ~ 27 GPa

under quasi-hydrostatic conditions.

We observed tha&B has a nonlinear optical property, namely the céipabf second harmonic
generation (SHG) of laser light. The observationhaf transmitted signal of SHG in the visible
range was used for a development and testing opthable laser-heating system described
above, in particular for the improvement of the miledfor temperature measurements and for

the investigation of laser beam focusing abilities.

The low scattering power of the elements constigyiB complicates X-ray diffraction studies
of its structure, which makes any additional suait information valuable. SHG is possible
only in anisotropic media without the inversion syetry. We observed SHG during the passage
of Nd:YAG (A= 1072nm) laser light througAB up to 130 GPa, which suggests that the non-

centrosymmetric point group symmetry is preserveithé material up to very high pressures.
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L. Introduction

Studying materials at conditions of extreme pressamd temperature are of interest to many
research fields. It helps to investigate physicapprties and new phenomena in solid-state
physics. It leads to discovery of new phases amdponinds in chemistry and materials science.
High-pressure technologies are especially valudbtegeoscience because their application

allows for simulating otherwise inaccessible caods of the deep Earth’s interior.
1.1 Experiments at conditions of extreme pressure and temperature

By definition pressure is a force divided by anaar€herefore, there are two principal ways to
achieve high pressures: to increase a force argtitecce an area. The first approach is realized in
large volume apparatuses. The most widely usetlevhtare a piston cylinder and a multi-anvil
press. A typical piston cylinder apparatus cornslist pressure vessel (bomb) and a piston, driven
by a hydraulic press in a cylinder against an eadl [(Boyd and England, 1960). The apparatus
allows samples to be heated with a resistive hegitéo 3000 K. For pressure generating devices
there is always a tradeoff between a sample sidetlaan highest achievable pressure. A piston
cylinder is suitable for studying samples of a ~m8&? volume, but is limited to ~ 4 GPa. A
typical multi-anvil press implements a ceramic bedral assembly with a sample placed
between eight tungsten carbide anvil cubes comgdesg outer six tool-steal anvils driven by a
hydraulic press (Kubo and Akaogi, 2000). A typipa¢ssure limit is ~ 27 GPa, and a sample
volume is ~ 1 mrh A resistive heater can be placed inside the dsigetm achieve temperatures
up to ~ 2500 K. The exceptional multi-anvil appasas can generate pressures up to 90 GPa
using sintered diamonds (Zhai and Ito, 2011), lmehsmachines are extremely rare and cannot

be easy coupled to various analytical techniques.

In order to achieve ultrahigh pressures a subsilaatea reduction of anvils is indispensable and
an appropriate anvil material should be chosershtuld be very hard, incompressible, and
should not plastically deform during compressiomede properties are best represented by
single crystal diamonds and, therefore, the methaodalized by the diamond anvil cell (DAC)
technique. It allows for generating multi-megabergsures but a sample volume is in the order
of magnitude of 18 mm?®. The DAC technique is described in more detailthin“methods and

instruments” section. Simulations of the conditiarfsthe Earth’s interior by large volume
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apparatuses are limited to the uppermost of theldonantle. The conditions of deeper interiors

can be simulated in DACs.
1.2 Temperature generation in diamond anvil cells

Generation of high temperatures in high-pressuxécds is important to simulate conditions of
planetary interiors. There are two main methodsigh temperature generation in a DAC —
external electrical resistive heating and lasetihgaExternal resistive heating allows for routine
generation of temperatures up to ~ 1100 K. Theimgas very homogeneous with minor
gradients in a sample chamber and can last upveyaedays. Measurements of the temperature
are quite reliable because are monitored by theooqes. However, several drawbacks arise at
temperatures above ~ 800 K: graphitization of diadsp pressure instability due to differences
in thermal expansion coefficients of various meatanparts of a DAC (diamonds, seats, and
the body of the cell), and a number of other tecdinissues (Dubrovinskaia and Dubrovinsky,
2003). Operation at temperatures higher than 808dkiires an inert atmosphere for diamonds
and cooling of an entire body of a DAC that sigrafitly complicates a setup. Therefore,
resistive heating in DACs is a good tool for phgsiand chemistry experiments at extreme
conditions but is not fully suitable fon situ studies of materials at temperatures of the deep

Earth's interior.

The technique of laser heating in DACs expands gpeu limit of achievable temperature
conditions to the Earth’s core. But laser heatsngiuch less homogeneous than resistive heating
and leads to thermal stress and significant tenyperagradients. In order to reduce the

temperature gradients double-sided laser-heatisigs)s are usually applied.

Uncertainty of temperature determination is theepttisadvantage. Temperature measurements
are realized by a specrtoradiometry method (Sheal.,e2010) that measures only the highest
surface temperature (Campbell et al., 2007). Théhodeis based on fitting of spectra of the

emitted thermal radiation to the Planck grey baahjiation function:

() =2 (),

A5(eART-1)
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wherel() is intensity at a given wavelengthh is the Planck constant,is the speed of light,
is emissivity,k is the Boltzmann constant, is temperature. The grey body assumption is an
approximation because emissivity of real materials function of wavelength and sample

conditions, which introduces additional uncertainty

The other disadvantage is inapplicability of a taseating technique to materials transparent in
the laser spectral range. In these cases a masboald be mixed with some absorber of laser
radiation, which will not react with a sample dgrira heating process. Special sample
preparation should be performed in order to provtdErmal insulation between a sample and
diamonds because diamonds draw of heat from a saamd prevent heating due to their
extremely high thermal conductivity. Nevertheletse technique of laser heating in DACs

remains the only way of material examination stdlycat conditions of the deep Earth.
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II. Motivation
2.1 Portable laser-heating system for experiments with diamond anvil cells

There are numerous facilities, whethe technique of laser heating diamond anvil cells
(DACs) is coupled with different analytical methods in situ investigaions such as Raman
spectroscopy or Xay diffractior (Boehler et al., 2008; Santoro et al.,, 2(, including
specialized beamlines at the tl-generation synchrotron@irose, 2006; Prakapenka et :

2008; Schultz et al., 2005; Shen et al., 2.
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ESEE ] CCD viewing
il camera
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1/4 m spectrograph och

Fig. 2.11. Schematic of the layc (A) and photograph (B) of the portable labeating stani LBS: laser
beam splitter; M: mirrors; Lfocusing lenses; A: collecting achromats; DAGliamond anvil cell; LEL
light-emitting diode; BSbeam splittersIR: infrared; ND: neutral densitjBoehler et al., 200.

Modern scientific challenges demand higher flexipibf research techques including laser
heating in DACs. Various techniqu(e.g., single crystal )Ray diffractior) require systems that
can be moved or rotated during data collectiStationary laseheating systes are usually
rather bulky, which prevertheir coupling with other equipment. 8ystem that can be eas

moved between different analytical facilities, umting transfer froma laboratory to a
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synchrotron or between synchrotron beamlines wdnigrove the situation anenhance
scientific capabilities. As ae<ult, since 2009 portable laskbeating systen began to emerge
(Boehler et al., 2009; Dubrovinsky et al., 2C.

A portable system reportdxy Boehler et al. (2009) provides douldieledheating by splitting of
the incominglaser beam to two equal intensity p implementing abeam splitler cube (Fig.
2.1.1).The optical componenfor laser focusing and for collection imicandesce! radiation are
aligned separately and are optimized for their psepand their different wavelengThe system
IS mounted on the 90x40 cm optical breadb. This configuration makes the system rat
large and prevents itsse for singl crystal X-ray diffractiorstudies. Moreover, the design of
system has a disadvantagemultaneous temperature an-ray measurements are not poss
due to shadowing of arK-ray primary beam or acattered signal by inserting opti
components used for thermal radia collection, whichis unacceptable for measurements \
the long data collectiotime becausdéemperature may vary over a timescale of mir during

laser heating.
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Fig. 2.12. Schematic diagram of the optical componenta®iUniHea (Dubrovinsky et al., 200.

A system designed bpubrovinsky et al(2009) (Fig. 2.1.2fontains main opticeccomponents
in the so-called “UniHead” the modification of the industrial fineutting laser head produc
by Precitec KG, which &ws theentire system to be placed tocammon aluminum plat

(30x35 cm). The system was successfully used for routi-house experimer (e.g., Gu et al.,
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2011; Parakhonskiy et al., 2011 situ synchrotron X-ray absorption and diffraction
investigations (Narygina et al., 2011), and (witmg modifications) synchrotron single-crystal
X-ray diffraction experiments (Dubrovinsky et &010). But the system is only capable of one-

sided laser heating and, thus, its applicatiormgéd to optically thin samples.

Methodological part of this thesis project was ain further develop the portable laser-heating
setup (Dubrovinsky et al., 2009), particularly tcake it double-sided, and to test it for

geoscience and materials science applications.

2.2 The origin and the structure of the Earth. Fe-, Al-bearing MgSiOs

perovskite at conditions of the Earth’s lower mantle

Models of composition of the deep Earth’s intei@oe based on the three main constrains: the
cosmic abundances of the elements, the model oEé#nth formation and evolution, and the

seismic velocities observations.

The Sun and planets are believed to form from anstommass of interstellar dust and gas
around 4.5 billion years ago (Anderson, 1989). Tomnation of the planet starts from the
condensation in the cooling nebula. The accretiegirts with the precipitation of highly
refractory compounds, namely oxides, silicates, tdadates of Ca and Al, and refractory metals
(W, Ir, Re, Os, Pt) at 1800-1400 K (Lewis, 2004).1400-1250 K the condensation of the major
elements (Mg, Si, Fe, Ni) occurs with formatiorfarfsterite MgSiO,, enstatite MgSig and Fe-

Ni alloy. Moderately volatile elements such as Md & then react with Al-bearing minerals at
1250-650 K forming alkali aluminosilicates. FeS eafs at very low temperatures, less than 680
K. The ice-forming elements (C, H, O, N) condenstow 300 K and the lightest elements in
form of H, and He maintain in gaseous form. The hypothesighef well-mixed nebula
condensation deducts that the chemical composttfiahe Earth should have more or less the
same proportion of condensable elements as the &nthe most chemically primitive
meteorites (Cl chondrites) (Table 2.2.1). Both mratidy volatile and highly volatile elements
are depleted in the Earth relative to the Sun ahdhGndrites, the more volatile they are the
more depleted. This depletion is best explainedalprogressive removal of the nebular gas

during cooling.
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The growth of the planets begins with the formatioh micron-size dust particles of a
condensing material (Goodman, 2000). Due to gréwital forces the initial bodies grow to
form first meter-, than kilometer-, and tens-kildaresized planetesimals. The gravitational
interactions control the further grow — large bedase absorbing smaller and at the final stage
the formation is dominated by the collisions of tars size objects. The high amount of the
gravitational energy during accretion, especiathynf massive impacts is sufficient to melt (at
least partially) the protoplanets. Cooling and talzation of the planets over millions of years
leads to their chemical differentiation accordinghe density and melting temperature. It results

in forming of the radially zoned Earth with refragt and iron-rich core and silicate mantle.

Table 2.2.1. Cosmic abundances of some elementa.fidan Anders & Ebihara (1982).

Element Atoms/Si Element Atoms/Si
H 2.72x10 Si 1

He 2.18x16 P 0.0104

C 12.1 S 0.515

N 2.48 Ar 0.104

O 20.1 K 3.770x16
Ne 3.76 Ca 0.0611
Na 0.0570 Cr 0.0134
Mg 1.075 Fe 0.90

Al 0.0849 Ni 0.0493

The division of the modern Earth to regions is bas& the observed seismic velocities
discontinuities in a radial direction (the so-cdll®reliminary Reference Earth Model
(Dziewonski and Anderson, 1981)) (Fig. 2.2.1). Widely accepted pyrolite model, proposed
by Ringwood (1962) describes the mantle as theumaxof olivine (Mg,Fe)SiO, and pyroxene
(Mg,Fe)SiQ. The seismic velocities discontinuities are cau$sd pressure driven phase
transitions of olivine into a wadsleyite (410-kmsebntinuity) and ringwoodite (520-km
discontinuity). The pyroxene polymorphs undergo atous phase transformations. At moderate
pressures in the presence of Al and Ca pyroxemsftans into a garnet. The traditional lower
mantle starts near 660-km discontinuity (caused &ygarnet-perovskite transition and
decomposition of ringwoodite into (Mg,Fe)(Si,AQ@erovskite (FeAlPv) and (Mg,Fe)O) and is
relatively homogeneous down to about 300 km abbeecbre-mantle boundary. Therefore, it is
believed to consist of about 75% of FeAlPv, 20%\§,Fe)O ferropericlase, and 5% of CagiO
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perovskite At the lowermost of the lower man (D” layer) FeAlPvundergoa phase transition
to the postperovskite structt (Murakami et al., 2004)Beneath the D” layer the Earth cc
starts.It is apparently divided to the liquid outer cofefn ~ 2900 km) and the solid inner cc
(from ~ 5180 km)According to the cosmic abundan, the core should mainly consist of
with a minor fraction of ~ 10% of Ni forming an @. Howeve, some amount of light elemer
(C, O, H, S, Si) should also contribute to theallborder tcobtainthe densities (the core.

Upper mantle
____\___Transition zon
1000 A
Lower mantle
2000
D" layer
= . N W
~ 3000 -
£
o
(]
=]
4000 4 A P-wave density
| Liquid outer core
s004 | »
Solid inner core
6000
0 2 4 6 8 10 12 14

Velocity, km/s
Fig. 2.2.1. Preliminary Reference Earth Mo(Dziewonski and Anderson, 19¢ seismic sound wave

velocities and density radial profiles.

Seismological observans allowfor constraining gressure and density of the deep Ear
interior, but the temperatwdepth profile is much less obvious. One of the miogiortant
reference points is an innetter core boundarbecause it separateslid and liquid iro-nickel
alloys. Hencethe determination of melting temperatiof the alloyat the pressure of inr-outer
core boundary (329 GPa) may well constrain the geotheThis temperature determined |
different methods gives mnge from ~ 4900 KBoehler, 19930 ~ 620( K (Anzellini et al.,
2013). Therange leads to temperaturfrom ~ 1800-1900K at the uppermost of the low
mantle to 220®500 K close to the cc-mantle boundary.
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The exact Fe content in the mantle minerals iswedt known (Fiquet et al., 2008). Average
composition of chondrites allows for constrainihg iron content in form of both Feand Fé&*
by ~ 10 mol. % (Sturhahn, 2005). Computations hyegalized inverse method gives a total iron

content in the lower mantle of 106 mol. % for agdiye model (Mattern et al., 2005).

High pressures relevant for the lower mantle mayseaa redistribution of thgd electrons of
iron and result in spin-pairing crossover. Bothrdeis and ferric iron may be presented in one of
the three possible spin states — high-spin (HSgramediate-spin (IS), and low-spin (LS) —
depending on the relative magnitudes of the cryighd splitting and spin pairing energy (Fig.
2.2.2).

Free ion Cubic coordination Distorted cubic coordiantion

High spin Intermediate spin Low spin
1‘ 7y ;
(NG P X, P B o t
(o] A2$ A g ¢¢

splitting
Ac

patpy  Cosl [
?

?
L, A1m]eg t

N :| € “J: €g

Fig. 2.2.2. Representative energy diagram 6f Fedifferent coordination and possible spin

configurations. The splitting showed for a cubiobnation represents also dodecahedral and tetrahe
coordinationA; ; sare the splitting of the, andt,y energy levels due to the Jahn-Teller distortion.
Modified after Burns (1993).

It was found that iron in (Mg,Fe)O undergo HS-L8ssover at lower mantle pressures (Badro et
al., 2003). But the spin state of iron in FeAlP\sidl a matter of debates. The spin state of iron
in mantle minerals may strongly influence the prtipe of the Earth’s interior. For example
Badro et al. (2004) proposed that spin crossovétredfin FeAlPv increases the transparency of
the mantle in the infrared region and, thus, ineesahe radiative thermal conductivity; Ohta et
al. (2007) observed an increase of the electricaldactivity of (Mg,Fe)O at the pressures

corresponding to HS-LS crossover.
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Iron can occurs in both ferrous and ferric formsF@AIPv and may occupy one of the two
perovskite sites — a large distorted 8-12-coorditi@lodecahedral site, hereafter referred to as A,
and a smaller relatively undistorted octahedra, diereafter referred to as B (Fig. 2.2.3). While
it is well accepted that Eeoccupies exclusively the A-site, the site occuganicFe” is still
under debate. Ferric iron has been observed tggaeither exclusively the A-site (McCammon
et al., 2008; Potapkin et al., 2013) or both theaAd B-sites (Badro et al., 2004; Catalli et al.,
2011, 2010; Hummer and Fei, 2012). Several stuthes additionally predicted an exchange of
Fe* from the A- to B-site at high pressures (Catallak, 2011, 2010; Fujino et al., 2012). In
order to refine the site occupancy of iron at cbods of the lower mantle additionally to
measurements of its spin and electronic state bypuws techniques (X-ray emission, Nuclear
Forward Scattering, conventional Mossbauer spemms etc.), a single crystal X-ray
diffraction experiment is required. It was not pbksto conduct an experiment of this type at
conditions corresponding to the Earth’s lower mamtlthout implementing a setup that allows

an entire laser-heating system with a DAC to bateat during data collection.

Numerous studies have been performed in orderdntiig the iron spin state in FeAlPv, but

with conflicting results. Some studies concludet Fei* undergoes HS-LS crossover (Jackson,
2005; Li et al., 2006), although the majority otidies do not report spin crossover ini*Fe

(Catalli et al., 2011, 2010; Fujino et al., 201 et al., 2012; McCammon et al., 2008; Potapkin
et al., 2013). Meanwhile there is a common view E@* undergoes HS-LS crossover at mantle

pressures in studies where’Fis believed to occupy the-B site (Catalli et 2011, 2010; Fujino

et al., 2012; Lin et al., 2012). There is also geheonsensus that Feundergoes a dramatic
change at mantle pressures through the appeardreen@v component with extremely high
guadrupole splitting in Mdssbauer spectra at higksgure (reviewed by McCammon et al.,
2013), even though there are conflicting intergrets of this change: HS-IS crossover (Lin et
al., 2008; McCammon et al., 2010, 2008; Potapkial¢t2013), or a structural modification of
the local environment (Lin et al., 2012). Moreovegst predictions of FeAlPv behavior at lower
mantle conditions have been inferred by extrapaatf high-pressure data measured at ambient

temperature or from ab initio calculations.
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Fig. 2.2.3. Crystal structure of (Mg,Fe),Al)O; perovskite. The dodabedral /site is occupied by Mg
and FeThe cctahedral Bsite is mainly occupied by Si and

Geophysical part of this thesis project vaimed to coupleingle crystal :-ray diffraction and
Mossbauer spectroscoggchnique with the technique of laserekting in DACs in order to
probein situ the site occupancy anelectronic configuratiomf iron in FeAlPvat conditions of
the deep Earth’s interior.

2.3 High-pressure phases of the ammonia borane complex

The anmonia borane comple(AB) is a possible candidatfor hydrogen storage due ts
remarkably high gravimetric (19.6 wt % H) and voktnt (145 gH ') hydrogen content
(Blaquiere et al., 2008; Stephens et al., 2. At ambient condition®B is a soft white powde
It crystallizes in thénydrogen disordered tetragotl4mmstructure. Numeroustudies have been
performed in ordeto investigate hig-pressure phases AB, but with controversial results. a
number of previous stigs phase transitions iIAB have beenrecognized by pressu
dependence of Raman spectra &as been observed near 1 Gellappa et al., 2009;
Custelcean and Dreger, 2003; Lin et al., 2008; Nylén et al., 2009; Xie et al., 200, at 5 GPa
(Chellappa et al., 2009; Lin et al., 2008; Nylén et al., 2009; Xie et al., 200, at 8 GPa (Xie et al.,
2009), at 10 GPé&hellappa et al., 2009; Xie et al., 20, and at 12 GP(Lin et al., 2008). The
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phase transition at 1 GPa has been in detail iigatetl using X-Ray diffraction (Chen et al.,
2010; Filinchuk et al., 2009; Kumar et al., 2010n let al., 2012) and thermal conductivity
measurements (Andersson et al., 2011) and is fahés a disorder-order phase transition from
the tetragonal4mm to the orthorhombi€Cmc2 structure. Meanwhile there is no consensus
regarding behavior oAB on compression based on X-Ray diffraction daténdhiuk et al.
(2009) have not observed further transitions upl20GPa, while Kumar et al. (2010) have
suggested one more transition to the triclifit structure around 8 GPa with no further
transitions up to 27 GPa. Chen et al. (2010) hds=wed a phase transition at 5 GPa and no
transformations have been detected upon compresgoto 23 GPa. High-pressure phases
possibly are much denser then the ambient pressweeand thus have much higher hydrogen
volume density. An investigation of the stabilitelfl of high-pressure phases and knowledge
regarding their structures may give a hint for Begsts of new hydrogen-rich compound(s). It

can be very useful in a future design of a storagdium for hydrogen.

The materials science part of this thesis proje&$ wimed to conduct a high-pressure Raman
study of AB in order to determine its phase transitions and¢dmplement the study by the

investigation of the nonlinear interactionAB with laser radiation.
2.4 Summary of the aims of the thesis project

- Methodological part of this thesis project was ante further develope the portable laser-
heating setup (Dubrovinsky et al., 2009), partidyléo make it double-sided, and to test it

for geoscience and materials science applications.

- Geophysical part of this thesis project was ainedduple single crystal X-ray diffraction
and Mdssbauer spectroscopy techniques with theitpod of laser heating in DACs in order
to probe in situ the site occupancy and electramaofiguration of iron in FeAlPv at

conditions of the deep Earth’s interior.

- The materials science part of this thesis projexs aimed to conduct a high-pressure Raman
study of AB in order to determine its phase transitions andotmplement the study by the

investigation of the nonlinear interaction&B with laser radiation.
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III. Methods and instruments

3.1 High-pressure experiments
3.1.1 Diamond anvil cells

The diamond anvil ce[DAC) technique was introduced in the laté"§@Veir et al., 195¢. The
basic principle is to squeezematerial between two perfectly alignedlets of the gem quality
diamonds (Fig. 3.1.1.1). @ of the most valuable characteristicsthe DAC technique is
transparency of anvils to wide range of electromagnetic radiation. That allofor in situ

studying of presurized sampleusing different absorption, scattering, ardission methods.

Pressure
medium

Sample

N/

Re gasket

Fig. 3.1.1.1. Schematic diagram of diamond anvllloading.

The process of celissemblage starts with gluingbases of a pair afen quality diamonds to
hard-metal seats, whidhansmit load rom the cell body to the diamondghe seatare fixed to
the metallic driven partef the DAC Force can be applied in several ways, but the |
common DACs are mechanical screw driven and membcaiis. The membrane allows for
pressure adjustingithout disturbing th cell, which is an importardadvantage for synchrotre
researches. But this type of ceis not well suitable for highemperature experiments due
thermal expansion of gas in the memb, which complicates pressaicontrol.For the current
work piston-cylinder typ&X90 mechanical DACs (Kantor et al., 201Fd. 3.1.1.2) were used
becausdhey provide better stabili at high temperaturesnd are easier to prepare and ope
compared to the other typef DACs.
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Fig. 3.1.1.2. Photographs a BX90 diamond anvil cell.

The maximum pressure that can be achiein a DAC is definedby the culets’ size of the
diamonds. Thiexperimental work was aimefor studyingmaterials at lower mantlpressures;
therefore, diamonds with 250m culets were used, which may achiey@essure up to 90 G.

For the correct applicatiofvo diamonds should be strictly coaxial and peljealigned agains

each otherTilt between the diamonceads to an achievable pressteductior and may result
in sample loss or diamonds destructiTypically a 200um thick Re gaskewas pre-indented to
about 30um thick and a 12wm holewas drilled in the centras a pressure cham where a
sample wasplaced with or without pressure medi. Re gaskets havigood mechanical

properties and contain mmn that is critical foMOssbauer spectrosdopexperiment:
3.1.2 Loading of pressure transmitting media

A DAC design causes namiform stress. The stress is uniaxperpendicule to a surface of
diamond culetsand thus produs non-homogenous strain. Prnags can beconsidered as a
thermodynamic parameter onlya sample is surrounded Imydrostatic medialiquid or gas).
Moreover, non-uniformstress leads to destruction of single cn samples and thus is
inapplicable for experimentsith single crystals. In order to avadidese problen and to achieve
guasihydrostatic conditions a special pressure transmgitheda are used. The best choices
noble gases: He, Ne, Ar; they crystallize at re@y high pressure and remain qr-hydrostatic
even after crystallizatiodue to relativeljlow yield strengthFor the currer work Ne or He as
pressure transmitting medigere used. He provides betteydrostatic conditior, but during
hightemperature experiments it starts to diffuse intehg through dimonds, which usually

leads to sample loss or diames destruction. Aufficient amount of gases cannot be loaded
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a DAC at ambient conditions. Argon, nitrogen, anthse other gases can be loaded by cryogenic
liquefying, but for neon and helium special higlegsure “bombs” are used. A cell at ambient
pressure is placed inside the device and the éiimab” is pumped with gas afterwards. After
this the DAC should be pressurized in order to thepgas inside the DAC’s pressure chamber
and the remaining gas from the “bomb” should beastd. For the current work the gas loading
system (Kurnosov et al., 2008) designed in the Bsglees Geoinstitut (BGI) was used for
loadings.

3.1.3 Measurements of the pressure

Determination of the pressure is a crucial poinariry DAC experiment. Usually methods based
on calibrants loaded in a pressure chamber togethiera sample are used. Equations of states
of many materials are well known and, thereforeespure can be derived from diffraction
patterns during diffraction experiments. For thiggmse phases with the cubic symmetry and
simple structures are preferable in order to min@ra number of diffraction lines and, thus, to
avoid an overlapping of reflections from a sampial & pressure standard. For the X-ray
diffraction experiments of the current work a presswas determined from the Ne equation of
state (Fei et al., 2007).

If diffraction is unavailable or inconvenient twoamn techniques are widely used: ruby
fluorescence spectroscopy and Raman spectroscopydaimond cullet. A ruby fluorescence
method is a rapid and easy way to measure a peedsig a secondary pressure calibration scale
— the pressure dependence of the wavelehgth the AbOs:Cr** R, peak (Fig. 3.1.3.1) was
obtained based on shock wave equations of stateeiaiis (Mao et al., 1986). The pressure can
be derived from the equation:
A28

P(GPa) =E[(Z) —1] @),
where) is a measured wavelength of the peak Bnhid a wavelength of the peak at ambient
pressure, A=1905, B=5 for non-hydrostatic cond#ioand B=7.665 for quasi-hydrostatic
conditions. For the current work commercially aabie ruby spheres several microns in
diameter were used. For correct pressure measutentam spheres should not be bridged

between diamonds because highly non-uniform stesssts in distortion of the spectrum.
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Fig. 3.1.3.1. Ruby fluorescence spectra.

Pressure measurements by a ruby fluorescence metteodimited to ~ 100 GPa due
broad@ing and weakening of the; peak. Therefore, for experiments above megabasire
dependence of the first order Raman mode of a didncallet is used (Fig. 3.1.3.2). The -
wavenumber edge of the Raman band is correlatddneitmal stress of the et face (Akahama

and Kawamura, 2006).@sihydrostatic pressure can be derived ftheequatiol
Av 1 ' Av
P(GPa) = K, (%) [1+505 -1 (%)] 3),

whereAv is a measurediavenumbe of the high-frequency edge amglis the edge frequency
ambient pressure, 547 GP¢ Ky'=3.75. A position of the highwvavenumbe edge is defined as

a minimum of a first dévative of the spectrum (inset in I. 3.1.3.2).

1200 1250 1300 1350 1400 1450 1500

Raman shift, cm’
Fig. 3.1.3.2. Typical Raman spectrum from the @eafiadiamond cullet. The inset shows a fi

derivative of the spectruused for the correct determination of the higdivenumber edg
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3.1.4 Laser-heating system for diamond anvil cells

High-temperature data presented in the current wemre obtained using a double-sided portable
laser-heating system that was developed duringRhisD. project. Detailed description of the

system is presented in the Chapter 5.1.
3.2 Mossbauer spectroscopy

3.2.1 Basic principles

In order to comply the momentum conservation lavemvia free nucleus emitsyagquantum it
must recoil because the emitted quantum with tleeggnE has the momentum p=E/c (where c is
the speed of light). The recoil takes energy ang the energy of the emitted quantum is smaller
than that of the-transition byA,E=p?/2M (where M is the mass of the atom). The sameggne
is transferred to a free nucleus during absorpfldverefore, absorption and emission lines of the
y-transition are shifted byARE. This value is much greater than the naturalide I'y of they-
transition (for the’’Fe nucleil't=4.6x10° eV andAE=2x10° eV) (e.g., Greenwood & Gibb,
1971). In 1958 Rudolf Mdssbauer (Moéssbauer, 195&)ostered that by placing emitting and
absorbing nuclei in a crystal, one can use thetalryattice for recoil, decreasing the recoll
energy loss. In this case emission and absorptes bverlap. It allows resonance absorption of

they-quanta to be observed.

For a typical Mdssbauer spectroscopy experimentusce material differs from an absorber
material under study. The nuclear radius in thetedcstate is different than that in the ground
state R#Ry. The electronic densities are mainly set up byadlectrons (1s, 2s, 3s, etc.) of the
electronic shells and are different for the nuoleihe source and the absorlpetpa. Therefore,
electric monopole interactions are different in soeirce and the absorber and affect the nuclear
ground and excited state levels to a differentréxfehis leads to the measured isomer shift (Fig.
3.2.1.1) (Greenwood and Gibb, 1971):

6 = AE, — AE; =§nZez(pA—ps)(R§—R§) (4),

where AEs and AE, are energy differences between the excited andngrstates of a source
material and an absorber material consequently. Mbaopole interaction does not change

degeneracy of the energy levels and, therefores doé cause splitting of the absorption lines
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(Fig. 3.2.1.1).The second component that contributethe shift between themission and the
absorption lines is a secondder Dopple shift that is relatedo the vibratiorof the atom on its

(5),

lattice site
AsopE _ _ (v?)
2c¢2

E
wherev is a velocityof the ator. It depends on Debye temperature abdolute temperature

the solid. In a singl®ddssbauer spectrum it is impossibleseparateontributions of thdsomer

shift and second-oest Dopple shift, so one always operates witlsian of both calle@a centre
shift (CS)The CS varies for different valence and spin stated for different coordinatio

numbers of'Fe (Fig. 3.2.1.2
10 -05 00 05 1.0
v, mm/s
40 05 00 05 1.0 / m,
v, mm/s . i 3/2
= |Qs
! \ +
1=3/2 ] t1/2
=
AES A
[=1/2 Sl

Fig. 3.2.1.1. The diagram of t*’Fe nuclear energsplitting due to isomer shift and quadrupole Splif
(QS) and corresponding absorption spe

Any nucleus with a spin quantum number of gredhan I=1/2 hasnon-spherical charge

distribution and thus possesses quadrupole moni@nTleis core quadriole moment interacts
with theelectrical field gradients, which are caused byiatean fromthe spherical symmetry in
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the electronic environments of the nucleus, andssfiie degenerate 1=3/2 level into two -
levels with magnetic spin quantum numbem=+3/2 and *1/2 (Fig3.2.1.). There are two
sources thatan contribute to the total electrical field gradge a lattice contribution that
produced by electrons tiands around thMdssbauercentral atom and a valence contribut
that is the product of thelectrons in the valence orbitals of IM6ssbaue atom. The electric
quadrupole splitting gives information on the oxida state, the spin st;, and the local

symmetry of the Mdssbauer at and in a general case depends on pressure anerature.

Fe(l) S=3/2
Fe(l) S=1/2 |:|

] Fe(ll) S=2
B

|:| Fe(ll) S= 1
[ ] Fe(s=0

|:] Fe(lll) S=5/2

[l Fe(lll) S=3/2

EI;T-’ Fe(lll) S=1/2
Fe(IV) S=2

Fe(VIl) 8=1 [l Fe(lV) S=1

—
o
+
—
+
Sl

CS, mm/s

Fig. 32.1.2. An overview of the centre shift (CS) of diffnt F-compounds with various oxidation sta
relative toa-Fe. S is a bulk spin number. Modified aiGreenwood & Gibb (197.

The Zeeman Effect between the magnetic momenteohtitleus and the magnetic field at
nuclear site leads to a further splitting of thelear level to 6 nonequivalen sub-levels. The
corresponding absorption spectrum comprise of tkelises. In this work | did not stud

materials with magnetic interactions and, henceyataliscuss this subject furtr
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3.2.2 Radioactive Mossbauer source

Conventional Mdssbausourcesimplementthe fact that the decay of the majority of radiose
nuclides produces usually highly excited daughteniai. These can decay to the ground stat
emission ofy-quanta. The exited state >’Fe in the Mdssbaueources in BGI is performed |
the decay of*’Co isotope:>'Co+é"—>'Fe. The>'Co isotope hassufficient activity anc
approximately 9month hal-life, which makes experiments and source operation relat
convenient and simplé&or experiments witDAC it is required highly collimatedsource due
to a small size of the sampld=or this reasons the 370 MPP’Co high specific activity source

a 12 pm thick Rh matrix with active dimensions 60um x 500 p1was use.

Drive

Detector

= [
*Co point ‘o~
source

Fig. 3.2.2.1. Schematdiagram of a higlpressure Méssbauer experim

As mentioned above themissionand absorption lines should overlap with high @ec in
order to obtairabsorption spectra. It is usually not the case Uman exactenergy of the lines
depends orthe valence and spin states, as welon the crystdographic environment of th
nucleus. In orderot make the lines overlapping Doppler modulationgsally usedA source is
mounted to aelocity drive (Fi¢. 3.2.2.3 and is accelerated through a range of velocin order
to produce a Doppler effecnd scan the gamma ray energy through a given rakhdgpical
range of velocities fot'Fe may be 5-15 mm/s (1 mm/s = 48.075 ne\An absorption spectrul
is collected by a gagroportional detect. For the currenivork materials enriched i°’Fe were
used in order to decreasiee collection time, which typically was 8-days per spectru for
experiments with DACsThe ¢pectra werefitted using a full transmission integral with
normalized Lorentzian source lineshape using thess¥osoftware packag(Prescher et al.,
2012).
36



3.2.3 Nuclear Forward Scattering

Conventional Moéssbauer spectroscopy is not weteduior studying samples with dimensions
less than ~ 100 um, which is the case for expetisneith DACs. Low brilliance of sources
results in a long measuring time, which excluthesitu laser heating of samples and, thus, limits
temperature to a maximum of about 800 K availalyledsistively heated DACs. The alternative
is the time domain Nuclear Forward Scattering (NfeShnique that allows a beam to be focused
to ~ 10 um in diameter and drastically reducesectithbn time. After a prompt pulse of non-
resonant radiation a delayed signal of nuclearttestag is measured as a function of time. The
synchrotron pulse excites all nuclear resonancelestdds simultaneously. A time pattern in
forward direction (Fig. 3.2.3.2b) arises from theerference of radiation components with
different energies. A quantum beat period is deiteech by the splitting, therefore, by the
hyperfine field (Fig. 3.2.3.3). For the current WAlFS data were collected at the Nuclear
Resonance beamline ID18 (Ruffer and Chumakov, 19%%). 3.2.3.1) at the European
Synchrotron Radiation Facility (ESRF) during opienatn 4-bunch mode, which provides a time
window of 704.24 ns. The spectra were collected @260 min each. The spectra were fitted
using the CONUSS package (Sturhahn, 2000).

KEM DAC D

Fig. 3.2.3.1. Optical scheme for a high-pressupegment with DACs using the Nuclear Forward
Scattering technique. U: undulator; HHLM: high-htstd monochromator; CRL: compound refractive
lens; HRM: high-resolution monochromator; KBM: Kjixdtrick-Baez mirrors; DAC: diamond anvil cell;

D: avalanche photodiode detector. Modified afteiapkin et al. (2012).
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Fig. 3.2.3.2. AMdssbauer single linabsorption spectrum (a) andarresponding Nuclear Forwa

Scattering spectrum (b).
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Fig. 3.2.3.3. AMéssbauer quadrupole absorption sfum (a) and @orresponding Nuclear Forwa
Scattering spectrum (b).

3.2.4 Synchrotron M@ssbauel Source

NFS technique isiot well suied to study materials withlarge number ospectral components
(which is the case for FeAl-bearing magnesium silicate perovskith)e to complexity of
spectra and nooniqueness of fitting modeldn order to avoid thesdrawbacks a recently
developed at beamline IDH the ESRF Synchrotron Moéssbauer So&MS) (Potapkin et al.,
2012) was used in orddap perform energy domailMOdssbauerspectroscopyat pressure-
temperatureconditions relevant to the lower man Optical schem for a high-pressure

experiment with DACausing theSMS is presented on Fig. 3.2.4The key element of tr

source that provides neV resolution is the irorabe>'FeBQ; singlecrysta enriched in thé’Fe

isotope up to 95%, grown kKotrbova et al. (1985)in this crystal all (NNN) reflectior with
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odd N (i.e. (111), (333), etc.) are forbidden ftaceronic diffraction, while they are allowed for
nuclear diffraction because of a specific polar@atactor of nuclear resonant scattering in the
presence of hyperfine interactions (Smirnov et B969). These reflections are employed to
extract nuclear scattering radiation. In the presesf hyperfine splitting of the nuclear levels the
crystal functions as a multi-line nuclear radiat®uch a source is obviously not convenient for
spectroscopic studies. Yet a special case of cadbmagnetic dipole and electric quadrupole
interactions can be realized in iron borate closistNeel temperature in the presence of a weak
external magnetic field, where a single-line speutrof emitted radiation can be obtained
(Smirnov et al., 1997). The energy width of the tai line is close to the natural linewidth of
the Mdssbauer resonance. The SMS gives the pagstbifocus a beam to tens of micrometers
and thus to collect spectra within the laser-heafest. For the current work the typical time for
one measurement was 2-3 hours depending on thelesafige spectra were fitted using a full
transmission integral with a normalized Lorentzegurared source lineshape using the MossA

software package (Prescher et al., 2012).

SMS

KBM DAC D

NIB

Fig. 3.2.4.1. Optical scheme for a high-pressupedment with DACs using the Synchrotron Méssbauer

Source (SMS). U: undulator; HHLM: high-heat-loadmoohromator; CRL: compound refractive lens;
MRM: medium-resolution monochromator; IB: iron bierarystal; KBM: Kirkpatrick-Baez mirrors;
DAC: diamond anvil cell; D: avalanche photodiodéedéor (Potapkin et al., 2012).

3.3 X-ray diffraction

Since its discovery X-ray diffraction is the mostportant and powerful tool for structure
determination. X-ray diffraction may be describedaareflection on lattice planes. Angles of X-
ray reflections are used to determine size andesloda unit cell using the Bragg equation
2dxsirb=nA (d is a distance between lattice plaress an incident angle of the beainjs a

wavelength of X-ray radiation) (Fig. 3.3.1). Intég<f reflections allows the content of a unit
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cell to be derived becaus@rious atoms ira structure contribute to a different extend to
intensity of the diffracted bea A measure of the scattering amplitude by an isdlaem is
called the scattering fact@ince the scattering is essentially due to theracte®ns wih the
electron shell of the atoms, the scattering fatsothe higher the heavier the atom The
scattering factor decreases with scattering angéetd destructive interference between be

diffracted at different parts of the electron sl

Incident beam Diffracted beam

d
ot —
Lattice planes

Fig. 3.3.1. Basic principle of X-ray diffraction.

Synchrotron radiation has several advantages vel&bi conventional -ray sources. From the
Bragg equation one can see that the shorter isvetheelength the greater is the numbel
reflections that can be sbrved. This is crucial for DAC experiments becathgeopening angl
of a DAC is usually very limited. Intensity of tteynchrotron 3-ray beam is several orders
magnitude higher compared tc-ray tubes and, therefore, data collection goes nfastier.The
beam can be focused to a mic-size. Altogether it allows for coupling of the stnatron x-ray
diffraction technique witlin situ laser heating in DACs. For the current work tliffraction data
was collected at theligh Pressure Station the WhiteBeam beamline ID0O¢ (Hauserma and
Hanfland, 1996) athe ESRF.The data wergrocessed using the Crysalis software (Ox
Diffraction (2006) Crysalis RED, version 1.171.31.8xford Diffraction Ltd., Abingdon
Oxfordshire). Crystal structure refinements of grtged intensitiehave bee carried out with
the SHELXL-97 WinGXversior (Farrugia, 1999; Sheldrick, 2008).

3.4 Raman spectroscopy

Raman spectroscopy is a non destructive technmuebiservation of vibrational, rotatiol, and
other low-frequency modea material: (Bowley et al., 1990)It is based on inelac scattering
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of incident monochromatic radiation, usually fromaser. Laser radiation may scatter from a
lattice with no interaction with phonons (Rayleigbattering) or may excite (Stokes Raman
scattering) or absorb (anti-Stokes Raman scatieqhgnon (Fig. 3.4.1). Intensity ratios of
Stokes and anti-Stokes Raman lines are determige@ditzmann’s law and, therefore, at
ambient temperature anti-Stokes lines are apprigdieds intense than the corresponding Stokes

lines. For this reason, only the Stokes part gdexsum is generally used.

For the current work Raman spectroscopy was peddrby exciting Raman modes using the
514.5 nm AF* ion laser in order to avoid overlapping of rubydilescence and Raman lines. The
scattered radiation was collected in a backscagegeometry and analysed by a T64000 system
(Dilor XY) with a liquid nitrogen cooled CCD deteet A 1800 groove/mm grating was used
with a final resolution of 0.6 cth

Virtual states

EL EL EL EL—hV E|_ \E/L"'_h)\/

Exited state Eg+hv L

Ground state Eq y 4

Rayleight Stokes Raman Anti-Stokes Raman
scattering scattering scattering

Fig. 3.4.1. Scattering process schemeiskncident laser energyylis phonon energy.
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IV. Scope of the thesis

This part summarizes the results presented in @h&ptvhich have been published or submitted
in peer-review journals. Subsection 4.1 descrilbbesdesign and testing of a portable double-
sided laser-heating system and its applicationttoctiral studies of silicate perovskites at
conditions of the Earth’s lower mantle. Subsectiér’sand 4.3 describe a study of the spin state
of iron in silicate perovskite in different valenead electronic states at high pressures and
temperatures using the Nuclear Forward Scatterindg 8ynchrotron Mossbauer Source
techniques, respectively. The last subsection dstrtbes a study of high-pressure behavior of
the ammonia borane complex and illustrates appdicaif the portable laser-heating setup to a
research oriented on materials science. All founumsaripts have been written by me as a first
author and | have actively participated in the expents preparation, data collection, and data
analyzes.

4.1 Design of the portable double-sided laser-heating system for

experiments with diamond anvil cells

The main aim of this PhD project was a further dgvament of a portable laser-heating setup
(Dubrovinsky et al., 2009), particularly makinglduble-sided, and its testing for geoscience and
materials science applications. The system showeldcdmpatible with different analytical
techniques (first of all with X-ray diffraction anduclear resonance spectroscopy), easily
transferable between the laboratory and synchrotfacilities, or between synchrotron

beamlines.

The laser-heating system consists of two main cor@pts — sources of laser light and the
universal laser-heating heads (UniHeads). As therlaource two SPI modulated fiber lasers are
used with a maximum output power of 50 W and 10QtW¥¢ excitation wavelength is 1071 nm).
The lasers can be operated in continuous or putskeswith a pulse frequency up to 100 kHz.
The lasers require no water cooling and use orgaadard electrical plug (100-240 V AC, 2 A
at 230 V).

The UniHeads are based on the fine cutting lasad$hé@recitec KG) and their functions in the

laser-heating system are:
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- Focusing incoming laser radiation a sample within aidmond anvil cell (DAC
- Providing highmagnification imaging ca sample and its illumination

- Collecting thermal radiation frola sample for temperature measurem

The main optical components of the l-heating system are presentedtbe Fi¢. 4.1.1.

Module for temperature -Spectrometer- Module for temperature
measurements measurements
uEYE CCD = —Focusing optici—e== WEYE CCD
camera l L Notch filter - i. camera

L1 CRaaNSecs PR [

IR filter IR filter

UniHead UniHead
\*‘- Beam splitter 2"—/

LED  LED
Laser T-shaper T-shaper  |aser

\4 Beam splitter 1 P/

= =1Focusing optic =

Carbon mirror .

X-rays Carbon mirror
<
<

u
Sample in DAC

Fig. 4.1.1.Schematic diagram of the optical components ofdake-heating syster

The output of the lasers is collectedn-shapers (Prakapenka et al., 20@8)rder to convert the
original laser beam with @aussia shape intensity distributiaio flat top distributio, with ~ 50
pum full width at half maximur (FWHM), for more homogeneous heatirln order to make the
laser beam and the inciden-ray beamcoaxial carbon mirrors with a 100 nm silver coat
(produced at Bayreuth University) mounted ¢45° angles to optical &k of the UniHeads are
employed.

A sample is illuminated withght emitting diode built into the UniHeadsBoth of theUniHeads
are equipped with modules fin situ temperature measurements and visual observation
module incorporatea focusing lens projecting the central part ofikaed spot onto the end

an optical fiber, a uEYR' CCD camer, and a beam splitter cube.order o prevent saturation
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of the cameras by reflected laradiationinfrared filters are employed. Timeasurements of a
temperature are performesith a multi-wavelengthspecrtroradiometry metho(Shen et al.,
2010), i.e.,by fitting of the thermal radiation in a given wésegtl range¢ (usually 600 to 850
nm) to the Planck radiation functiorFor our experiments ace:n Optics QE65000
spectrometer or aActon SP2300 spectrometer (Princeton Instrumenis) a PIXIS400 CCD

detector were used. In orderprevent the incidence of lasradiationinto the detects 1064 nm

notch filters are employed.

Fig. 4.1.2. Photoaph of the double-
sided portable las-heating system
mounted for experiments at ESI
beamline 1D18. : holder with a
diamond anvil ce; 2: carbon mirrors;
3: focusing optics; : =-shaper; 5:
beamsplitter cube; : CCD camera; 7:
LED; 8: 3axis translatin stages; 9:
adjustable screws for spectrome
focusing.

All parts of the system (except the laser source)mounted on a common aluminum pl
(0.35x0.30 m, and thickness 15 mu. A typical setup is shown on the . 4.1.2. The plate with

the assembled and paiigned system can be transferred in an ordinasggreger car éa single
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unit. The complete installation of the system frtiva beginning and its alignment requires two

to three hours.

For the first test of the setup a Synchrotron Mésgb Source (SMS) study of #8190 sO was
selected,since its Mossbauer spectra at high pressure anperatures up to about 800 K are
already known from a previous work using externalated DACs (Kantor et al., 2009). The
sample was compressed to ~ 29 GPa in a DAC and l&ésen-heated. Upon one-sided laser
heating with a 50 um focused laser beam (or dutogble-sided heating with poor alignment of
the X-ray beam with respect to the laser beams)spiextra showed a superposition of the
subspectra corresponding to a relatively cold amd Hmaterial, caused by temperature
inhomogeneities in the sample. Double-sided heatiitly the correct alignment of the X-ray
beam and the laser spot resulted in homogeneotisdnebemperature gradients also arose from
double-sided laser heating of thick samples (abo2® pm thickness), when the interior of the

sample remained colder than the surface.

Using our novel setup we also conductednasitu high-pressure, high-temperature single crystal
X-ray diffraction investigation of Fe-, Al-bearingiagnesium silicate perovskite (FeAlPv) in
order to refine the site occupancy of iron andesd the possibility of an experiment that requires
rotation of the system as a single unit. Singlestetg of (Mg s €00 *0.09(Sio.seAl0.17)O3
perovskite were loaded into a DAC along with Ne pmessure-transmitting medium and
compressed. We collected the diffraction data asgures between 65 and 78 GPa (where
pressure was determined from the Ne thermal equafistate (Fei et al., 2007)) in several sets,
namely before, during, and after laser heating 70{50) K. We found that (a) the refined
amount of iron in the A-site coincided within uniz@nty of our measurements with the value
determined from the electron microprobe data, éset heating did not affect the chemical
composition of FeAlPv in our experiments, and (@Jhhtemperature did not promote any

chemical exchange reactions between the A- aneBwvgkite structural sites.

4.2 Nuclear Forward Scattering and conventional Méssbauer study of Fe-,

Al-bearing magnesium silicate perovskite at lower mantle conditions

We conducted a firsin situ Nuclear Forward Scattering (NFS) study of FeAlPithw

composition Mg sFe 21Al0.065i0.9103 at pressure and temperature conditions of thehBart
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lower mantle. The study was complemented by NFScamyentional Méssbauer spectroscopy

(MS) measurements at high pressure and ambienttatope.
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Fig. 4.2.1. Effect of pressure on the hyperfineapaaters of MgsF e 21Al 0.06510.0105 perovskite as
measured by Mdssbauer spectroscopy (MS) and nuoleeard scattering (NFS): (a) Centre shift (CS);
(b) Quadrupole splitting (QS); (c) Relative abunziarGreen and red curves indicate the trends of the
relative abundance for the ¥digh-spin (HS) low QS and Fantermediate-spin (IS) components,
respectively, while the dashed and solid curvegdatd the trends for the MS and NFS data, respsgtiv
For clarity the relative abundance of thé'Fend HS high QS Fécomponents are not shown, which

remain relatively constant at all pressures ateghf 20% and 10%, respectively.

The pre-synthesized in a multi-anvil apparatus aetl characterized sample of FeAlPv was
loaded into a DAC along with Ne as pressure-tratisigi medium. Room temperature NFS
spectra were collected upon compression up to &. Gaditionally at 43, 63, and 81 GPa the
sample was laser heated at 1200-2000 K and speet& collected during laser heating. MS

spectra of the FeAlPv sample were collected u2t&RPa at room temperature.

The low-pressure spectra are fitted to three dasiblne assigned to high-spin (HS)YFand

two assigned to HS Eé according to their hyperfine parameters (Fig.}.2This assignment
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provides good fits and setBnsisteninterpretation, although later SMS study show: that this
model have to be correctddee Chapter 4.3At pressures above 37 GPa a new compo
attributed to intermediatspir (IS) F€* appears and its relatisbundance grows with pressi
at the expense of thiominan HS Fé* doublet (lowquadrupole splitting (QS) compone. The
second HS & (high QS componentand HS F& doubletsdo not undergo any drama
changespnly the pressure driven increase of QS and decrease of the centre shift (NFS
data show that HES crossover in F** completes entirely at the 3 GPzpressure range, while
MS data show that HS Feand IS F** have comparable relative abundes up to the highest
pressureachieved in the current stu (Fig. 4.2.1). We attributethis difference to the we
focused nature of aynchrotron bearthat significantly reduces prese gradients in the radi
direction. A later SMS study shced that the difference had beeaused not bypressure
gradients but by théundamentalpeculiarity of the NFS technique (sée Chapter 4.3). We

observe no evidence of ¥espin crossove

Log Counts Log Counts Log Counts
n

Log Counts

0 100 200 300 400 500
Time, ns

Fig. 4.2.2. Highpressure Nuclear Forward Scattering spectra ¢ gdy.21Al 0.0¢Sio.0103 perovskite at

high temperature. The solid lines show the thecakfits
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The high-temperature data (Fig. 4.2.2) were fittéth two QS-interactions attributed to%end
Fe**, according to their relative abundances. The @driryperfine parameters show thaf‘Fe
remains in the HS state and®Fés in the IS state, according to the trends in @8 QS
temperature behavior of both components and prshiaghown stabilization of IS Eerelative

to HS Fé" at high temperatures. We attributed the misfiensen Fig. 4.2.2 to small deviations
in pressure and temperature, but a model that dihed these misfits was created only after a
treatment of the SMS high-temperature data (se€tiapter 4.3).

4.3 Oxidation state of the lower mantle: in situ observations of the iron
electronic configuration in magnesium silicate perovskite at extreme

conditions

Despite numerous NFS studies (Catalli et al., 2@D10; Jackson, 2005; Li et al., 2006; Lin et
al., 2012; McCammon et al., 2010, 2008; ChaptejJ dignificant controversies remain about
high-pressure evolution of the iron electronic estat FeAlPv. There are several components
contributing to Mdssbauer spectra of FeAlPv, agdnom multiple sites, valence states and spin
states, which leads to spectral complexity andiefbee, to non-uniqueness of fitting models.
Energy domain MS is a more definitive method tHiEtwes different components contributions
to be distinguished. Therefore, we conducted amggngomain SMS study of the sample from

the same synthesis run as reported in Chapter 4.2.

The sample of FeAlPv was loaded into a DAC alontp\We as pressure-transmitting medium.
Room temperature SMS spectra were collected asymres between 12 and 77 GPa. At each
pressure step above 39 GPa the sample was lastsdhat ~ 2000 K (measured by a

spectroradiometry method) and spectra were cotldmtéore, during, and after heating.

At low pressure and ambient temperature the specngist of two main absorption features
with a shoulder in between that can be fitted witb doublets (Fig. 4.3.1) that correspond to HS
Fe* and HS F&, according to their hyperfine parameters. Uporsguiee increase a new doublet
begins to emerge above ~ 40 GPa and becomes welled above 52 GPa (Fig. 4.3.1). The
doublet has extremely high QS. It is similar to t@mponent observed in previous studies
(McCammon et al., 2008; Potapkin et al., 2013), @mnattributed to IS F&, consistent with all
previous experimental data (XES, NFS, MS) (e.gckdan, 2005; Li et al., 2004, Lin et al.,
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2012; Narygina et al., 2010). Upon pressure ineedsindance of the IS component grows at
the expense of the doublet corresponding to HS. Pdter heating of the sample at ~ 40 GPa
and ~ 2000 K a doublet with a very narrow linewi@@wWHM ~ 0.1 mm/s), a relatively low CS

~ —0.2 mm/s, and QS ~ 0.9 mm/s is observed (F&j1%.The CS of the new narrow doublet
remains almost unchanged at pressures up to 77R&Raive abundance of the component in all
our experiments remained below ~ 5%, and its fipgiearance at 40 GPa and slight increase of
intensity upon re-heating of the sample at highresgures correlate clearly with a decrease of

the abundance of the HS*Feomponent by a similar amount.

At high temperatures CS values of Mdssbauer comypengrovide a novel possibility of an
internal thermometer to probe mean temperature ofsample independently of the
spectroradiometry measurements. The high-temperagjpectra show a superposition of
components that can be modeled as absorption @fisim hotter and cooler (hereafter referred
to as “warm”) material (Fig. 4.3.2). The “warm” cponents of the spectra consist of the same
components as at ambient temperature: two doubtetesponding to Fé (low QS and high
QS) and one Pé doublet. The hot components of the spectra consisto doublets, which can
be assigned to Eeand F&". All of the experimental data available from XB$FS and MS

methods are consistent with assignment of the der@mponent at high temperatures to IS

Fe.

We associate the new low CS doublet at ambienteestyre spectra with a partial shift of ferric
iron into the B-site (Fﬁ). Rapid saturation of the change of the abundmche‘: with

increasing pressure suggest that the occupatidheoB-site by ferric iron is controlled by the
number of defects arising from synthesis of theamat 26 GPa, rather as the result of by an
exchange reaction involving &l (Catalli et al., 2011; Fujino et al., 2012). Weten¢hat high-
pressure high-temperature single crystal X-rayraiition studies of FeAlPv (Dubrovinsky et al.,
2010; Glazyrin et al., 2014; Chapter 4.1) firmlyckxe the presence of Al on the A-site, while a
few percents of Fe on the B-site would be hardiedeable by X-ray diffraction methods. Our

data show that I§Bé is in the low-spin (LS) already at about 40 GPd &s amount does not
increase upon heating. We see no evidence of act@nge involving F,ié*, neither at high
pressures nor at high temperatures. We, thereforgude that HS-LS crossover in’Fplays a

negligible role in determining the properties of theep Earth, while at the same time changes in
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the type and distribution of vacanc (e.g., in the A- and Bites) in FeAlIPv may significant
influence elastic propges of the material and geochemistry of the E's lower mantle, in

particular its upper part.
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Fig. 4.3.1. Selected higbressure SMS spectra of lp gd&y 21Al 9.065i0.9203 perovskite at roor
temperature. The solid lines show the theoretitathfe @#rows show the amount of absorption, and
residual is indicated beloeach spectrur After 39 GPa the sample was laser heated at ~ RGGact

pressure step.

The SMS data enabla reevaluation of NFS data collected on a similmn@e at simila
conditions (Chapter 4.2Both the conventional MS and Nlidata from Chapter 4.2 can be fit

with the model proposeith the currenichapter. Notably, the figted NFS spectra alsconfirm

50



additional low CScomponent withabout 5% abundancén Chapter 4.2 w attributed the
differences of theNFS and MSF€&* spin crossover pressure rand€sy 4.2.1 to pressure
gradients inside the DACSMS datewere collected at the sansendition: as NFS data on the
same beamline and therefaeould show similar resultsptvever, SMS data indicate a mt

broader pressure range for-IS crossoverin the time domain representation the FWIof the

® HolFe i

¢ HotFe™ 40(1) GPa

o am'FeHS 4 1370(50) K - Hot
v

"Warm"Fe’* 1S " "
e £+ 600(150) K - "Warm

wm f‘% w 'ﬁ nﬂ' \‘W\'f |ul' ‘|‘"I| i l|¥ l""‘” i 'll i "l‘ m‘

Hot Fe®

[ ] .s
&  HotFe® J
e Fe® HS 69(1) GPa
Voo o is 1680(90) K - Hot
v "wam'Fe* Hs & 370(140) K - "Warm"
P ol [ty i i. 1 N
“}LHlmlqlilwl"ll*'J'I“'Ihu\‘#"ﬁl"‘-'-‘ﬁll"]"'r LINUI\‘MN '\,H ii f H n” ,‘\.l i ,|H h 'AF

10% O
a+ P - oo
ot : §7 *77(1) GPa
V o Werm'Fe® Hs 1700(250) K - Hot

*

v AL 790(50)K "Warm"
v ‘Warm Fe?" HS \

M J} |||uJ M lm\"l‘”' H’leﬂllll!” d. ul J{Mﬂn' I"”'l'

V, mm/s

Fig. 4.3.2. Selected highressure SMS spectra of gy 2:Al 0.065i0.9205 perovskite at high temperatu
The solid linessow the theoretical fit, the arrows show the amairtbsorption, and the residua
indicated below each spectrum. Due to nonhomogenieeating the spectra show a superpositic

absorption data arising from hotter and coolerefret to as “warm”) iaterial. Temperatures we

determined from the centre shift values. HS: -spin; IS: intermedia-spin.
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corresponding lines in absorption spectra detersnine decay rate of the corresponding beats. A
time window of NFS spectra is gated to exclude tedeic scattering of a synchrotron X-ray
beam, which appear at early time of the spectra tnetefore, cuts off the initial part of the
quantum beats. The FWHM of the HS*Feomponent is the highest among the all components
of FeAlPv (Fig. 4.3.1) and its main contributioroshd therefore appear in a gated region. The
FWHM of the HS F& doublet increases with pressure, which ampliffeséffect. As a result,
the component cannot be detected (or is diffiaultiétect) at high pressures. Our results show
the disadvantage of the NFS technique for studfesdti-component systems with a high
dispersion of component linewidths. The NFS highgerature data presented in the Chapter 4.2
show only a limited number of spectral features, @nérefore, the unique fit is not possible. We
observe that the five-doublet fit reported in tluerent chapter significantly improves the quality
of the NFS high temperature fits.

Our in situ measurements at pressures up to ~ 80 GPa andrtgorps above 1700 K have
unambiguously established the valence and spiresstat iron in FeAlPv at lower mantle
conditions. Our data confirm the conclusions basedhe studies of quenched samples that a
large proportion of iron in the lower mantle isthre ferric state (Frost et al., 2004; McCammon,
2005, 1997).

4.4 High-pressure investigation of BH3NH3

Although the main purpose of the designed lasetiigaetup is to generate high temperatures,

the other properties of laser radiation can be usegesearches.

We investigated high-pressure behavior of the ananborane complexAB) by means of
Raman spectroscopy. Observed pressure inducedehahthe lattice modes (Fig. 4.4.1), the B-
H and N-H rocking deformation modes (Fig. 4.4.2)d ahe N-H-stretching modes (Fig. 4.4.3)
allow us to infer two phase transitions: at ~ 18 ar26 GPa. Raman modes of molecular solids
under pressure blue shift because the corresporchegiical bonds stiffen as a result of
compression. IAB the modes in the N-H-stretching region are reftisiwith pressure (Fig.
4.4.3), which indicates strengthening of the B-H-N dihydrogen bonding accompanied by
weakening of the N-H bond.
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X-ray studies of theéAB crystal structure are complicated by the scattering power of it

constitutingelements. That is why any additional informatioroatbthe symmetry of hic

pressure phase(s) is valuatWe realized thaAB hasnonlinear optical properties, namethe

capability ofsecond harmonic generation oser light. The systemeportecin Chapter 4.1 was

used to observe thesgeration of second harmoniz=635.5 nm) duringthe passage of laser
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radiation {=1071nm)through theAB sampleat pressures up to 130 GPa . 4.4.4). Second
harmonic generation isogsibl¢ only in anisotropic media without theversion symmetr. Our
observations allow for infemg that regardless of phase transformati@Bsremains as the non-

centrosymmetristructure up to at least 130 G
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V. Results

5.1 Portable Double-Sided Laser-Heating System for Méssbauer
Spectroscopy and X-ray Diffraction Experiments at Synchrotron Facilities

with Diamond Anvil Cells

|. Kupenkd~?, L. Dubrovinsky, N. Dubrovinskaia’, C.McCammoh K. Glazyrir, E.
Bykove?, T. Boffa Ballarah, R. Sinmyd, A.l.ChumakoV, V.Potapkif= A. Kantol?
R.Riiffef, M. Hanfland’, W. Crichtorf, M. Merlini*

!Bayerisches Geoinstitut Universitéat Bayreuth D-9B&8&yreuth, Germany

’Material Physics and Technology at Extreme Condéjd_aboratory of Crystallography,
University of Bayreuth, D-95440 Bayreuth, Germany

®European Synchrotron Radiation Facility, BP 22038043 Grenoble, France
“Dipartimento di Scienze della Terra, Universita i&udi di Milano, Via Botticelli 23,
20133 Milano (Italy)

Review of Scientific Instruments (2012), 83(12)4%0A1
5.1.1 Abstract

The diamond anvil cell (DAC) technique coupled wifser heating is a major method for
studying materials statically at multimegabar puess and at high temperatures. Recent progress
in experimental techniques, especially in high-pues single crystal X-ray diffraction, requires
portable laser-heating systems which are able & ded move the DAC during data collection.
We have developed a double-sided laser heatingrmy&ir DACs which can be mounted within
a rather small (~ 0.1 Tharea and has a weight of ~ 12 kg. The systenas#lyetransferable
between different in-house or synchrotron factitend can be assembled and set up within a
few hours. The system was successfully tested eatHiigh Pressure Station of White Beam
(ID09a) and Nuclear Resonance (ID18) beamlineshef European Synchrotron Radiation
Facility (ESRF). We demonstrate examples of appticaof the system to a single crystal X-ray
diffraction investigation of (MgszF€0.00F€ 0.04)(SioeaAlo17)Os perovskite (ID09a) and a
Synchrotron Mossbauer Source (SMS) study of (Mg, 2)O ferropericlase (ID18).
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5.1.2 Introduction

Studies of materials at conditions of extreme pmes$?) and temperaturel) are important in
many areas of natural science including physicasvdzte et al., 2008; Gregoryanz et al., 2005;
Lin et al., 2004), chemistry and material synthéBialyanov et al., 2011; Schroder et al., 2011;
Zerr et al., 2009), but especially for geoscienbesause of their possibility to simulate
conditions of the deep Earth’s interior (Kolesniketval., 2009; Mikhaylushkin et al., 2007; Wu
et al., 2009).

The DAC) technique is a useful and easy-to-use ftaahvestigations under high pressure. The
technique was initiated in the late 1950s, andries become the most successful method of
pressure generation in the multimegabar pressumgeréDubrovinskaia et al., 2010; Eremets,
1996). Laser heating in DACs was first introduced Ming & Bassett (1974) and is well
described in the literature (Boehler, 2000). Theme numerous facilities, including specialized
beamlines at the third-generation synchrotronsaédiy 2006; Prakapenka et al., 2008; Schultz et
al., 2005; Shen et al., 2001), where the DAC lasating technique is coupled with different
analytical methods fan situ investigations such as the Raman spectroscopyray Miffraction
(Boehler et al., 2008; Santoro et al., 2005). Hoaveuntil recent times all these laser-heating

systems were linked to certain equipment or toaaiiee.

Modern scientific challenges demand higher flexypiin the capabilities of research techniques
including laser heating in DACs. As a result, sieg0@9 portable DAC laser-heating systems that
can be easily moved between different analyticalifees, including transfer from in-house to a
synchrotron or between synchrotron beamlines, begaremerge (Boehler et al., 2009;
Dubrovinsky et al., 2009). However no portable detgided laser-heating system was able to
meet all scientific needs. The system describeBdmhler et al. (2009) allows double-sided laser
heating but requires a large area (02 for the support and cannot be used for singlstaty
studies. Moreover, the design of the system (Boedileal., 2009) has a disadvantage in that
simultaneous temperature and X-ray measurement@rgossible due to the blocking or
shadowing of the X-ray primary beam or scattergmai by inserting optical components used
for collecting thermal radiation. The system ddsedi by Dubrovinsky et al. (2009) was
successfully used for routine in-house experimé@ts et al., 2011; Parakhonskiy et al., 2011),
in situ synchrotron X-ray absorption and diffraction invgations (Narygina et al., 2011) and
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(with  some modifications) synchrotron single-crystX-ray diffraction experiments
(Dubrovinsky et al., 2010). But the system is ordypable of one-sided laser-heating and, thus, it

is limited to application to optically thin samples

Here we report on the development of a compact ldesided laser-heating system which allows
for single-crystal diffraction studies and othepesments which require rotation of the system
with the DAC during data collection. The new systgrovides a more homogeneous
temperature distribution within the sample (e.gallows higher temperatures without possible
destruction due to thermal stress), and permitsutie of thicker samples, thus providing an

opportunity to use the system to work with materthit are more difficult to heat.
5.1.3 Design of the laser-heating system

The system consists of two major components — thecss of laser light and two universal
laser-heating heads (UniHeads) (Fig. 5.1.3.1). Uhi#leads are based on the finite cutting laser
head (Precitec KG) and their functions in the guegdaser system are to focus incoming laser
radiation on the sample within the DAC, to providgh magnification imaging of the sample in
the DAC with coaxial illumination, and to give assdor multiwvavelength spectroradiometry for

temperature measurements (Shen et al., 2010).
A. Laser

As a laser source we have used two SPI100 modufdted lasers with a maximum output
power of 100 W each at an excitation wavelength@f1 nm. The weight of one laser and its
power supply is 40 kg. An additionally integrated taser source (630-680 nm) is used as an aid
for initial beam alignment. The standard outputtbé SPI lasers has a Gaussian power
distribution with a full width at 17eheight of ~ 3 mm. The output power level can benitooed

and controlled by an external interface. The SBéra can be operated in a continuous or pulse
mode with a frequency up to 100 kHz and a minimwise width of 10us The lasers require
no water cooling and use only a standard electpleey (100-240 V ac, 2 A at 230 V).

B. Focusing optics and beam targeting

The output of the 1071 nm laser radiation is ctélédy an-shaper (MolTech GmbH), bent at
90° using a specially coated beam splitter (Bea#itt&pl on Fig. 5.1.3.1, with a reflectivity
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more than 99.99% above 1050 nm, but transparetitei®d0(-900 nm wavelength range), a
focused by a set of lenses with a 80 mm workintpdise installed in the UniHead. Th-shaper
converts the origindbser beam intensity distribution (Gaussian shapenm in diameter) to
flat top distribution with ~50 um full width at half maximum RWHM) (Prakapenka et al.,

2008).
Module for temperature E /Spectrometer\E Module for temperature
measurements measurements
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E \
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- arpon mirrar
< X-rays V4

U
Sample in DAC

Fig. 5.1.3.1 Schematic diagram of the optical components @ldke-heating syster

In order to direct the laser beam onto the sampteraake it oaxial with the incident -ray
beam, we employ carbon mirrors mounted at appraeiypad5° angles to the axis of t
UniHeads (Figs. 5.1.3.5,.1.32). The carbon mirrors are produced at Bayreuthvémsity using
glassy carbon substrate (1 or 2 mm thicy Sigma Aldrich Inc. They are coated by a 100
thick silver film, and protected by a 5 nm thickcs film. For X-ray diffraction experiments, |
prevent shadowing of the d&y beam and undesirable scattering from mirres carbon mirro
on the downseam side of the DAC is mounted with an anglehdhgless than 45° (usual
about 41°-42°). Xay scattering from the upstream glassy carbonomisr blocked by the boc
of the DAC.
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C. llumination, observation and spectroradiometry module

The sample is illuminated by a light emitting didd€D) built into the UniHead (Fig. 5.1.3.1).
The LED is controlled by an external power supplgr visual observation of the sample, high-
resolution pPEYE™ Charge-Coupled Device (CCD) cameras are used.rdgept saturation of
the cameras by the reflected laser light, KG3 indéc (IR) filters (SCHOTT) are employed. The
UniHeads are equipped with optical output modutesdmperature measurements. They consist
of a HEYEM CCD camera, a focusing lens projecting the cemeat (of about 10 pm in
diameter) of the image of the heated spot ontcetitk of the optical fiber, and a beam-splitter
cube (50/50, Edmund Scientific Inc) (Pippinger let2011). The beam-splitter cube is movable
and can be fixed in two positions (Fig. 5.1.3.1)eTmain position is within the optical path (in
this position 50% of the light is transferred t@ t6CD camera for visual observations). In the
case of low intensity of emitted light, the beanlitsgy cube can be fixed outside the optical path
(where all light radiated by the heated spot iegmaitted to the optical fiber). In our experiments
we used an Ocean Optics QE65000 spectrometer Acim SP2300 spectrometer (Princeton
Instruments) with a PIXIS400 CCD detector. To prevée incidence of the laser IR light onto
the detector, 1064 nm notch filters (Edmund Optar® used. The temperature measurements
are performed by the standard spectroradiometripade(Shen et al., 2010), i.e., by fitting the
thermal radiation spectrum in a given wavelengtigea(usually 600 to 850m) to the Planck
radiation function. The softwarallows calibration and on-line monitoring of thertperature.
The system response spectra are calibrated usngpetting point of platinum (Pippinger et al.,
2011).

D. System alignment

All parts, the UniHeads, a 3-axis translation stéggea DAC holder, and the holder with the
DAC are mounted on a common aluminum plate (0.38X0f, and thickness 15 mm). This
plate should be first fixed to the beamline goniteneln the experiments described below the
upstream UniHead was set up horizontally and thendtream UniHead was set up vertically
(Fig. 5.1.3.2). The downstream UniHead is firmlyunted on the plate and has no degrees of
freedom. The sample in the DAC is aligned with ezspto this UniHead using the 3-axis

! Kantor, 1. & Kantor, A., unpublished
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Fig. 5.1.3.2 Photographs of the dou-sided portable lasdreating system mounted for experiment
ESRF beamlines ID09a (a,b) and ID18 (c). 1, holddr DAC; 2, carbon mirrors; 3, focusing optics;
n-shaper; 5, bearsplitter cube; 6, CCD camera; 7, LED; -axis translation stages; 9, adjustable sci
for spectrometer focusing; 10, MAR555 CCD dete

translation stage. The red alignment laser w the SPI100 can be used to simplify the proc
The upstream UniHead is mounted on its ov-axis translation stage and is aligned to
sample within the DAC afterwards. Focusing of theel beams on the sample is achie
through adjustable lenses the n-shapers (Prakapenka et al., 2008he last part of th
procedire is the alignment of the spectrometers. For phigose the end of the optical fib
which comes to the spectrometer, is connectedewitible (in our experiments 532 nm) dic
laser, whose light is focused on the sample. Byma@d the adjustak screws (Fig5.1.3.2c) of
the spectroscopic module, it is placed exactlyhat gosition of the center of the heated a

According to our experience, the complete instalfabf the system and its alignment requ
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two to three hours. After the sample within the DACaligned with respect to the lasers, the
whole system is aligned with respect to the X-ragrh as “one piece” using standard beamline
procedure. Rotation of the system as a whole all@wsnstant angle of incidence of the laser

beam to be maintained and thereby ensures homoggheating.

5.1.4 Examples of application of the portable double-sid#laser-heating system
A. Mdssbauer spectroscopy investigation of EeMgo O at high P, T

Electrical and magnetic properties strongly depemgressure and temperature. Energy domain
>’Fe Mdssbauer spectroscopy is not only one of tise methods to study the valence and spin
state of iron at high pressure, but also it is ligesuited to test temperature homogeneity in laser
heated DACs. However, conventional energy-resol\ddssbauer spectroscopy utilizes
radioactive sources with low brilliance. Therefotegh-pressure Mossbauer studies require
collection times that are too long to be effectivabplied for laser-heated DACs. The time
domain analog of traditional Mdssbauer spectroscigpyealized via time-resolved nuclear
forward scattering of synchrotron radiation (Ruféerd Chumakov, 1996; Zhao et al., 2004).
However, this method is not well suited to materiaith a large number of components due to
the non-uniqueness of fitting models. Recentlys pgroblem was solved by developing (Potapkin
et al., 2012) a Synchrotron Mossbauer Source (SNAS)the Nuclear Resonance beamline
(Ruffer and Chumakov, 1996) ID18 at the EuropeamcBgotron Radiation Facility (ESRF). The
SMS method allows energy-domain MoOssbauer measmtsm®&® be performed using
synchrotron radiation as a source of gamma-raysohirast to radioactive sources, the beam
emitted by the SMS is nearly fully resonant, haghtrilliance and can be focused to aptd
horizontal and Sum vertical spot sizes. The method opens the pdisgibor rapid and high
guality measurements in DACs at high pressures ifiitds coupled with laser heating, at high
temperatures. In order to test the double-sideerdasating system with the SMS, we selected
FeyMgosO (ferropericlase, Fp20), since its Mossbauer saextthigh pressure and temperature
are already known from our previous work using demmally heated diamond anvil cell (Kantor
et al., 2009). Pellets of Fp20 of 30 to 4t in diameter with a thickness of about i were

loaded along with Ne as a pressure-transmittingiumedKurnosov et al., 2008) into a pressure

2 SMS as an acronym for "Synchrotron Méssbauer ®3uttould not be confused with the same acronymeebi
by Advanced Photon Source users that means "Sytnchrbléssbauer Spectroscopy”
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Fig. 5.1.4.1. Spectra of c2Mgo O at 29 GPa
collected wusing the SMS: (a) roc

temperature; (b) laser heating with p

Counts

alignment between laser and synchrot
beams; (c) doublsided laser heating wi

good alignment. The solid lines show the

—
(=2
—

to experimental data. The temperatt

determined from the centre shift of the fit

Counts

subspectra are 450 K (grey doublet in (
1000 K (black singlet in (b)) and 1300

(singlet in (c)). The fit residuals are sho

e

below each spectru

Counts

Velocity (mm/s)

chamber (initial diameter of 1Cum and a height of about 3dm) made in a Re gasket. T
sample was compressed using a symmetric [-cylinder typeDAC fabricated at Bayerischi
Geoinstitut. All measurements were carried out ednbline ID18 using the SMS and e
spectrum was collected for 10 minutes. The roonptrature Moéssbauer spectrum of the -
spin phase (P < 50 GPa) consists of a singladrupole doublet arising from octahedr:
coordinated F& (Fig.5.1.4.a) (Kantor et al., 2006). Upon oséed laser heating with a 50}
focused beam (or during dou-sided heating when the d&y beam and laser spot are not \
aligned), the spectrum becomes asymmetric (5.1.4.D). Since we know from previol
experiments(Kantor et al., 200¢ on Fg:MgogO that temperature causes a decreas
quadrupole splitting, we interpret the spectrumwamon Fig. 5.1.4.b as a superposition of
relatively cold material (grey doublet) and hotteaterial (black singlet) subspectra, causel
temperature inhomogeneities in the sample, correipg approximately to temperatures of ¢
K and 1000 K, respectively. The temperes were determined from the centre shift of thedi

subspectra. Fitting the spectrum to only two subispeis a simplification, as in reality tl
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spectrum is comprised of a distribution of doubletkere centre shift and quadropole splitting
decrease with temperature. During double-sidedirigeatith the correct alignment of the X-ray
beam and the laser spot, the Modssbauer spectruamascmore symmetric (Fig. 5.1.4.1c) and
shows a temperature of 1300 K. We found that teatpez gradients also arise from double-
sided laser heating of thick samples (above ~ 20, punere the interior of the sample remains
colder than the surface.

B. Single crystal X-ray diffraction of Fe,Al-rich magnesium silicate perovskite in a double-
sided laser-heated DAC

Iron- and aluminum-bearing magnesium silicate pekidg (Mg,Fe,Si,Al)Q is likely the main
component of the Earth’s lower mantle. Iron andmahum may significantly affect the
properties of magnesium silicate perovskite, egigcilue to electronic transitions in #end
Fe*. Recent single crystal diffraction studies (BoFallaran et al., 2012; Dubrovinsky et al.,
2010) reveal that ferrous and ferric magnesiuncatii perovskites do not demonstrate any sign
of irregular changes in the behavior of the molalumne, lattice parameters, and mean bond
distances of the (Si,Al)f octahedra and (Mg,Fey@olyhedra which could be related to the
high-spin—low-spin (HS-LS) crossover. Catalli et £010) suggested that spin crossover could
be favored at high temperatures and pressures ahovd0 GPa by the reaction

Fe " AT —Fe S+ A% (where subscripts “A” and “B” denote the corresgiog positions

in the perovskite structure). Glazyrin et al., (2pdid not find evidence of such a process for
Fe'*- and AP*-rich compositions (F&/=Fe>0.9, Af*~0.4). In order to check if such a site
exchange would take place in magnesium silicateys&ite with moderate aluminum and ferric
iron content, we employed the portable double-sides@r heating system at beamline ID09a
(Hauserma and Hanfland, 1996) at the ESRF.

Single crystals of (Mgs#€*0.09€ *0.09(Sio.sAl0.1)Os perovskite (the crystal chemical formula
is based on results of electron microprobe analgsid Mdssbauer spectroscopy) were
synthesized in a multianvil apparatus (Dubrovinekyl., 2010). A crystal with dimensions of ~
0.015x0.010x0.010 mimwas loaded along with Ne as a pressure-transgittimedium

(Kurnosov et al., 2008) into a pressure chamberemiac Re gasket (with an initial diameter of

100 um and a height of about 3(m) and compressed using a symmetric piston-cylityjze
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DAC equipped with ALMAX-type diamonds (80° openiagd 250um culets). Diffraction data
were collected with radiation of wavelength 0.4%49eam size 10x1Qm? and a crystal-to-
detector distance of about 399 mm using the MARBBfpanel detector. Ninety-six frames in
the omega scanning range of —28° to +20° degrees eadlected (0.5° scanning step size) with
an exposure time of 1 s. At each pressure-temperptint, data were collected at two different
positions of the DAC that varied by 90° along tleenpression direction, and the datasets were
merged. The data were processed using the Crysaftsvare (Oxford Diffraction (2006)
Crysalis RED, version 1.171.31.8. Oxford Diffracti.td., Abingdon, Oxfordshire). Crystal
structure refinements of integrated intensitiesemearried out with the SHELXL-97 WinGX
version (Farrugia, 1999; Sheldrick, 2008).

We collected the diffraction data at pressures betw65 and 78 GPa (where pressure was
determined from the Ne thermal equation of stat @% al., 2007)) in several sets, namely
before, during, and after laser heating at 1750k50)able 5.1.4.1). For each P, T data point we
obtained between 105 and 125 unique reflectionsaddition to the atomic coordinates and
isotropic thermal parameters, we refined the oceapaf the B-site by Si and Fe (Si and Al are
not distinguishable), and that of the A-site by Byl Fe (Table 5.1.4.1). Structural refinements
on the integrated intensities converged with vahiethe R-factor below 5%. We found that (a)
the refined amount of iron in the A-site coincidegthin uncertainty, with the value determined
by microprobe data, (b) laser heating does notaffee chemical composition of the magnesium
silicate perovskite in our experiments, and (chhigmperature does not promote any chemical
exchange reactions between the A- and B-sites tfere is no evidence that Fe enters the B-site
during heating). It should be mentioned that homeges heating is a critical parameter
suppressing undesirable diffusion and formatiooh@fmical inhomogeneities. Our results are in
full agreement with the results of Glazyrin et @014), obtained from magnesium silicate
perovskite of another composition. Note that praesialata that we reported using a one-sided
laser-heating system (Dubrovinsky et al., 2010pvedid the collection of only less than 70
reflections per run, which precluded a refinemdrdadion site occupancies.
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Table 5.1.4.1. Results of a single crystal stratrefinement of (MgsFe™ 0.0 € 0.0 (Sio.seAl 0.17)Os perovskite (space groufpf) at different

pressures and temperatures.

P,GP: T,K R1, % Lattice paramete Atomic paramete|
a, A b, A c A \Y (xyd))
A3unit cell  Sis, Fas, Mga, Feu*
65.9(5 29¢ 3.2 4.4875(3 4.7138(3 6.4826(23 137.13(15 A -0.0178(4) 0.4305(5) 0.25 0.016

B 000 0.014(1)
01 0.1135(11) 0.0346(8) 0.25 0.019(1)
02 0.1873(6) 0.3063(7)
-0.0578(8) 0.017(2)
1.00(1) 0.00(1) 0.88(2) 0.12(1)
78(1  1750(50 4.4  4.4733(6 4.7101(5 6.4874(45 136.69(20 A -0.0183(5) 0.4334(7) 0.25 0.030
B 000 0.025(1)
01 0.1131(14) 0.0326(12) 0.25 0.034(2)
02 0.1832(8) 0.3080(9)
-0.0616(14) 0.031(2)
1.01(1) 0.00(1) 0.88(2) 0.12(1)
63.2(3 29¢ 3.7 4.4975) 4.7270(4 6.4996(7 138.18(11 A -0.0167(3) 0.4305(5) 0.25 0.026
B 000 0.023(1)
01 0.1183(8) 0.0313(8) 0.25 0.027(1)
02 0.1868(6) 0.3051(6) -0.0603(7) 0.027(1)
1.01(1) 0.00(1) 0.87(2) 0.128(16)

*The notation “S§, Fe, Mgs, Fe&” indicates the occupancy of the corresponding atoim the A- or B-site.
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5.1.5 Conclusions

We have developed a portable laser-heating systern allows homogeneous double-sided
heating with in situ visual observation of the sémgnd temperature measurement. The system
can be easily mounted in the laboratory or at lasgale scientific facilities, including
synchrotron beamlines. All major components of shstem are commercially available, which
facilitates its duplication. The ready-to-use sysigan be assembled and aligned by users with
only basic training. The system has been succégsédted for single crystal X-ray diffraction

and for energy-domain Mdssbauer spectroscopy uksa§MS at the ESRF.
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5.2 Electronic spin state of Fe,Al-containing MgSiOs perovskite at lower
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5.2.1 Abstract

We have investigated silicate perovskite with cosi@n Mg sFe) 21Al 0.065i0.9103 relevant for
the lower mantle at pressures up to 81 GPa andetatyves up to 2000 K using conventional
Mdossbauer spectroscopy and synchrotron Nuclear adnécattering (NFS) combined with
double-sided laser heating in a diamond anvil detbom temperature Mossbauer and NFS
spectra at low pressure are dominated by high-Bgffi with minor amounts of Fé and a
component assigned to a metastable position of-$pih Fé* in the A-site predicted by
computational studies. NFS data show a sharp tiangi 20 GPa) from high-spin Feto a
new component with extremely high quadrupole spdttsimilar to previous studies. Mossbauer
data show the same transition, but over a broagsspre range likely due to the higher pressure
gradient. The new E&component is assigned to intermediate-spfii, B®nsistent with previous
X-ray emission studies. NFS data at high tempegatand high pressures comparable to those in
the lower mantle are consistent with the preseride® only in the intermediate-spin state and
Fe* only in the high-spin state. Our results are tfoeeeconsistent with the occurrence of spin

crossover only in P& in Fe-, Al-containing perovskite within the lowsantle.
5.2.2 Introduction

Magnesium silicate perovskite (Pv) is consideredb@éothe most abundant constituent of the
Earth’s lower mantle with stability from a depth@80 km to approximately 2700 km, which is
several hundred kilometers above the core-mantiadary (Liu, 1976). Pv incorporates notable

amounts of iron and aluminum (5-10 mol%) into isisture (e.g., Lee et al., 2004). While the
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properties and behavior of pure MggiPv are mostly understood, the effects of thesdiaddl

cations remain controversial.

The electronic spin state of iron in different vade states in Pv can strongly influence many
properties of the Earth’s interior such as there@iductivity (Badro et al., 2004), electrical
conductivity (Ohta et al., 2010; Potapkin et aD12), and thermodynamic properties (Frost et
al., 2004; McCammon, 1997). An accurate deternonatof the Fe spin state in Pv is
complicated by the presence of two different ctiegaaphic sites (a large distorted 8-12-
coordinated site, hereafter referred to as A, asdhaller relatively undistorted octahedral site,
hereafter referred to as B). Iron occurs both asdis (Fé") and ferric (F&) in Fe-, Al-
containing magnesium silicate perovskite (FeAlRnvith F€/SFe ratios up to at least 60%
(Frost et al.,, 2004; McCammon, 1997), that strondgpend on the Al concentration
(McCammon et al., 2004).

While it is well accepted that Eeoccupies exclusively the A-site, the site occupanfcFe” is

still under debate. Ferric iron has been obsengeddcupy either exclusively the A-site
(McCammon et al., 2008; Potapkin et al., 2013) athlihe A- and B-sites (Badro et al., 2004,
Catalli et al., 2011, 2010; Hummer and Fei, 2082\veral studies have additionally predicted an
exchange of F& from the A- to the B-site at high pressures (Qiagalal., 2011, 2010; Fujino et
al., 2012); however the possibility of such exclamgs disproved by recent single-crystal X-
ray diffraction studies conducted at high pressamé high temperature (Glazyrin et al., 2014;
Kupenko et al., 2012b).

The spin state of iron in iron-containing magnesisificate perovskite (FePv) as well as in
FeAlPv is also a matter of debate. Some studieslgda that FE* undergoes high-spin (HS) to

low-spin (LS) crossover (Jackson, 2005; Li et 2006), although the majority of studies do not
observe spin crossover inj’—*e(CatalIi et al., 2011, 2010; Fujino et al., 2011 et al., 2012;
McCammon et al., 2008; Potapkin et al., 2013). Médale there is a general consensus th@f Fe
undergoes HS to LS crossover at mantle pressustadies where Béis reported to occupy the
B site (Catalli et al., 2011, 2010; Fujino et &Q12; Lin et al., 2012). There is also general
agreement that E€ behavior undergoes a dramatic change at mantissymes through the

appearance of a new component with extremely higidqipole splitting in Méssbauer spectra
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at high pressure (reviewed by McCammon et al., p0&8en though there are conflicting
interpretations of this change: HS to intermedsig (IS) crossover (Lin et al., 2008;
McCammon et al., 2010, 2008; Potapkin et al., 208®) to LS crossover (Badro et al., 2004) or

a structural modification of the local environméuain et al., 2012).

Numerous theoretical studies have been made tlaatiag the spin behavior of iron in different
valence states and different crystallographic stes with often conflicting results (Bengtson et
al., 2009, 2008; Caracas et al., 2010; Hsu ek@lL1, 2010; Li, 2005; Stackhouse et al., 2007;
Umemoto et al.,, 2010; Zhang and Oganov, 2006). KMeweone point on which all
computational models agree in the instability ofk8" at all lower mantle pressures, which is in
conflict with experimental results that show a @ase in the unpaired spin density of iron in

FePv and FeAlPv (reviewed by McCammon et al., 2013)

Despite the many investigations, a systematic swifd¥eAlPv with mantle composition at
mantle conditions is still lacking. Moreover allegictions of FeAlPv behavior at lower mantle
conditions have been inferred by extrapolationathdneasured at ambient temperatures or from
ab initio calculations. Here we report the finstsitu NFS study of FeAlPv with composition
Mgo.sF & 21Al 0.0650.0103 at pressure and temperature conditions of therlomantle. The study

is complemented by NFS and conventional Mdssbapectoscopy measurements at high
pressure and ambient temperature that provide fegiiution data for the analysis of individual

site and valence state contributions.
5.2.3 Experimental methods

The sample of FeAlPv was synthesized in the mutiigoress from a mixture of MgO, SO
Al,03, °'Fe,03 (90% enriched) starting materials in a rheniunmscépat 26 GPa and 1800°C for
30 min. Before synthesis, the starting material hveasted at 1273 K for 1 day in a CO-£gas-
mixing furnace, in which oxygen fugacity was cofied at logfO, = —21 to reduce Béto F&".
After the multianvil experiment, the recovered sémpas characterized at ambient conditions
using both the electron microprobe (JEOL, JXA-82@ter the operating conditions 15 kV and
15 nA) and Mdssbauer spectroscopy. Results ofrelechicroprobe analysis showed that the
chemical composition of the sample is Mgk1sf&.208(13Al0.050¢2510.911(2303 and Mossbauer
spectroscopy showed the iron to be predominantigérferrous state (~ 20% F&Fe).

71



Mossbauer spectra were recorded at room temperatuteansmission mode on a constant
acceleration Mdssbauer spectrometer with a nondinalMBq°>'Co high specific activity source
in a 12 pum thick Rh matrix with active dimensiod$600 pm x 500 um. The velocity scale was
calibrated relative to 25 pum thiakFe foil using the positions certified for (formdxgational
Bureau of Standards standard reference materidl5#i; line widths of 0.36 mm/s for the outer
lines of a-Fe were obtained at room temperature. Spectra 3eblkdays each to collect. Centre
shifts were calculated relative éoFe. Spectra were fitted using a full transmissigagral with

a normalized Lorentzian source lineshape usingMbssA software package (Prescher et al.,
2012). Mossbauer spectra of the FeAlPv sample veetkected up to 72 GPa at room
temperature (Fig. 5.2.3.1). The sample was anngaieckding data collection at all pressures

above 30 GPa in order to relax stress.

NFS data were collected on the Nuclear Resonam@#8]lbeamline (Ruffer and Chumakov,
1996) of the European Synchrotron Radiation Fgcditring operation in 4-bunch mode, with
the beam focused to 6 um vertical and 11 pm hot@atimension using Kirkpatrick-Baez
mirrors. All of the spectra were collected over @®-min each. NFS data were fit using the
CONUSS package (Sturhahn, 2000). The centre shdls wletermined relative to a
K.Mg>'Fe(CN) reference absorber. Room temperature NFS speara eollected up to 81
GPa. Additionally at 43, 63 and 81 GPa the sampis laser heated at 1200 K-2000 K and

spectra were collected during laser heating.

High-pressure measurements were carried out ugingldcal-type diamond anvil cells (Kantor
et al., 2012). Samples of FeAlPv were loaded tagethith a few ruby balls used as a pressure
marker. The diamond anvils used had 260 culets. A 200um thick Re gasket was pre-
indented to about 30m thickness and a 123%n hole was drilled in the centre. Samples were
loaded at room temperature and Ne was loaded assayve medium at a pressure of 1.2 kbar
(Kurnosov et al., 2008).

For high temperature measurements a modified versithe portable double-sided laser heating
system was used (Dubrovinsky et al., 2010, 2009pekko et al., 2012b). The setup was
installed at the ID18 beamline and consists of & modulated fiber lasers (wavelength 1071
nm) with 100 W maximum power and two laser heatigds. The system implements

shapers (Prakapenka et al., 2008) that convertigial iGaussian-shaped beam to one with a flat
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top distribution with ~50 um full width at the half maximumRWHM) in order to provide
homogeneous heating. The measurement of temperatase performed with the stande

spectroradiometry methd@&hen et al., 201 using an Ocean Op8QEG650000 spectromet:

021

-02tL

6.3F

counts

6.25F

®Fe’ Hs
@Fe?" HS low QS component

6.2 @Fe? HS high QS component o 0 G Pa

6.15-
o2r

02t
6.71

6.651

counts

6.6

®Fe* HS

| @Fe® HS low QS component : -
LA @Fe” HS high QS component 45 G Pa
oFe’ IS
6.5%
x 10*
021
-02L
5
855 10
8.5F
2
£
3
Q
o
8.45F
8'4 [ 3+
®Fe” HS
©Fe® HS low QS component
e @Fe?* HS high QS component N
-391 oFe™ Is
64 GPa
83 . . . . . . \ \ . \
-4 -3 -2 =i 0 1 2 3 4 5

velocity (mm/s)
Fig. 5.2.3.1. Selected highressure conventional Méssbauer spectra ¢y sFey2:Al 0.06310.0103
perovskite at room temperature. The solid lineswstie theoretical fit and the residual is indicaédxbve

each spectrum.

73



5.2.4 Results

At low pressures the Mossbauer spectra were fitiettiree doublets, one assigned to H&' Fe
with ~ 1 mm/s quadrupole splitting (QS) and ~ 0n3%/s centre shift (CS) and two assigned to
HS Fé" (QS ~ 1.6 mm/s and ~2.5 mm/s, both CS ~ 1 mm/ayed on their hyperfine
parameters. Up to 37 GPa the spectra remain neadyanged with only moderate decrease of
the CS and increase of the QS of all components §P2.4.1). At 37 GPa a new component
begins to emerge, similar to all previous Mossbatedies of Al-free FePv (Lin et al., 2008;
McCammon et al., 2010, 2008; Narygina et al., 209)ich is accompanied by an intensity
reduction of the HS low QS Fedoublet. The new component has QS > 3 mm/s and @S
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Fig. 5.2.4.1. Effect of pressure on the hyperfineameters of Mg 2:Al 0065109103 perovskite as
measured by Mdssbauer spectroscopy (MS) and nuoleeard scattering (NFS): (a) Centre shift (CS);
(b) Quadrupole splitting (QS); (c) Relative aburtarGreen and red curves indicate the trends of the
relative abundance for the ¥digh-spin (HS) low QS and Fantermediate-spin (IS) components,
respectively, while the dashed and solid curveiatd the trends for the MS and NFS data, respsygtiv
For clarity the relative abundance of thé'Fend HS high QS Fécomponents are not shown, which

remain relatively constant at all pressures ateghf 20% and 10%, respectively.
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mm/s. With further pressure increase the relatiea aatio of the new component grows at the
expense of the HS low QS doublet. The relative amtias of the HS high QS Fe(~10%) and
Fe’* (~20%) components remain essentially unchangeda afunction of pressure. As
discussedfurther below, we regard the two H3$" F®mponents to correspond to the two
different configurations of F& in the A-site first introduced by Hsu et al. (2Q1Based on
arguments already presented in McCammon et al. 8)208arygina et al. (2010) and
McCammon et al. (2013), the new’Feomponent is assigned to IS?EéThe zero pressure NFS
spectrum of FeAlPv is dominated by quantum bedsinar from the HS F& component with
QS ~1.6 mm/s and CS~1 mm/s (Fig. 5.2.4.2). Theatiewi of the fit at 0 GPa can be due to
additional components that are present only at pogssure, such as from a small degree of
amorphization due to the metastabilty of FeAlPam@bient conditions. These components are
not normally resolvable in a conventional Mossbapactrum due to peak overlap. Good fits to
the NFS spectra are obtained above 35 GPa aftealng at high temperatures, and hyperfine
parameters and the relative abundance of compoasnia good agreement with our Mossbauer
data. At 35 GPa high frequency beats begin to appeaing from a new high QS component.
The relative abundance of the dominant low pressi&éé" component starts to decrease from
this pressure and reduces to zero at 58 GPa (Rigt.b, 5.2.4.2). The QS of the new component
increases rapidly from 3.0 mm/s at 35 GPa to 4.29van57 GPa. Upon further compression no

further changes of the spectra are observed.

High temperature NFS spectra of FeAlPv (Fig. 53).4re more challenging to fit. The approach
that is most consistent with all available inforrmatcomprises two QS components, one with
QS ~ 0 and CS ~ -0.7 mm/s, and one with QS ~ @5¥im/s and CS ~ 0 mm/s. The relative
abundance of the near zero QS component is eqti@ihwincertainty to the proportion of £e
while likewise the relative abundance of the secanchponent is equal to the total ’Fe
proportion. After temperature quenching, the re@tbundance and hyperfine parameters of all

components return to their original values befaratimg.

The misfit seen in the fits in Fig. 5.2.4.3 canaltieibuted to several factors. The spectra arne fit
two components with distinct hyperfine parametémyever both CS and QS will vary due to
small deviations of temperature during data cdlbect The data therefore represent a

superposition of multiple spectra arising from Istlg different hyperfine parameters. However
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incorporating such an approach in the fitting pssces not statistically meaningful due the
increased number of degrees of freedom, even ththeyhonclusions would be unchanged.
emphasize the robustness of the fits shown in5.2.4.3despite their apparent flat appearar
and that the derived hyperfine parameters fulfilo&the tequired consistency checks (trend:
CS, QS and relative abundance with pressure anpetature). Nevertheless we explored o
possible fits of the high temperature NFS data @medent one alternati in the supplementary

material.
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Fig. 5.2.4.2. Selected highressure NFS spectra )y s 2:Al 0.065i0.9103 perovskite at room

temperature. The solid lines show the theoretita

o

5.2.5 Discussion

There is an ongoing debate regarding the natufes” in FePv and FeAlPv at high presst
There is genefaagreement that a dramatic change occurs in Masskaand NFS spectra throu
the appearance of a new I QS component with increasing pressure, but the aamtgnis

polarized as to whether this represents HS to t8saver, or stable HS ?* undergoing a
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change in the local environment of thesite. The latter hypothesis is particularly favolad
computational studies that show the presence ofipreildiscrete atomic configurations of**
in the Asite that has been postulated to explain obsens in Méssbauer and NFS d:
(Bengtson et al., 2009, 2008; Caracas et al., 208%0;et al., 2011, 2010; Li, 2005; Stackhous
al., 2007; Umemoto et al., 2010; Zhang and Ogaod6. Our room emperature FeAlPv
spectra, similar to those published in the litematior both FePv and FeAlPv with simil
compositiondMcCammon et al., 2010, 2008; Narygina et al., 2(Adapkin et al., 201 and
derived hyperfine parameters that fall within res defined by previous data (reviewed

McCammon et al., 20)3provide an explanion for these results from computational stus

Log Counts
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Log Counts

Log Counts

0 100 200 300 400 500
Time, ns

Fig 5.2.4.3. Highpressure NFS spectra of o gd&y.21Al0.06Si0.0103 perovskite at high temperature. T
solid lines show the theoretical fits.

Ab initio calculations have reported that** may occupy mestable positions in addition to t
dominant position of lowest energy within the lais-site cage in the perovskite structure, .
thus F&" may experience different electrical field gradieritss therefore possible for iron

have the same spinas¢ and crystallographic coordination, yet différ€@s (Bengtson et al.,
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2009, 2008; Caracas et al., 2010; Hsu et al., 20010; Li, 2005; Stackhouse et al., 2007,
Umemoto et al., 2010; Zhang and Oganov, 2006). Mggest that our Mossbauer spectra show
evidence for two HS configurations, namely that it low QS component (light green in Figs.
5.2.3.1 and 5.2.4.1) corresponds to the stabldiposif Fé* within the A-site and that the HS
high QS component (dark green in Figs. 5.2.3.158d!.1) corresponds to a metastable position
of F&* within the A-site. Thus at ambient conditions,3%4 of Fé* atoms occupy a metastable

position.

We observe a dramatic difference in the behavidd®fhigh QS and low QS Feomponents
with pressure (Fig. 5.2.4.1). The QS of the HS h@® F&" component (dark green in Figs.
5.2.3.1 and 5.2.4.1) increases gradually with pres®ver the entire pressure range and its
abundance ratio (~ 10% of total Fe) remains uncbangithin experimental error at all
examined pressures. In contrast the relative almosdaf the HS low QS Eécomponent (light
green in Figs. 5.2.3.1 and 5.2.4.1) starts to dsereat 35 GPa at the expense of increasing
relative abundance of a new’Feomponent with high QS (red in Figs. 5.2.3.1 arti41). The
transition to the new component is much sharpehenNFS data (35-55 GPa) compared to the
Mdossbauer data (35-85 GPa), which we attributédnéowtell focused nature of the synchrotron
beam which significantly reduces pressure gradiemtshe radial direction, in contrast to
conventional Mossbauer spectroscopy where absargpectra are acquired from the entire
pressure chamber due to the significantly largembesize. X-ray diffraction studies show no
significant increase of structural distortion instipressure range (Boffa Ballaran et al., 2012,
Catalli et al., 2011, 2010; Lundin et al., 200&)nbe it is unlikely that the transition is causgd b
a change in the structure. The most plausible ctarstne change in relative abundance of the
Fe* components is spin crossover, and further argusnienfavor of assignment of the new

component to IS Féare discussed in the literature (reviewed by Mc@amet al., 2013).

In the high temperature NFS spectra the componghtalmost zero QS is inferred to be due to
Fe**, since it is well known that temperature causesaease in QS of HS ¥gKantor et al.,
2009) and its relative abundance is equivalenth walue for F& in the room temperature
spectra. The second component in the high temperAtES spectra is therefore assigned 3 Fe
because of consistency with the totaf‘Febundance. Previous studies have demonstrated that

temperatures around 1000 K promote HS to IS cressand stabilize the IS state relative to the
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HS state (Lin et al., 2008; McCammon et al., 20@8)d our data are consistent with these

observations.

The CS values provide a measure of the mean tetoperaf the sample. There are two main
contributions to the CS — isomer shift and secortroDoppler shift (SOD) (e.g., Greenwood
and Gibb, 1971; Housley and Hess, 1966). The SObewaapproximately linearly with
temperature for both Eeand F&" components in the high-temperature Debye limitictvitan

be estimated ad\v = -7.3-10° mm/s/K. Therefore the SOD provides a measure ef th
temperature of exactly those atoms which are resplenfor the spectral signal. We obtain
temperatures based on the change in CS betweeimaspeltected under hot and cold conditions
(assuming that the isomer shift does not change teinperature) of 1690(13) K, 1530(50) K
and 1900(3) K for the spectra at 43 GPa, 63 GPa8dn@Pa, respectively, which is in good
agreement with spectroradiometry measurements (k4500 K and 2000 K, respectively).
Our previous experiments (Kupenko et al., 2012lmwsd that large discrepancies can occur
between optically measured temperatures and temopesadeduced from the SOD in samples
that are thick or where the laser and X-ray bearasnat well aligned. The good agreement
between the temperatures determined by the twerdiit methods in this study therefore
indicates that the internal temperature of the $angpclose to that of the surface temperature,

and hence that the double-sided laser heating petwides homogeneous heating of the sample.
5.2.6 Conclusion

At ambient temperature and pressures above 35 &PanFFeAlPv occurs predominantly in a
component assigned to the IS state with a mingogtmn assigned to the HS state located in a
metastable next nearest neighbor environment pasiwithin the A-site. The component
assigned to IS Béis stable at pressures and temperatures corresgotudthose in the lower
mantle and we observe no evidence of spin crossmivEe” up to 81 GPa and 2000 K. We
therefore conclude that iron in FeAlPv in the loweantle occurs almost entirely as’Fim the

IS state and Fé&in the HS state.
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5.2.8 Supplementary information

We present an alternative fit to the high tempeeatNFS spectra of FeAlPv. Fi5.2.8.1
illustrates a fit with two quadrupole componentse with QS ~ 0 and CS —-0.8 mm/s (80%

relative abundance) and one with QS ~ 0.7 mm/CG#he 0 mm/s (20% relative abundan

Statistically the fits to the NFS data are sligHtistter than those presented in the main pi
although it is not possible to extract a uniqueerpretation of the fits. A large increase
intensity of the low velocity component could arisem a number of effects, including
redistribution of d electrons within iron atomsglaange in the probability of the hi- and low-
energy transitions betwa the nuclear excited and ground states, or eled¢tansfer betwee
iron and oxygen. Future collection of complementanergy domain Mdssbauer data ur
similar pressure and temperature conditions usieg dynchrotron Méssbauer source (S!
(Potapkin et al., 2013, 2012puld help to resolve the ambiguities in data prietation
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Fig. 5.2.8.1. Highpressure NFS spectra of g 21Al9.065i0.0103 perovskite at high temperatt
showing an alternative fit to the spectra. Thedsmdid lines show the theoretical 1
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5.3.1 Abstract

We have investigated the electronic configuratibriran in Fe-, Al-containing magnesium
silicate perovskite, the main component of the lomantle, at conditions of the deep Earth’s
interior using the energy domain Synchrotron Mdasb&ource (SMS) technique. We show
that the high ferric iron content observed previpus quenched samples is preserved at high
temperatures and high pressures. Our data arestemswith high-spin to intermediate-spin
(HS-1S) crossover in Eéat high pressures and ambient temperature. Waceegidence of
spin crossover in B& occupying the A-position of silicate perovskiten Gser heating at
pressures above ~ 40 GPa we observe a new douittetelative area below 5% which
likely corresponds to Fé& in the octahedral (B-site) position in silicaterqgeskite. We
conclude that at lower mantle conditions”Femains predominantly in the HS state, while

Fe?* occurs solely in the IS state.
5.3.2 Introduction

MgSiO; perovskite that contains Fe and Al (hereafter PeAlis considered to be the most
abundant phase in the Earth and to constitute tputii?o of the lower mantle (e.qg., Irifune
et al., 2010; Ringwood, 1982). Iron can occur ithtferrous (F&) and ferric (F&") forms in
FeAlPv. In contrast to phases in the upper matite,amount of ferric iron in FeAlPv is
expected to be high (Frost et al., 2004; McCamnmi@®9,7), but until now all estimations of
Fe**/SFe in the lower mantle have been based on measnteraeroom temperature from

guenched samples.
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The spin state of iron in FeAlPv in different vatenstates may affect the thermodynamic
properties, electrical and thermal conductivitiasd other properties of the Earth’s interior
(e.qg., Frost et al., 2004; Goncharov et al., 20@&apkin et al., 2013). Many studies have
been performed to determine the spin state of Fe&Pv, but the conclusions reached are
not uniform. Interpretation of spectra is complezhtby the presence of two sites in the
orthorhombic (CdFe@type) perovskite structure: a large distortedd812-coordinated site,

hereafter referred to as “A”, and a smaller rekdgivundistorted octahedral site, hereafter
referred to as “B”. Ferrous iron occupies the Asgkclusively and was reported to exhibit a
spin crossover from the high-spin (HS) to the imediate-spin (I1S) state (Kupenko et al.,
2014; Lin et al., 2008; McCammon et al., 2008; Pkita et al., 2013). However, all

computational studies have found the HS configaratf Fé* to be the most stable (e.g.,

Hsu et al.,, 2012; Zhang and Oganov, 2006) andbat&i the experimentally observed
pressure-induced changes in hyperfine parametdesrois iron to small changes in its local
environment (Hsu et al., 2012). Ferric iron wasorégd to occupy either exclusively the A-

site and to be in the HS state (Kupenko et al.428cCammon et al., 2008; Potapkin et al.,
2013) or to occupy both A- and B-sites withiFeemaining in the HS state at lower mantle

conditions and IﬁBé exhibiting HS to low-spin (LS) crossover at prassuaround 50 GPa

(Catalli et al., 2011). Several studies have adiddily proposed that high pressures and high
temperatures may promote the site exchange 6t Bad AF* by the reaction (HS
Fel)+AIS"—(LS Fe")+AIS" (Catalli et al., 2011; Fuijino et al., 2012).

The majority of previous reports describing thensgiate behavior in FeAlPv at lower mantle
conditions are based on analysis of temperatureaiesl samples (Catalli et al.,, 2011,
Fujino et al., 2012; Li et al., 2004; Potapkin &f 2013). An indication of the temperature
effect to stabilize IS F& relative to HS F& was provided by McCammon et al. (2008);
however, in their study the temperature was limiteconly 1000 K. More recent results
based on Nuclear Forward Scattering (NFS) (Kupestka., 2014) extended temperatures to
lower mantle conditions. However, NFS is not weltad to materials with a large number of
components arising from multiple sites, valenceestand spin states (which is the case for
FeAlPv), which leads to spectral complexity and “aoigqueness of fitting models. Energy-
domain Mossbauer spectroscopy (MS) is better sdidedhe analysis of iron distribution
between individual structural sites in FeAlPv, aitsl oxidation and electronic states
(McCammon et al., 2008; Potapkin et al., 2013). kosv, studies of lower mantle phases at

the relevant high pressure and temperature condiaoe not possible using conventional MS
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with a radioactive source due to the challengeoofi$ing gamma rays in the laboratory. The
recently developed Synchrotron Mossbauer SourceS|SMlows measurements of high
quality and well resolved energy domain spectratiomescales of only a few hours,
combining the advantages of synchrotron radiatiwhMS technique (Potapkin et al., 2012).

In this paper we present a high-pressure high-testyre study of FeAlPv using the SMS
technique to elucidate the electronic configuratdrron in situ at lower mantle conditions
in order to constrain the properties of the mostnalant phase in the most voluminous shell
within the Earth.

5.3.3 Methods

The FeAlPv sample used in the present study wam fie same synthesis run as used by
Potapkin et al. (2013), Kupenko et al. (2014), &minyo et al. (2014). It was synthesized in
the multianvil press from a mixture of MgO, SiAl,0s, >’Fe0; (90% enriched) starting
materials in a rhenium capsule at 26 GPa and 1800fG0 min. Before synthesis, the
starting materials were heated at 973 K for 1 aiag H-CO, gas-mixing furnace, in which
oxygen fugacity was controlled at 16§, = —21 to reduce Béto Fé*. After the multianvil
experiment, the recovered sample was charactesizathbient conditions using the electron
microprobe (JEOL, JXA-8200, under the operatingditions 15 kV and 15 nA). Electron
microprobe analysis on the sample used for theeptestudy showed the chemical
composition to be Mgks2if.209022A 0.060(2500.916(24L3, Which is the same within
measurement accuracy to those of the samples ysedtapkin et al. (2013), Kupenko et al.
(2014), and Sinmyo et al. (2014). However thé'fsde ratio measured for the present
FeAlPv sample using Mossbauer spectroscopy (3545%)termediate between the values
measured for the samples of Potapkin et al. (2@%8}5%) and Kupenko et al. (2014)
(20%+3%). This difference is likely due to a tengiare dependence of the®*F&Fe ratio
(as reported, for example, by Frost et al., 20@pted with temperature gradients in the
multianvil assembly, as it is expected that theiomgf the sample in the center of the
assembly is hotter than the part of the sampleeaétiges.

For high-pressure generation cylindrical-type BXd@mond anvil cells (DAC) (Kantor et
al., 2012) were used that were mounted with gBDculets diamonds. A 200m thick Re
gasket was pre-indented to aboutu®0 thick and a 12mm hole was drilled in the centre. A

thin layer (about 5 to 7 um thick) of polycrysta#i FeAIPv with composition as given above
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was loaded in the gasket at room pressure and tainpe and afterwards Ne was loaded at
1.2 kbar (Kurnosov et al., 2008) as a pressure umedind thermal insulator. The pressure

was determined by the ruby fluorescence method.

High temperature measurements were performed wsingpdified version of the portable
double-sided laser-heating system (Dubrovinskyl.e2810, 2009; Kupenko et al., 2012b).
Two infrared fiber lasers were focused to ~ 4@ full width at half maximum (FWHM). The
system implement-shapers (Prakapenka et al., 2008) that converinitial Gaussian-
shaped beam to one with a flat top distributiore Shrface temperature was measured by the
standard spectroradiometry method (Shen et alQ)20ding an Acton SP2300 spectrometer
(Princeton Instruments) with a PIXIS400 CCD detecto

SMS spectra were recorded at the Nuclear Reson@eaeline (Ruffer and Chumakov,
1996) ID18 of the European Synchrotron Radiatioqilfga using the (111) Bragg reflection
of a®’FeBO3 single crystal mounted on a Wissel velocipsducer driven with a sinusoidal
wave form (Potapkin et al., 2012). The X-ray beaas fiocused to 20 um vertical and 10 pm
horizontal dimensions using Kirkpatrick-Baez migoifhe linewidth of the SMS and the
absolute position of the centre shift (CS) was kaied before and after each measurement
using a KMg>'Fe(CN); reference single line absorber. The velocity seeds calibrated
using 25 pm thick natural-Fe foil. Each spectrum took ~ 1-2 hours to coll@dte spectra
were fitted using a full transmission integral wahnormalized Lorentzian-squared source
lineshape using the MossA software package (Presehal., 2012). Room temperature
spectra were collected from 12 to 77 GPa. AfterG3®a the sample was laser heated at ~
2000 K (measured by the spectroradiometry methbdaeh pressure step to relax stress and
spectra were collected before, during, and aftatihg.

5.3.4 Results

At low pressure and ambient temperature the speotraist of two main absorption features
with a shoulder in between (Fig. 5.3.4.1) that barfitted with two doublets that correspond
to HS Fé* and HS F& according to their hyperfine parameters (Fig.423. Upon pressure
increase a new doublet begins to emerge above GR&and becomes well resolved above
52 GPa (Fig. 5.3.4.1). The doublet has extremegh quadrupole splitting (QS) and is
similar to the component reported in previous gsdiKupenko et al., 2014; McCammon et
al., 2008; Potapkin et al., 2013). Upon pressuceeimse the abundance of the new high QS
component grows at the expense of the doublet soreling to HS Fé. After heating of
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Fig. 5.3.4.1. Selected higiressure SMS spectra of g gd€y.2:Al 006510903 perovskite at roor
temperature. The solid lines show the theoretitahfe arrows show the amount of absorption
the residual is indicated below eespectrumAfter 39 GPa the sample was laser heated at ~ R(

at each pressure step.

the ample at ~ 40 GPa and ~ 2000 K (as measured byremsiometry) another ne
doublet was observed with narrow linewidth (FWHN.2 mm/s), relatively low CS -0.2
mm/s) and QS (~ 0.9 mm/s) (F5.3.41). The CS of the new narrow doublet remains alr

unchanged at pressures up to 77 GPa. 5.3.42). The relative area of the narrow doul
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remained below ~ 5% in all of our experiments (I5.3.42), and its first appearance at
GPa and slight increase of intensity uporheating of the sample aligher pressures
correlate clearly with a decrease in the relatiraaaf the HS F** component by a similz
amount. The hyperfine parameters of all componenithout considering the low CS **
doublet) are consistent with previously reportedues frcm energy domain Mdssbat

spectroscopy studies (reviewedMcCammon et al., 2013).
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Fig. 5.3.4.2. Effect of pressure on the hyperfineameters of My g 21Al 0.065i0.0203 perovskite at

room temperaturéifter 39 GPa the sample was laser heated at ~ RGiGach pressure st

At high temperature the CS values of the Mdssbai@nfonents provide the nov
possibility of an internal thermometer to probe thmean temperature of the sam
independently of the spectroradiometry measuremériis latter show only the highe
temperature of the sample surface and thereforé tenoveretimate temperaturge.g.,

Campbell et al., 2007 here are two main contributions to the — the isomer shift and tF
second order Doppler shift (SOI[(e.g., Greenwood and Gibb, 19. The SOD varies
approximately linearly with temperature for both®* and F&" components in the hi-

temperature Debye lim{Housley and Hess, 19¢, which can be estimated as=—7.3-10*
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mm/s/K. Although we made an effort to prepare sasphat were thin (iout 5 to 7 um
thick), the high temperature SMS spectra show @ragsition of components that can
modeled as absorption arising from hotter and co(iereafter referred to as “warn
material (Fig. 5.3.4.3Kupenko et al.,, 20lb; see also Supplementary Information

additional discussion).
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Temperatures were determined independently fronshifes of CS for F** and F&" for both
the hot and “warm” components of the spectra. Gbest results were obtained and

standard deviation of the temperature determinalidmot exceed 250 K and +160 K fo
the hot and “warm” regions, respectively. The hatnponents of the spectra consist of -
doublets that can be assigned t** and F&". The “warm” components of the spectra cor
of the same components as at ambient temperawo doublets corresponding to* (low
QS and high QS) and one*Feoublet. It is not possible to resolve the low G doublet
likely due to its low abundance and the presencdeaiperature gradients that red

resolution. For both the hot and “watr regions, all components show a decrease of Q¢

CS relative to the values at ambient temperatue 5.3.4.4).
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Fig. 5.3.4.4. Effect of pressure and temperaturthernyperfine parameters

Mo s & 21Al 0.06510.9/03 perovskite. Due thonhomogenags heating two sets of data are prese

arising from hotter and cooler (referred to as ‘Ww3grmaterial. Temperatures were determined fr
the shift of the CS values.
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5.3.5 Discussion
A. Fe* high pressure behavior

Chemical composition based on electron microprobéa,dMossbauer spectroscopy at
ambient conditions, and previous single crystab)-diffraction data of FeAlIPv (Glazyrin et
al., 2014; Kupenko et al., 2012b; Vanpeteghem gt 28106) lead to a crystal chemical
formula for the sample used in this study of
(MJo.83221f € *0.136(14F € 0.073(7) (Al 0.060(2S0.01624)03. Charge balance and site occupancy
considerations indicate that for this material bgsized at 26 GPa in a multi-anvil apparatus,
the A-site is completely occupied by magnesiumyoiegs and ferric iron, and the B-site
contains 0.024 £ 0.024 vacancies per formula unit.

Our data show no significant change in the hyperfparameters of the dominantf\Fe

doublet with increasing pressure at room tempegafkbigs. 5.3.4.1, 5.3.4.2), indicating that
no spin transition in that component occurs. Howgelkeating at 40 GPa in the DAC results

in a decrease in the relative area of the doulsleb@ated with F/ié and the appearance of a
new F&" doublet with low CS that we may assign to ferrianion the B-site (F&). This

assignment leads to the (approximate) crystal otemi  formula
(M90.832Fe2+0.13é:63+0.0619(A|0.06OSi0.91EFe3+0.O])O3a which is within the Uncertainty of the
chemical analysis. Rapid saturation of the chang&e relative area of Eewith increasing

pressure suggests that the occupation of the Bagiferric iron is controlled by the number
of defects arising from synthesis of the sampl@&tGPa, rather than as the result of an
exchange reaction involving &l (Catalli et al., 2011; Fujino et al., 2012). Weeathat high-
pressure high-temperature single crystal diffractistudies of FeAlPv with different
compositions (Dubrovinsky et al., 2010; Glazyriragt 2014; Kupenko et al., 2012b) firmly
exclude the presence of Al on the A-site, whilew percent of F& on the B-site would be

hardly detectable by X-ray diffraction methods.

The observed QS of the g'—‘ecomponent (=~ 1 mm/s) is much lower than the vatepsrted

in previous NFS studies (Catalli et al., 2011, 2016 et al., 2012) for LS ferric iron in the
B-site (~ 2.7-3.5 mm/s). At the same time the hiyperparameters (QS and CS) ongare

in excellent agreement with values reported forfe8 in octahedral oxygen coordination in
the high-pressure phases of FeOOH (Xu et al., 2848)CaFg), (Greenberg et al., 2013).
Thus, we conclude that Eeis in the LS state already at about 40 GPa.
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The difference of our results to those reportetieggiCatalli et al., 2011; Fujino et al., 2012)
may arise due to different methodologies used impéa preparation and chemical
composition characterization. The composition oAlP¥ in earlier studies (Catalli et al.,
2011; Fujino et al.,, 2012) were assumed to be #mesas the starting glass or the low-
pressure phases that were loaded into the DAC wagultwally transformed into FeAlPv by
laser heating at high pressure. Our present stuolys clearly that chemical composition and
particularly F&/SFe of FeAlPv depend on the conditions of synthasi$ thermal history,
and are not always equivalent to the starting nateWwe do not observe any high QS
component in our Méssbauer spectra with a CS thathe attributed to E& hence we
suggest that one possibility for the high QS congmbmeported by (Catalli et al., 2011, 2010)

is the presence of some?Fa their samples.

The data collected during the laser heating conthlat a large proportion of ferric iron in
FeAlPv, observed previously in the quenched san{plesst et al., 2004; McCammon, 2005,
1997), is preserved at the lower mantle conditibtmyever, our data show that only a small

amount of LS F§' is present in a composition of FeAlPv relevant floe Earth’s lower

mantle, which does not increase upon heating. \Wenseevidence of a spin change involving

Fei*, but only a decrease of QS and CS values duentpetature that is consistent with

previous NFS data (Kupenko et al., 2014). We, foeee conclude that HS-LS crossover in
Fe’* plays a negligible role in determining the projearof the deep Earth, while at the same
time changes in the type and distribution of vaesde.g., in the A- and B-sites) may
significantly influence elastic properties of Fe&lRnd, hence, the geochemistry of the

Earth’s lower mantle, in particular in its uppertpa
B. Fe** spin crossover

The nature of the new Fecomponent with extremely high QS continues to beadter of
strong debate. Ab initio computations predict theft' remains in the HS state at all mantle
pressures (Hsu et al., 2010; Stackhouse et alZ;20@emoto et al., 2010; Wentzcovitch et
al., 2012; Zhang and Oganov, 2006) and attribuéehigh QS F& component to different
stable local atomic configurations of HSiF.elndeed Mossbauer studies have shown the

presence of two different HS £eenvironments where the doublet with higher QS beo
more stable at both reduced temperature and highessure as predicted by theory
(Lauterbach et al., 2000; McCammon, 1994); howéwverexperimentally observed QS value
of the latter doublet lies well below that of thewnhigh QS F& component.
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Table 5.3.5.1 summarizes all experimental datalabai from NFS, MS and X-ray emission
spectroscopy (XES) for FeAlPv from studies wheos ioccurs predominantly as®eThere

is a large variation in the pressure range ovechvitie high QS Fé component dominates
the NFS and MS spectra, likely due to technicalesssuch as differences in non-hydrostatic
stress and pressure gradients between studiesh vilais undoubtedly contributed to the
controversy. However, there are several featuras dhe common to all studies. All XES
spectra show a drop in theKline intensity and a shift of the i ; line energy that imply a
drop in the average quantum spin number accordirgphventional data analysis. All NFS
and MS spectra show the appearance of the high @ScBmponent at moderately low
pressures (< 50 GPa) with increase in its contidbuto the spectra with increasing pressure
and increasing temperature. While hyperfine parameaderived from NFS and MS spectra
do not provide unequivocal identification of sptate, their values and trends with pressure
and temperature enable changes in spin state ¢teldy identified. All of the experimental
data available from XES, NFS and MS methods aresistant with assignment of the high
QS component at high pressures and ferrous compaiehnigh temperatures to IS ¥e
(Table 5.3.5.1).

C. Reevaluation of previous NFS spectra

The current study using the SMS technique enabtes\aluation of NFS data collected on a
similar sample at similar conditions. The new lo8 €€* component has a low abundance
and cannot be resolved with the low brilliance aoaventional radioactive MS source. The
time domain representation of the low CS*Feomponent is a weak low frequency
modulation of the main pattern and is also undeldet The new SMS data enable the
component to be clearly resolved, which providesnare accurate measure of cation
distribution. We are, therefore, able to reevaluatd improve the fitting model proposed in
Kupenko et al. (2014). Both the conventional MS &tkb data from Kupenko et al. (2014)
can be fitted with the model proposed in the curstady. Notably, the refitted NFS spectra
also confirm the presence of the additionaf*Feomponent with about 5% abundance

(Supplementary Information).

NFS data show that HS-IS spin crossover of' Fekes place over an extremely narrow
pressure range regardless of the fitting model. edip et al. (2014) attributed the

differences of NFS and MS spin crossover pressamgeas to pressure gradients inside the
DAC. SMS data were collected at the same condiesnSFS data on the same beamline and
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therefore should show similar results; however, Si& indicate a much broader pressure
range for HS-IS crossover. In order to resolve iht®nsistency we looked to fundamental
properties of the NFS technique. In the time dom@&presentation the FWHM of the
corresponding lines in absorption spectra detersnthe decay rate of the corresponding
beats. A time window of NFS spectra is gated toluge electronic scattering of a
synchrotron X-ray beam, which appear at early trinhe spectra and, therefore, cuts off the
initial part of the quantum beats. The FWHM of th® F&* component is the highest among
the all components (Fig. 5.3.4.1) and its main gbuation should, therefore, appear in the
gated region. The FWHM of the HS#eloublet increases with pressure, which amplifies t
effect. As a result the component cannot be deate(de is difficult to detect) at high
pressures. Our results clearly show the disadvargathe NFS technique for studies of multi
component systems with a high dispersion of compblireewidths.

The NFS high temperature data from Kupenko et28l14) show only a limited number of
spectral features and therefore a unique fit is pustsible. However, the results from the
current SMS high temperature study enable a marglEx (but realistic) fitting model to be
applied. We observe that the five-doublet fit oS spectra reported in the current study
significantly improves the quality of the fits tcheé NFS high temperature spectra
(Supplementary Information). The energy-domainespntation provided by SMS enables a
high temperature fitting model to be determined twesistently fits the data collected by the
two different techniques.

5.3.6 Conclusions

Our in situ Mossbauer spectroscopy measurementpregsures up tdBO GPa and
temperatures above 1700 K have unambiguously esdtedl the valence and spin states of
iron in Fe-, Al-bearing silicate perovskite at loweantle conditions. Our data confirm the
conclusions based on the studies of quenched sanipd a large proportion of iron in
FeAlPv in the lower mantle is in the ferric stafedst et al., 2004; McCammon, 2005, 1997).

We see no evidence of a spin change involvinﬁ,ﬁmither at high pressures nor at high
temperatures. The abundance o@*ﬁe on the order of 5% of total iron content andhably

below the detection limits of methods other thaergy domain Modssbauer spectroscopy.
The low amount of I%.é’ at lower mantle conditions suggests that spinstreer of F& does

not affect the properties of FeAlPv in the deeptliEarinterior. All previous experimental
data (XES, NFS, MS) of FeAlPv are consistent witB-I$ crossover of B& and high
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Table 5.3.5.1. Summary of experimental data thawige information about the Feelectronic state in (Mg,Fe)Si@nd (Mg,Fe)(Si,Al)@ perovskite at high

pressure and/or high

temperature.

Reference Method Experimental observation Interpretation based on tle present study
Badro et al. XES S~2at30GPaand RT; S~ 1 at 70 GPa and RT all F¢* is HS at 30 GPa; all Eeis IS at 70 GPa
(2004)
Li et al. (2004) XES S drops from 2 to ~ 1 continsky on compression from IS F€~ first appears at 30 GPa and gradual HS-IS crossakes place with
30 to 100 GPa at RT increasing pressure that is complete by 100 GPa
Lin et al. XES S ~ 1 at 108 GPa and RT and remains constémt wi all Fe™ is IS at 108 GPa and remains stable with heatin at least 3000
(2008) heating up to 3000 K K
Lin et al. XES S ~ 1 at 120 GPa and RT; S increases to ~nL.5 o| all F€" is IS at 120 GPa and patrtially reverts to HS Ba decompression tp
(2010) decompression to 60 GPa and RT 60 GPa
Jackson, (2005 NFS Appearance of high frequenmypoment (high QS | IS F€™ first appears at 40 GPa and gradual HS-IS crossakes place with
doublet) at ~ 40 GPa and RT; contribution increases increasing pressure that is not complete by 120 GPa
compression but does not visually dominate spectrym
even at 120 GPa
Li et al. (2006) NFS Appearance of high QS douatet20 GPa and RT; | IS Fée™ first appears at 40 GPa and gradual HS-IS crossakes place with
contribution increases on compression but does not increasing pressure that is not complete by 100 GPa
visually dominate spectrum even at 100 GPa
Lin et al. NFS High QS doublet dominates spectrum at 110 GB&Rd all Fé'is IS at 110 GPa
(2008)
McCammon et| NFS, Appearance of high QS doublet at ~ 30 GPa and RTT; IS F€™ first appears at ~ 30 GPa and HS-IS crossoves talaee with
al. (2008); MS contribution increases with both compression and increasing pressure up to 60-80 GPa where it is tbenplete; 1S Fa
Narygina et al. heating; doublet visually dominates NFS spectrHLat proportion increases with heating up to at leaS01Q
(2010) GPa and constitutes 100% ofFabsorption at 110 GPa
in MS spectra
Grocholski et NFS High QS doublet present at 50 and 65 GPa diuR@loes Some IS F€ is present at 50 and 65 GPa but other componadtsra
al. (2009) not dominate spectrum phases are also present
Lin et al. NFS Appearance of high QS doublet at ~24 GPa and R[T IS Fe* first appears at 24 GPa and HS-IS crossover falkes with
(2012) contribution increases on compression and visually increasing pressure up to ~60 GPa and S freportion remains
dominates spectrum by ~ 60 GPa with minimal chanmge approximately the same up to 110 GPa
to 110 GPa
Kupenko etal.| NFS, Appearance of high QS doublet at ~ 35 GPa and RTT; IS F€™ first appears at ~ 35 GPa and HS-IS crossoves tplaee with
(2014) MS contribution increases with both compression aradihg | increasing pressure to completion more rapidhiheNFS experiment likely

but pressure for completion is different for theNE50

due to fundamental properties of the NFS techn{gae Discussion

GPa) than for the MS (>90 GPa) experiment

subsection 3). IS Béproportion increases with heating up to at le@8I02K

S: average quantum spin number; RT: room temperaXES: X-ray emission spectroscopy; MS: Méssbapectroscopy (energy domain); NFS: Nuclear forward
scattering; 1S: intermediate-spin; HS: high-spilg: Quadrupole splitting.
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temperature data show that the IS state is stadiliglative to the HS state at high pressures
and high temperatures. We therefore conclude teaiHv in the lower mantle contains
predominantly 1S Fé and HS F&. Further examination of the relations between the
Fe*'/TFe ratio, the type and distribution of vacancie§éAIPv, and the synthesis conditions
is necessary in order to elucidate their possitierts on the elastic and transport properties

of Fe-, Al-bearing silicate perovskite at condisasf the deep Earth’s interior.
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5.3.8 Supplementary information
A. Refitting of nuclear forward scattering (NFS) specta

The outstanding energy resolution of Synchrotrorssb@uer Source (SMS) spectra enables
improved fitting of the Kupenko et al. (2014) higgmperature nuclear forward scattering
(NFS) spectra, and also the opportunity to verlg ttonsistency of their conventional
radioactive source Mossbauer spectroscopy (MStispedth the fits proposed in the present
paper. At room temperature addition of the new ®% Fé" doublet provides consistent fits
of the MS spectra (Fig. 5.3.8.1a) and the NFS spdEig. 5.3.8.1b). The original fits to the
high temperature NFS spectra of Kupenko et al. 42@ksuming a uniform temperature of
the entire sample show some deviations from themxental data (Fig. 5.3.8.2a), while the
new fits incorporating nonhomogeneous heating awete in the present paper provide an
excellent model of the data (Fig. 5.3.8.2b).

B. Thermal gradients in laser-heated DAC experiments

The temperature gradient observed in SMS spechliected from laser-heated diamond anvil
cell (DAC) experiments is likely the result of nmmogeneous thermal isolation of the
powder sample. Diamond has a high thermal condugtitherefore, small deviations in
thickness of the thermal insulation between thendiads and the sample result in significant
variation in the quality of the heating. We obsenseveral places on the sample that could
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be well heated but a shift in position c-10 um may result in a substantial reduction
temperature at the same laser power. Defocusintheoaser beam did not result in &
change of the heating spot size. An ilase of the laser power allowed the spot to r
higher temperatures but did not noticeably chahgesize of the spot. We compared the
of the laser heated spot with that of th-ray beam in our experiment. The size of tt-ray
beam was measured b@ 20 vertical um by 10 horizontain, while a rough estimation
the heated spot size based on correction of thativel areas of the hot and “wan
subspectra with the difference in the re-free fraction lead to a diameter in the range-
10 um.Our results demonstrate the importance of sampd@gpation considerations f
experiments involving laser heating in the DAC dedpwith X-ray techniques using a lar

beamsize.
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Fig. 5.3.8.1. Highpressure spectra of 1y g 2:Al 9.06Si0.003 perovsite at room temperatul
reported inrKupenko et al. (201. fitted with the model from the current paper. Tbédslines show
the theretical fits. a) Conventional radioactive sourcédgbauer spectrum; b) NFS spectrum.

arrows indicate the degree of absorption in theddéser spectrum and the residual of the

indicated below the spectrum.
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Fig. 5.3.8.2. Comparison of the original fits with the (b) new fits to the hi-pressure high-

temperature NFS spectra of o g 21/Al g.06Si0.0203 perovskite reported bgupenko et al. (201..

The fits in part (b) correspond to the ones derivedh the SMS spectra as described in the mair

of the present paper. The indicated temperatueethase measured using spectroradion

96



5.4 In situ Raman spectroscopic study of the pressure induced structural

changes in ammonia borane
llya Kupenkd, Leonid Dubrovinsky; Vladimir Dmitriev?, Natalia Dubrovinskafa

'Bayerisches Geoinstitut, Universitat Bayreuth, 9584ayreuth, Germany

2Swiss-Norwegian Beam Line, ESRF, F-38043 Grenobte France

3Material Physics and Technology at Extreme Conditjd_aboratory of Crystallography, Physics
Department, Universitat Bayreuth, 95440 Bayreuthrr@any

The Journal of Chemical Physics (2012), 137, 074506
5.4.1 Abstract

The effect of static compression up to 65 GPa diiam temperature on ammonia boraA8),
BH3NHj3;, have been investigated using in situ Raman spexipy in a diamond anvil cells. Two
phase transitions were observed at approximatelgR& and previously not reported transition
at 27 GPa. It was demonstrated that ammonia bdyahave differently under compression at
guasi-hydrostatic and non-hydrostatic conditionke &bility of BHNH3; to generate second
harmonic of the laser light observed up to 130 GlRggests that the non-centrosymmetric point

group symmetry is preserved in the material upety high pressures.
5.4.2 Introduction

AB is a promising candidate for hydrogen storagetduiés remarkably high gravimetric (19.6
wt% H) and volumetric (145 gHt) hydrogen content (Blaquiere et al., 2008; Stepheral.,
2007). Hydrogen is irreversibly released fral in 3 steps in the temperature range between 80
and 500 °C with sequential formation of polymenmgiaoborane, iminoborane and boron nitride
(Baitalow et al., 2002; Baumann et al., 2005; Bowdeal., 2008; Denney et al., 2006; Hu et al.,
1978; Storozhenko et al., 2005; Wolf et al., 200%t).ambient condition#AB is a soft white
powder. It crystallizes into tetragonal structuspgce group4mn) with disordered hydrogen
(Bowden et al., 2007). The low temperature phas5% K was investigated by Raman
spectroscopy (Hess et al.,, 2008) and powder neutibraction (Yang et al., 2008) and its
properties were studied using ab initio calculagi¢Bong et al., 2012). Numerous investigations
were made to examine high-pressure behavioABf but the results are still controversial
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(Chellappa et al., 2009; Chen et al., 2010; Custglcand Dreger, 2008ilinchuk et al., 2009
Kumar et al., 2010Lin et al., 2012, 20Q8Nylén et al., 2009; Xie et al., 2009). In some of
previous studies phase transitionsAB were recognized on pressure dependence of Raman
spectra and were reported near 1 GPa (Chellappla @009; Custelcean and Dreger, 2008

et al., 2008 Nylén et al., 2009; Xie et al., 2009), at 5 GPadlGppa et al., 20Q9in et al.,
2008 Nylén et al., 2009; Xie et al., 2009), at 8 GPag(¥t al., 2009), at 10 GPa (Chellappa et
al., 2009; Xie et al., 2009), and at 12 GPa (Lialet2008). The phase transition at 1 GPa was in
detail investigated using X-ray diffraction (Cherak, 2010; Filinchuk et al., 2009; Kumar et al.,
2010; Lin et al., 2012) and thermal conductivityaserements (Andersson et al., 2011) and it is
identified as a disorder-order phase transitiomftbe tetragonddmmto orthorhombicCmc2
structure. Meanwhile there is no consensus abdwavier of AB on compression based on X-
ray diffraction data. In the work by Filinchuk dt €009) no other transitions were observed up
to 12 GPa apart one at 1 GPa, while Kumar et 8l1@P suggested one more transition to the
triclinic P1 structure around 8 GPa and no furtinensitions from 8 up to 27 GPa. In the work
by Chen et al. (2010) a phase transition at 5 GBa neported and no further transformations
were detected upon compression up to 23 GPa.. tial.e(2012) reported second order
isostructural phase transition was around 5 GPafigstdorder transition to R2structure at 13
GPa. Several theoretical calculations were donecarmimg high pressure phases AB
(Andersson et al., 2011; Filinchuk et al., 2009 kt al., 2012; Ramzan and Ahuja, 2010; Wang

et al., 2011) but again with no consensus.

This study was aimed to improve our understandfrthehigh-pressure behavior AB that can

be very useful in the future design of the stonagelium for hydrogen.
5.4.3 Experimental methods

Commercially available crystallindB powder (>97% purity) was purchased from Sigma
Aldrich. The purity was checked at ambient condiidyy the Raman spectroscopy and X-ray
powder diffraction. All observed Raman modes of #tarting material were found to be
associated with thAB so it was used without further purification. Highessure measurements
were carried out using diamond anvil cells (DACH)e diamonds used had 250 um culets. A
200 um thick Re gasket was pre-indented to aboytrBGthicknesses and a 125 yum hole was

drilled in the centre. Samples were loaded at reemmperature. Ne or He as a pressure medium
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was loaded at pressure of 1.2 kbar. Some cells Voa@ed with no pressure transmitting
medium. A few ruby balls were placed into the puesshamber and used as a pressure marker.
The pressure was determined with precision of (A By measuring the frequency shift of the
ruby R1 fluorescence line (Mao et al., 1986). Thespure was measured before and after each

spectra collection. The difference in pressure ma®xceeding 0.5 GPa.

One DAC with small culet-size (120 um) diamonds iforestigations in a megabar pressure
range was loaded without a pressure medium. Indhse the pressure was measured using

Raman spectra of diamond itself (Dubrovinskaid.e810).

The Raman spectroscopy was performed by excitingaRamodes using a 514.5 nm*Aon
laser (Coherent Innova 300). The scattered sigaalaellected in a backscattering geometry and
analysed by a T64000 System (Dilor XY) with theuld nitrogen cooled CCD detector. The
1800 groove/mm grating was used with a final resmiuof 0.6 cn.

Second harmonic generatida=635.44 nm) was realised using the’NMAG (A= 1071nm) SPI
laser light with a power varied from 5 to 30W irffeient measurements. The laser beam was
focused by MolTechr-shapers and Precitec laser heads (Dubrovinskyl.et2@09). The
observation and spectral analysis of the generagbtd were done using respectively uEye™
usb-cameras and Acton SP2300 spectrometer (Prin¢estruments) with the PIXIS400 CCD

detector. The 1200 groove/mm grating was used avithal resolution of 0.032 nm.
All experiments were carried out at room tempegatur

5.4.4 Results

C. High pressure Raman spectroscopic measurements ofiBNH3

Raman vibrational spectra 88 were measured as a function of pressure fromd@/ér 64
GPa (Fig. 5.4.4.1). At 0.8 GPa all modes of the Rarspectrum can be assigned using factor
group analysis (Hess et al., 2008) and they argaod agreement with previous studies
(Chellappa et al., 2009; Custelcean & Dreger, 2008;et al., 2008; Xie et al., 2009) (Fig.
5.4.4.1). A broad weak peak at 546 ¢iis assigned as a librational mode (see Chaptes fo4
better resolution). The two weak modes that arggasd as a combination of N-H and B-H

rocking deformation modeg(N-B-H), are observed at 738 and 1093 tmrespectively. The B-
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N stretching manifests itself in two mod™'B-N, v(*!B-N), at 803 cm" and less intensiv'B-
N, v(*®B-N), at 817 cit. Two B-H bending modes at 1164 and 1192 are assigned as
symmetric, ws(B-H), and asymmetricw.{B-H), respectively. The symmetriwgN-H), and
asymmetric,wadN-H), N-H bending modes are observed at 1376 and 15¢. There are
symmetric,vs(B-H), and asymmetriw.dB-H), B-H stretching modes at 2291 ~*.and 2382 cm
! respectively. The N4 stretching vibrations are seen at 3251 for symmetric,v{(N-H), and

at 3312 crit for asymmetricvadN-H), modes. Fermi resonance at 317¢* is also observed.
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Fig. 5.4.4.1 Representative high pressure Raman specAB. 1. N-H and BH rocking deformatiol
modesp(N-B-H). 2. 'B-N stretching modwv(*'B-N). 3.'%B-N stretching mode(*°B-N). 4. Symmetric B-
H bending mode»s(B-H). 5. Asymmetric H bending mode¢(B-H). 6. Symmetric I-H bending mode

ws(N-H). 7. Asymmetric NH bendirg modew.dN-H). 8. Symmetric B4 stretching modwy(B-H). 9.
Asymmetric BH stretching modvg(B-H). 10. Symmetric N-H stretching modgN-H). 11. Asymmetric

B-H stretching mode(B-H).

Lattice vibration region

The Raman spectra 8B and the Raman fruency shift as a function of pressure for thedat
vibration region (100 ciito 700 cri™) are shown in Fig. 5.42. At 0.8 GPa none of the latti
modes are observed. At pressure of 2.4 GPa thertvarclearly seen lattice modes: LM1 at :
cmitand LM2 at 237 cit. With increasing pressure both modes exhibit the bhift and on
new mode LM3 at 245 cthappears at 10.2 GPa . The monotonous blue shtfieddll thre
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Table 5.4.4.1. The pressure dependence of the Rsinifath/dP, cni/GPa) of various Raman modes of

AB within three pressure intervals correspondingifferednt high pressure phases.

has 2-10 GPi  1C-26 GPi  Above 26 GP
mode phase phase phase

LM1 4.0(7) 3.09(13) 1.90(5)
LM2 18.8(1.6) 5.2(3) 2.42(12)
LM3 - 3.77(14) 2.87(17)
LM4 - - 1.18(10)
LM5 - - 1.97(12)
LM6 - - 2.75(8)
LM7 - - 1.59(6)
LM8 - - 2.89(8)
Low frequency(N-B-H), 4.4(5) 3.6(3) 2.39(7)
Low frequency(N-B-H), - 2.11(13) 1.29(5)
Low frequency(N-B-H); - - 1.3(4)
High frequency)(N-B-H), 3.3(8) 0.84(10) 1.18(4)
High frequency)(N-B-H), 4.6(4) 2.91(15) 1.92(6)
High frequency(N-B-H)3 - 1.6(4) -
v(*'B-N); 8.5(7) 4.2(3) 3.36(15)
v(*'B-N); - 5.2(4) 3.70(18)
v(*'B-N)3 - - 3.7(5)
v(*B-N) 9.1(6) 4.9(3) 4.3(3)
ws(B-H) 2.8(3)
wadB-H)1 2.1(4) 2.68(15) 2.40(13)
waB-H), 4.9(5) 5.4(3) -
wadB-H)3 - 3.2(4) 2.53(9)
wyN-H) 0.1(3) -0.3(7)
wadN-H) 1.3(8) 1.6(2) 0.52(7)
vs(B-H) 8.6(6) 6.7(4) 5.99(16)
VadB-H): 7.9(6) 8.3(5) 5.7(2)
vadB-H), 11.0(1.5) 5.8(4) 6.2(3)
VadB-H)3 12.3(1.7) 7.9(6) 5.4(1.7)
vs(N-H) -0.9(3) -1.67(15) -1.75(4)
vadN-H); -1.5(4) -2.9(3) -0.34(13)
vadN-H), - 2.9(3) 2.13(4)
vadN-H)3 - - 0.29(8)
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lattice modes is observed up to 26.0 GPa whentiggliof LM2 occurs. The single LM2 mo
splits at into two pdes located at 39 cni* (LM5) and at 435 citt (LM2). The latter has a broe
shoulder (see Chapter 5.4@ better resolutior extended to at approximately 485~. Upon
further compression this shoulder becomes a cleadglved peak (LM6) that indicis that the
LM2 singlet splits in fact into a triplet abo'126 GPa. At 26.7 GPa LM1 splits into two pe:i
with approximate separation of 20 ~*. Further shift of the both peaks under pressur
characterized by the very similar pressure depereddv/dP (Table 5.4.41). One new mode
LM7 at 138 cm' appears at 26.7 GPa. All lattice modes above 26# €xhibit blue shif
without any significant changes both in the shaphe peaks and in their pressure depend
(Table 5.4.41). At 53.5 GPa LM3 dits into a doublet with ~ 5 crhbetween the banc
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Fig. 5.4.4.2. Raman spectra/AB shown in the lattice vibration region (a) and treRn frequency shi

as a function of pressure (b).

B-H and N-H rocking deformation region

The Raman spectra arftetRaman frequency shift as a function of presturthe E-H and N-H
rocking deformation region are shown in F5.4.43. Low frequency mode (738 ) splits into
a doublet at 2.4 GPa that exhibits blue shift up.6GPa where this doublet cannoiresolved,
then at 16.0 GPa a splitting to a doublet occure@gain. At 26.7 GPa a weak low freque
shoulder of this mode appears. This shoulder catmeotresolved above 41.9 GPa. H
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frequency mode (1093 ¢m) that looks like a broad weak peak at GPa shows red shift ar
appears as a part of a doublet at 2.4 GPa. Uptimefucompression it splits into a triplet at
GPa. At 10.2 GPa a splitting of the central peaktrsd triplet occurs accompanied w
weakening of high and low frequency shors. At 11.6 GPa high frequency-H and N-H
rocking deformation mode appears as a doubletaatitlue shifts up to the maximum press
achieved in this study.
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Fig. 5.4.4.3. Raman spectra/AB in the B-H and N+ rocking deformation region (a,c) and iRaman
frequency shift as a function of pressure

B-N stretching region

The Raman spectra and the Raman frequency shi& asiction of pressure for the-N
stretching region are shown in Fi5.4.44. Frequencies of both -N stretching modes
significantly increase with pressure (Tal5.4.41) up to 10.2 GPa when splitting of t"'B-N
mode occurs. At 26.7 GPa t'%B-N mode can be seen only as a weak shoulder ands
frequency shoulder dfB-N mode is appearing. All four peaks continue insirgin frequency
with pressure and merge into a broad single peakoaind 45 GP

B-H bending region

The Raman spectra and the Raman frequency shaffuasction of pressure for the-H bending
region are shown in Fih.4.45. The symmetric B-H bending medlearly seen at 0.8 GPa
decreasing in intensity with pressure and is badeklgctable at 8.4 GPa. The asymmetric n

splits into a doublet at 2.4 GPa. With further ptee increase it exhibits a blue shift, and at
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GPa it splits again. Above Z6Pa this doublet merges into one peak and remaigkesup to 4-
GPa when the band is masked by the diamond vilmltlmand at 1332 ¢

Intensity, arbitrary units

Intensity, arbitrary units
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Fig. 5.4.4.4. Raman spectraAB in the B-N stretching regiofa) and the Raman frequency shift ¢
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N-H bending region

The Raman spectra and the Raman frequency staffuasction of pressure for the-H bending
region are shown in Fi$.4.46. The symmetric bending mode stays as a singtetva change
and coalesced into the diamond peak above 16.0 gaBas not presented. The asymme
mode at 2.4 GPa splits into a doublet and is r&trghin the pressurrange 0.-4.8 GPa. Above
4.8 GPa it shows blue shift and at 10.2 GPa mexessinglet. With further pressure incre
this mode rapidly loses intensity and can be sedyas a very weak peak at 16.5 GPa. At :
GPa a broad peak at 1540 * which isascribed as an overtone of the low frequen-H

rocking modes is clearly seen. With increasing sussit first splits into a doublet at 16.0 C

and then both these peaks split again at 26.7

(a)

25000 4

(b)

s" / T L
, / / [
| / 57.1GPa | ] |
1620 A - e Ria
S i 49.5 GPa ™ "
7 ]
4¥9GPa 1600 4.0 g0 D.. s
—. Bl i B N-H|bending asymmetric mode 2
- - - O N-H bending asymmetric mode 1 A
£ 15000 (26.7 GPa e 1580 } -
£ A
S T [} A A A A A A A
E £ a B
"A; c 1560 2 o t
= 230 GPa 2 A AL v ¥ ¥
g 10000 © A A%
2 16.0 GPa £ 1540 A Y v
= & v
102 GPa o ® .- 0O lo v v
0]
1520 - ’003.-00.0 . i
5iito 4 ® Overtone ®
@
1500 4 O Overtone e, S
| v/ v Overtone e o
- A Overtone L
B e 1480 , : : . : :
‘ ‘ 0 10 20 30 40 50 60
1500 1550 1600 1650
P, GPa

Raman shift, cm

Fig. 5.4.4.6. Raman spectraAB in the N-H bending igon (a) and the Raman frequency shift

function of pressure (b).
B-H stretching region

The Raman spectra and the Raman frequency shi& asiction of pressure for the-H
stretching region are shown in F5.4.47. All modes between 2200 and 26(m™ exhibit blue
shift during compression. At 0.8 GPa three mairkpesdie observed: the-H symmetric mode at
2291 cm?’, the BH asymmetric mode at 2382 ~*, and a broad shoulder at 2460 that is the
seconderder Raman peak of diamc (Xu et al.,, 2002) At 2.4 GPa this stulder disappears
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while the asymmetric mode splits into a doublet also the 2365 ¢ mode, assigned (Lin et
al., 2008)as an overtone of the-H bending mode, is seen. (The small narrow pe&8at cn™
which is not affected by pressure is an excitatwbriN, molecules in the air). pon further
compression all four modes continue blue shiftingd doecome worse resolved wino

significant changes up to 64 G
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Fig. 5.4.4.7. Raman spectraAB in the BH stretching region (a) and the Raman frequendy ahia
function of pressure (b).

N-H stretching region

The Raman spectra and the Raman frequency shi& asiction of pressure for thB-H
stretching regiorare shown in Fig5.4.4.8. Fermi resonant and bothH\stretching modes sha
red shifting at pressures between 0.8 and 5.1. At 6.6 GPa the Fermi resonant mc
disappears, while the stretching modes continuesingting. At 16.0 GPa the asymmetric mc
splits into a doublet. The higher frequency peakhefdoublet starts blue shifting and the lo
frequency peak continueed shifting. At 26.0 GPa the higher frequency mepghts into two
modes again, both exhibiting blue shifting but wdlfferent pressure dependences (T:
5.4.41). The symmetric mode red shifts up to maximunsguee achieved in this study, 64 G
while the low frequency peak of the asymmetric modevshoo significant shifting above
GPa.
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D. Second harmonic generatio

The obsevation and spectral measurements of the genesatauhd harmonic (SH) of the las
light were made up to 130 GPa (F5.4.49). At each pressure step measurements of positi
the peak, its intensity and the full width at haléximum was made at derent powers of the
exiting light. No any notable changes of the positof the peaki=535.44 nm) and of the fL
width at half maximum (0.2 nm at 10 W power of theiting laser) with respect to the press

were observed. It is difficult to comment absolute values of the SH intensity as a functib

(b)
Fig. 5.4.4.9. Photograph showing the green lighiegated upon irradiation AB by the NIR (1070 nm)
light at 130 GPa (a); the spectrum of the corredpgnSHG (b)
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pressure because the intensity is strongly affetigdhickness of the generating medium

(Klimontovich, 1966) and it is hardly possible toncluct measurements at exactly the same
point of the sample. However, the SHG effect waarty observed up to the highest pressure,
130 GPa, reached in this study (Fig. 5.4.4.9)ithaties the absence of the center of inversion in

the point group symmetry of allB phases detected throughout this pressure interval.
5.4.5 Discussion

The low-pressure phase transformation at about 4 GP 1), is well established and described
in literature (Andersson et al., 2011; Chellappalet 2009; Chen et al., 2010; Custelcean &
Dreger, 2003; Filinchuk et al., 200RQumar et al., 2010Lin et al., 2008 Nylén et al., 2009; Xie

et al., 2009), so that we did not focus on it iis thork. Based on the analysis of the behavior of
the Raman modes above about 5 GPa described irteCttap.4, we report two phase transitions
in AB observed in the present study: at around 10 GPdlfTand 26 GPa (Tr. Ill). The clear
manifestation of Tr. Il is splitting of the LM1 andB-N stretching modes, each one into a
doublet (Fig. 5.4.4.2 and Fig. 5.4.4.4 respectivadpserved at 10.2 GPa. Although splitting of
the low frequency asymmetric B-H bending mode éadly seen only at 11.6 GPa and splitting
of the asymmetric N-H stretching mode and low fesgry B-H and N-H rocking deformation
mode are clearly seen only at 16.0 GPa, the brargleand asymmetric form of the
corresponding peaks is already visible at 10.2 Gigs. 5.4.4.3, 5.4.4.5 and 5.4.4.8) indicated
as the pressure of Tr. Il. At the same pressurasigenmetric N-H bending mode merges from a
doublet to a singlet (Fig. 5.4.4.6). The high fregcy B-H and N-H rocking deformation modes
merge from triplet to a doublet also at 10.2 GPa&y.(5.4.4.3c). The comparison of our

observations with other studies is presented inelal#.5.1.

Significant changes are seen in Raman spectrgpabamately 26 GPa. First, further splitting of
LM1 is obvious, and splitting of LM2 and low frequey B-H and N-H rocking deformation
modes (not reported in any previous publicatiosspbserved (Fig. 5.4.4.3). Second, the new
LM7 lattice mode appears at 26.7 GPa (Fig. 5.4.4r®) the high frequency asymmetric N-H
stretching mode splits (Fig. 5.4.4.8). In the wbykChellappa et al. (2009) similar splitting was
declared to occur in thAB-H, complex, but we did not detect any hydrogen mdugshe
Raman spectroscopy in the 4150-4450"arange. The low frequency peak of the asymmetric B-

H bending mode merges into a singlet at this pressu
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In the entire pressure interval studied all Ramardes of AB are blue shifting upon further
compression above 26 GPa except the symmetricaandréquency asymmetric N-H stretching
modes that are red shifting. Such behavior of tbheeas indicates strengthening of the B-H- - -H-
N dihydrogen bonding at higher pressures. Our tesuh odds with Chellappa et al. (2009)
where the partial breakdown of dihydrogen bondeslated due to reversing of the pressure

dependence of the symmetric N-H stretching modeme%0 GPa.

Table 5.4.5.1. The comparison of this study wittkeliZtppa et al. (2009), Lin et al. (2008), and
Xie et al.(2009).

Linetal. Chellappaet Xieetal.

This study (2008)  al. (2009) (2000)
Tr. 1l at around 10GPa
Splitting of LM1 not observed observed obseg\lge;d ats
Splitting of 'B-N stretching mode observed  not observedot observed
Splitting of asymmetric B-H bending observed observed observed
mode
Splitting of asyrrr:]r;]g;nc N-H stretching not observed observed not observed

Splitting of low frequency B-H and N-H
rocking deformation mode
Merging to a singlet of asymmetric N-H was always

bending mode a singlet
BI\_A: r:rlwr(;gl\f?HargzlL:i?llget d(;ffgfnha;rsgursgggsnot observed not observed  observed
Tr. 1l at around 26 GPa

Further splitting of LM1 - not observed -
Splitting of LM2 - not observed -
Splitting of low frequency B-H and N-H
rocking deformation modes
Appearing of LM7 - not observed -
observed in

observed not observed not observed

observed observed

- not observed -

Splitting of high frequency asymmetric

N-H stretching mode ) AB-H; )
complex
Mergi f tric B-H '
erging of asymmetric bending i observed )

mode
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Several spectra oAB were collected during decompressicConsiderabl hysteresis was
observed for the second phase transition. While ghase Il first appears at 26 GPa
compression, the peaks corresponding to this plvase detected down 119.4 GPa. Hysteresis

was not observed for the first phase transitiom(ri® GPa) between phases | an

Based on the available Raman spectroscopy dataamesgoppose that the reported pr
transitions happen due to strengthening of hydrdgerding which leads to th¢ppearance of
richer Raman spectra. In turn, strengthening ofH-H interactions may explain relatively Ic

pressure dependence of the Raman shift for suatharrsoft material éAB.
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Fig.5.4.5.1. Representative high pressure Ramariragaken uponon-hydrostatic compression AB.

In order to find reasons of some differences in Rammodes behavior in our study compare
Chellappa et al. (2009)jn et al (2008), and Xie et al. (2009)e have investigated several c«
loaded with no pressure transmitting medium. Ramiénational spectra oAB under non-
hydrostatic conditions were measured in the pressuerval from 8 to 29 GPa (Fi5.4.5.1).
The resolution of Raman peaks became much worgbhasahe splitting of some modes ji
could not be detected. Besides a lack of resolutioa major diffrence between the spec
obtained in hydrostatic and r-hydrostatic conditions is that the splitting of tlatice mode:
and NH stretching modes, occurring only at 26 GPa inrbgthtic conditions, starts at low
pressure, of about 16 GPa in -hydrostatic conditions and is manifested in a littlefetiént
way. Namely, in norivydrostatic conditions in the lattice region onjlitting of LM1 (Fig.

5.4.5.2D) occurs without splitting of LM2 and appearingasohew LM7 mode (Fi. 5.4.5.2a). In
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the N-H stetching region the splitting of the low frequencgym@metric stretching mode tak
place (Fig. 5.4.5.2d) in nemydrostatic conditions, while in hydrostatic comalis the higl
frequency asymmetric mode splits (. 5.4.5.2). So it may be that hydroste conditions not
only change the pressure of the phase transitiohalso allow a transformation to a differt
phase. That can explain some discrepancy in olts@ngan our study and previous or
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Fig. 5.4.5.2. Comparison of Raman spectrAB obtdned at hydrostatic (a) and (c) and -hydrostatic

(b) and (d) compression. (a) and — lattice region, (c) and (d) — N-stretching regiol

In-house Xray studies of the crystal structureAB at high pressure are difficult due to the |

scattering pwer of elements forming ammonia borane. Theretfoeee is no any structural de

on AB at pressures above 27 GPa. That is why any additioformation about the symmetry

highpressure phase(s) is valuable. It is -known that the SHG is only poble in anisotropic
media without inversion symme (Klimontovich, 1966) Thus, due to the observation of -

SHG in the whole studied presstinterval, we are able to definitely declare thagamlless

pressure ranges and phase transformations AB atagsno-centrosymmetric ructure up to at
least 130 GPa.

5.4.6 Conclusions

Two pressure induced phase transitionAB were observed based on theman spectroscopy
data. The transitions were identified on the insecaf the number of the Raman mode
pressures of 10 GPa and 26 GPa. The red shifeofitiational frequency of the symmetri-H
stretching mode up to 65 GPa suggests strengthef the dihydrogen bond. It was found ti
the material behaves differently under hydrostaticl nor-hydrostatic compressiolAB was

found to have nonlinear optical properties, nantiedyability for the laser light second harmo
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generation that is an evidence of the absenceeceéhter of symmetry in the crystal structure of
the AB high pressure polymorphs. The X-ray structuraéstigations are necessary in the future

for identification of the high-pressure phase#é\Bf.
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Fig. 5.4.8.1. Raman spectrumAB shown in the lattice vibration region, low freqogm-H and N-H

rocking deformation region and B-N stretching regéd 0.8 GPa.
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Fig. 5.4.8.2. Raman spectrumAB shown in the high frequency lattice region at 26Ha.
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