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Abstract 

Large parts of the Earth’s interior are inaccessible to direct observation, yet global geodynamic processes 

are governed by the physical material properties under extreme pressure and temperature conditions. It is 

therefore essential to investigate the deep Earth’s physical properties through in-situ laboratory experiments. 

With this goal in mind, the optical properties of mantle minerals at high pressure offer a unique way to 

determine a variety of physical properties, in a straight-forward, reproducible, and time-effective manner, 

thus providing valuable insights into the physical processes of the deep Earth. This thesis focusses on the 

system Mg-Fe-O, specifically on the optical properties of periclase (MgO) and its iron-bearing variant fer-

ropericlase ((Mg,Fe)O), forming a major planetary building block. The primary objective is to establish links 

between physical material properties and optical properties. In particular the spin transition in ferropericlase, 

the second-most abundant phase of the lower mantle, is known to change the physical material properties. 

Although the spin transition region likely extends down to the core-mantle boundary, the effects of the 

mixed-spin state, where both high- and low-spin state are present, remains poorly constrained. 

In the studies presented herein, we show how optical properties are linked to physical properties such as 

electrical conductivity, radiative thermal conductivity and viscosity. We also show how the optical properties 

reveal changes in the chemical bonding. Furthermore, we unveil how the chemical bonding, the optical and 

other physical properties are affected by the iron spin transition. We find opposing trends in the pressure 

dependence of the refractive index of MgO and (Mg,Fe)O. From 1 atm to ~140 GPa, the refractive index 

of MgO decreases by ~2.4% from 1.737 to 1.696 (±0.017). In contrast, the refractive index of 

(Mg0.87Fe0.13)O (Fp13) and (Mg0.76Fe0.24)O (Fp24) ferropericlase increases with pressure, likely because Fe-Fe 

interactions between adjacent iron sites hinder a strong decrease of polarizability, as it is observed with 

increasing density in the case of pure MgO. An analysis of the index dispersion in MgO (decreasing by 

~23% from 1 atm to ~103 GPa) reflects a widening of the band gap from ~7.4 eV at 1 atm to 

~8.5 (±0.6) eV at ~103 GPa. The index dispersion (between 550 and 870 nm) of Fp13 reveals a decrease 

by a factor of ~3 over the spin transition range (~44–100 GPa). We show that the electrical band gap of 

ferropericlase significantly widens up to ~4.7 eV in the mixed spin region, equivalent to an increase by a 

factor of ~1.7. We propose that this is due to a lower electron mobility between adjacent Fe2+ sites of 

opposite spin, explaining the previously observed low electrical conductivity in the mixed spin region. From 

the study of absorbance spectra in Fp13, we show an increasing covalency of the Fe-O bond with pressure 

for high-spin ferropericlase, whereas in the low-spin state a trend to a more ionic nature of the Fe-O bond 

is observed, indicating a bond weakening effect of the spin transition. We found that the spin transition is 

ultimately caused by both an increase of the ligand field-splitting energy and a decreasing spin-pairing energy 

of high-spin Fe2+.
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IX 

Zusammenfassung 

Geodynamische Prozesse werden von den physikalischen Materialeigenschaften unter den extremen Druck- 

und Temperaturbedingungen des Erdinneren gesteuert, gerade diese Areale sind aber faktisch nicht für di-

rekte Beobachtungen zugänglich. Umso wichtiger ist es, die physikalischen Eigenschaften unter Bedingun-

gen des Erdinneren zu untersuchen. Mit diesem Ziel vor Augen erlaubt das Studium der optischen Eigen-

schaften von Mineralen des Erdmantels, eine große Bandbreite an physikalischen Materialeigenschaften, in 

einer einfachen, reproduzierbaren und effizienten Art und Weise zu bestimmen. Dadurch bieten sich wich-

tige Einblicke in die physikalischen Prozessen des Erdinneren. Die vorliegende Arbeit konzentriert sich auf 

das System Mg-Fe-O, im Speziellen auf Periklas (MgO) und seine Eisen-haltige Variante Ferroperiklas 

((Mg,Fe)O), ein wichtiger Baustein planetarer Körper. Das Hauptziel der Arbeit besteht darin Verbindungen 

zwischen optischen Eigenschaften und physikalischen Materialeigenschaften zu finden. Gerade der Spin-

Übergang in Ferroperiklas, der zweithäufigsten Phase des unteren Erdmantels, ist dabei von Bedeutung, da 

damit Veränderungen in den physikalischen Materialeigenschaften einhergehen. Obwohl sich der Spinüber-

gangsbereich vermutlich bis zur Kern-Mantel-Grenze erstreckt, sind die Auswirkungen des gemischten 

Spin-Zustandes, bei dem sowohl Hoch- als auch Tief-Spin präsent sind, nur unzureichend untersucht. 

Die hier vorgestellten Studien zeigen, wie optische Eigenschaften mit anderen wichtigen physikalischen 

Eigenschaften wie elektrischer und thermischer Leitfähigkeit, Viskosität oder auch mit der chemischen Bin-

dung verbunden sind. Daraus lässt sich auch ableiten wie der Spin-Übergang in Ferroperiklas diese Eigen-

schaften beeinflusst. Von Raumbedingungen bis zu ~140 GPa sinkt der Brechungsindex von MgO um 

~2.4 % von 1.737 auf 1.696 (±0.017). Im Gegensatz dazu steigt der Brechungsindex von (Mg0.87Fe0.13)O 

(Fp13) und (Mg0.76Fe0.24)O (Fp24) Ferroperiklas mit dem Druck an. Dies ist auf Fe-Fe Wechselwirkungen 

zwischen benachbarten Eisenpositionen zurückzuführen, die eine starke Verringerung der Polarisierbarkeit, 

wie im Falle von reinem MgO mit zunehmender Dichte, behindern. Eine Analyse der Dispersion des Bre-

chungsindexes von MgO (Abnahme um ~23 % von 1 Atm zu ~103 GPa) offenbart eine Verbreiterung der 

Bandlücke von ~7.4 eV bei 1 Atm zu ~8.5 (±0.6) eV bei ~103 GPa. Die Messung der Dispersion (zwischen 

550 und 870 nm) in Fp13 zeigt eine starke Abnahme über den Bereich des Spin-Überganges (~44–100 GPa) 

bis zu einem Faktor von ~3. Die Bandlücke nimmt in der Region des gemischten Spin-Zustandes signifikant 

auf bis zu ~4.7 eV zu (entspricht einer Zunahme um den Faktor ~1.7). Dies deutet auf eine Verringerung 

der Elektronen-Mobilität zwischen benachbarten Fe2+-Positionen mit unterschiedlichem Spin-Zustand hin, 

was die bereits in früheren Arbeiten beobachtete Abnahme der elektrischen Leitfähigkeit im Bereich des 

gemischten Spin-Zustandes erklärt. Absorptionsspektren an Fp13 zeigen eine Druck-bedingte Zunahme 

der Kovalenz der Fe-O Bindung für Ferroperiklas im Hoch-Spin Zustand, wohingegen Tief-Spin Ferroperi-

klas einen Trend zu einer mehr ionischen Fe-O Bindung aufweist, was auf einen Bindungs-schwächenden 

Effekt des Spin-Wechsels hinweist. Der Übergang von Hoch- zu Tiefspin ist letztlich auf eine Zunahme der 

Ligandenfeldaufspaltungsenergie sowie eine abnehmende Spinpaarungsenergie von Hoch-Spin Fe2+ zurück-

zuführen.  
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Allgemeinverständliche Zusammenfassung 

Große Teile des Erdinneren sind für direkte Untersuchungen nicht zugänglich; dabei spielen aber die ext-

remen Druck- und Temperaturbedingungen, wie sie in den Tiefen der Erde herrschen eine wichtige Rolle 

für die physikalischen Materialeigenschaften, die Geschichte und Entwicklung unseres Planeten beeinflus-

sen. Durch das Studium der optischen Eigenschaften von Mineralen lassen sich in einer einfachen und 

effizienten Art und Weise physikalische Prozesse des Erdinneren nachvollziehen. Die vorliegende Arbeit 

konzentriert sich dabei auf das System Magnesium-Eisen-Sauerstoff (Mg-Fe-O), das von grundlegender 

Bedeutung für die Zusammensetzung des Erdinneren ist. Ziel ist es, Verbindungen zwischen optischen und 

physikalischen Materialeigenschaften zu finden. Die Untersuchung konzentriert sich dabei vor allem auf 

Periklas (MgO) sowie dessen eisenhaltige Variante Ferroperiklas ((Mg,Fe)O), die einen wichtigen Baustein 

für den Aufbau von Planeten bildet. Bei Ferroperiklas, der zweithäufigsten Phase des unteren Erdmantels, 

führt der extreme Druck im Inneren der Erde zu einer Umordnung der Elektronenhülle und einem Über-

gang vom Hoch-Spin Zustand zum Tief-Spin Zustand, was dessen physikalische Eigenschaften verändert. 

Obwohl sich dieser Prozess über große Teile des unteren Erdmantels, vermutlich auch bis zur Kern-Mantel-

Grenze, erstreckt, ist der Übergangsbereich zwischen Hoch-Spin und Tief-Spin nur unzureichend unter-

sucht. Mittels Optischer Spektroskopie lassen sich jedoch Eigenschaften thermische und elektrische Leitfä-

higkeit sowie die chemische Bindung untersuchen, und dabei auch die Einflüsse des Spin-Überganges fest-

stellen. Der Brechungsindex von MgO nimmt von Raumdruck bis zu ~140 GPa um ~2.4 % ab. Im Gegen-

satz dazu zeigt (Mg,Fe)O eine Zunahme des Brechungsindexes mit dem Druck. Dies dürfte auf die Wech-

selwirkungen zwischen benachbarten Eisen-Positionen zurückzuführen sein. Während bei MgO die Druck-

zunahme zu einer starken Verringerung der Polarisierbarkeit führt, behindern dies die Eisen-Eisen Wech-

selwirkungen in (Mg,Fe)O. Die Dispersion von MgO, also die Wellenlängenabhängigkeit des Brechungsin-

dexes, zeigt außerdem eine Abnahme der Dispersion um ~23% mit dem Druck an (von Raumdruck zu 

~103 GPa), was auf eine Verbreiterung der Bandlücke hinweist. Bei Ferroperiklas lässt sich eine starke Ab-

nahme der Dispersion (ca. um den Faktor 3) und eine deutliche Zunahme der Bandlücke (um den Faktor 

~1.7) feststellen. Wir vermuten, dass dies durch eine Verringerung der Mobilität von Elektronen zwischen 

benachbarten Eisenatomen verursacht wird, wenn diese unterschiedliche Elektronenstrukturen aufweisen. 

Dies passt auch zur bereits früher beobachteten Abnahme der elektrischen Leitfähigkeit im Spin-Übergangs-

Bereich. Wir haben auch untersucht, wie Licht in Ferroperiklas absorbiert wird und konnten daraus Trends 

im Bindungscharakter zwischen Eisen und Sauerstoff feststellen. Im Hoch-Spin Zustand, wie er vor der 

Umordnung herrscht, verstärkt Druckzunahme die Kovalenz der Eisen-Sauerstoffbindung. Im Tief-Spin 

Zustand ist jedoch mit zunehmendem Druck ein Trend zu einer eher ionischen Bindung zu verzeichnen, 

was auf einen bindungsschwächenden Effekt des Spin-Überganges hinweist. Außerdem konnte festgestellt 

werden, dass der Spin-Übergang sowohl auf Zunahme der Unterschiede zwischen den Energieniveaus der 

äußeren Elektronenhülle als auch auf eine Abnahme der Paarungsenergie der Elektronen zurückzuführen 

ist. 
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Chapter 1 Introduction 

In the Earth’s interior, minerals are exposed to extreme pressure (P ) and temperature (T ) conditions. In 

this high P and T environment, the physical properties of geomaterials govern large-scale geodynamic pro-

cesses such as, subduction of oceanic slabs, rise of mantle plumes, and location and distribution of earth-

quakes. However, the physical material properties, such as bulk modulus, viscosity, electrical and thermal 

conductivity, are sensitive to changes in temperature and pressure (e.g., Higo et al., 2006; Justo et al., 2015; 

Hsieh et al., 2018). Our direct access to the Earth’s interior is limited, as the deepest wells reach just shallow 

crustal levels (Clarke et al., 1986) and even superdeep diamonds only contain inclusions from as far down 

as ~1,000 km (Alvaro et al., 2022). This still leaves thousands of kilometres of inaccessible territory in the 

Earth’s interior. A broad variety of information on Earth’s internal structure and composition can be ob-

tained from mantle xenoliths, diamond inclusions, extra-terrestrial materials, geophysical surveys and nu-

merical modelling. Nevertheless, a full comprehension of global scale geodynamics requires in-situ obser-

vations of deep Earth materials to assess the effects of extreme P and T conditions on the physical material 

properties. 

Present-day Earth is divided into distinct layers, each with a specific mineralogical composition 

(Figure 1-1). This is a result of P and T distribution, phase-stability fields and chemical exchange processes. 

The Earth’s mantle itself is subdivided in the upper mantle (down to 410 km) and the lower mantle (660–

2,900 km), which are separated by the transition zone (410–660 km). The upper mantle is mainly composed 

of olivine, pyroxene and garnet. The phase transition of olivine (α-(Mg,Fe)2SiO4) to wadsleyite 

(β-(Mg,Fe)2SiO4) marks the beginning of the mantle transition zone (also indicated by the 410 km disconti-

nuity in seismic signals). The upper part of the transition zone is characterized by the assemblage of mostly 

wadsleyite and majoritic garnet, while its lower part is defined by the transition from β- to γ-(Mg,Fe)2SiO4 

(ringwoodite). The crossover to the lower mantle is then characterized by the decomposition of ringwoodite 

to magnesium silicate perovskite-structured bridgmanite ((Mg,Fe,Al)(Si,Al)O3) and B1-structured (ferro)per-

iclase ((Mg,Fe)O). Together with calcium silicate perovskite (CaSiO3), these three phases are the major con-

stituents of the lower mantle (Figure 1-1). 

The chemical composition of the individual phases of the Earth’s interior (Figure 1-1) governs its thermo-

dynamic and physical properties (e.g., stability, structure, density, compressibility, viscosity, thermal and 

electrical conductivity), and is therefore of primary geological importance (Higo et al., 2006; Yoshino et al., 

2011; Mrosko et al., 2015; Otsuka and Karato, 2015; Cerantola et al., 2017; Deng and Lee, 2017; Hsieh et 

al., 2018; Nakatsuka et al., 2021). Iron is the fourth most abundant element of the Earth’s mantle (~6 wt.-%; 

McDonough and Sun, 1995). The effect of iron on the physical properties is immense. For instance, the 

electrical conductivity of (Mg,Fe)O increases by one order of magnitude up the ~50 to 60 GPa range 

(XFe = 0.25 (Lin et al., 2007b) resp. 0.19 (Ohta et al., 2007)), whereas the iron-free MgO is considered a 

wide-bandgap insulator (e.g., Zhu et al., 2013).  
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Figure 1-1 Structure, pressure, and phase-composition of the Earth's interior. Green area shows the approximate depth of the spin transition 

zone where iron changes its spin state from a high-spin to a low-spin configuration (Lin et al., 2007a; Holmström and Stixrude, 2015). 

With the electronic configuration [Ar] 3d6 4s2, iron is per definition considered a transition metal element 

due to the presence of incompletely filled d shells. Typical oxidation states incorporated by mantle minerals 

are either Fe2+ ([Ar] 3d6) or Fe3+ ([Ar] 3d5). Analysis of natural diamond inclusions and laboratory experi-

ments suggest only minor presence of Fe3+ in ferropericlase, but a high Fe3+ content is possible in bridg-

manite (McCammon et al., 1997; McCammon et al., 1998). Fe2+ possesses six 3d electrons, which populate 

the respective electron orbitals. For a field-free Fe2+ ion (i.e., not incorporated in any structure), all five 3d 

orbitals are degenerate. However, if a Fe2+ ion is positioned on an octahedral site like in the rock-salt struc-

ture of ferropericlase, the 3d orbitals are split into three low energy t2g and two high-energy eg orbital energy 

levels (Figure 1-2). The cause of the splitting of the d-level are the electron-electron repulsion forces be-

tween the d-orbitals of Fe and the p-orbitals of O. The electrons occupying the eg-orbitals are experiencing 

stronger repulsion due to their head-on overlap with the p-orbitals. The orbital population follows Hund’s 

first rule: first the t2g orbitals are filled with single electrons of parallel spin, then the eg-orbitals. The double 

occupation on the t2g-level happens last because the sharing of an orbital requires a certain energy (termed 

spin-pairing energy). Under ambient conditions, Fe2+ is found in the high-spin (HS) state (Figure 1-2, A). 

More than 60 years ago, Fyfe (1960) proposed that high pressure in the Earth’s mantle might lead to a spin 

pairing of iron’s d electrons, causing a transition from the high-spin state to the low-spin (LS) state, where 

all electrons are paired on the t2g level (Figure 1-2, B). Indeed, more than 40 years later an experiment of 

Badro et al. (2003) confirmed such a spin transition for ferropericlase in the 40 to 70 GPa range. Since Fyfe’s 

hypothesis, many studies have analysed the effects of a spin transition on the transport properties of fer-

ropericlase (e.g., Hazen, 1976; Goto et al., 1980; Badro et al., 2003; Goncharov et al., 2006; Keppler et al., 

2007; Lin et al., 2007b; Goncharov et al., 2009; Wentzcovitch et al., 2009; Lin et al., 2010; Ammann et al., 

2011; Lyubutin et al., 2013; Goncharov et al., 2015; Vilella et al., 2015; Solomatova et al., 2016; Deng and 
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Lee, 2017; Ohta et al., 2017; Reali et al., 2019; Song et al., 2019). Recently, the spin transition in ferropericlase 

was also discovered in geophysical datasets (Shephard et al., 2021). 

 

Figure 1-2 Electronic configuration of high-spin (A) and low-spin (B) Fe2+ in an octahedral configuration (modified after Burns, 1993). 

The spin transition in ferropericlase occurs at pressures between 40 to 80 GPa and features a pronounced 

mixed-spin (MS) zone, where both HS and LS state are present (Badro et al., 2003; Lin et al., 2005; Speziale 

et al., 2005; Goncharov et al., 2006; Keppler et al., 2007; Lin and Tsuchiya, 2008; Glazyrin et al., 2016; 

Hamada et al., 2021). The spin transition is dependent on the iron content, where higher amounts of Fe 

stabilize the HS state (Lin et al., 2006; Kantor et al., 2009; Glazyrin et al., 2016). The spin transition has 

direct geophysical consequences, as the electron pairing on lower-level orbitals reduces the ionic radius of 

Fe2+, consequently increasing the density of ferropericlase (e.g., Tsuchiya et al., 2006). Additionally, the spin 

transition causes changes in the absorption spectra, with increased absorbance in the mid- to near-infrared, 

hence reducing the radiative thermal conductivity for low-spin ferropericlase (Goncharov et al., 2006; Kep-

pler et al., 2007; Goncharov et al., 2009). Due to the altered electronic configuration, the electrical conduc-

tivity of ferropericlase is significantly reduced across the spin transition by a factor of 3 to 4 (Lin et al., 

2007b; Ohta et al., 2007). Furthermore, the iron partitioning coefficient between ferropericlase and the 

surrounding mantle minerals is affected by the spin transition (Badro et al., 2003; Saha et al., 2013; Muir and 

Brodholt, 2016; Xu et al., 2017). In addition, a softening of the elastic constants (primarily C11, C12) 

(Crowhurst et al., 2008; Marquardt et al., 2009; Wu et al., 2013; Yang et al., 2015) and a reduction of the 

viscosity was found for the spin transition range (Wentzcovitch et al., 2009; Saha et al., 2013; Marquardt et 

al., 2018). 

In contrast to the well-documented spin transition in ferropericlase, the occurrence and mechanism of the 

spin transition(s) (for Fe2+ and Fe3+) in bridgmanite is controversial (McCammon et al., 2008; Hsu et al., 

2011b; Ballaran et al., 2012; Lin et al., 2013; Prescher et al., 2014; Kupenko et al., 2015; Okuda et al., 2020b). 

In part, this might be because of the complex crystallographic setting and the presence of both Fe2+ and 

Fe3+ (e.g., McCammon et al., 2008; Hsu et al., 2011a; Lobanov et al., 2017b). Iron in bridgmanite is distrib-

uted over two sites, the large pseudo-dodecahedral A-site (hosting Fe2+ and Fe3+) and the small octahedral 

B-site (hosting Fe3+, but limited by Al3+ content) (McCammon, 1997; Lauterbach et al., 2000; Catalli et al., 

2010; Lin et al., 2013; Potapkin et al., 2013; Lobanov et al., 2017b). Experimental and theoretical evidence 

indicates a HS-to-LS transition of Fe3+ occurring between ~15 and 50 GPa on the B-site, whilst iron on the 

A-site always stays in HS state (Bengtson et al., 2008; Lin et al., 2013; Dorfman et al., 2015; Mao et al., 2015; 
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Lobanov et al., 2017b; Okuda et al., 2020b). Possible effects of the Fe3+ spin transition in bridgmanite are 

bulk modulus softening (Catalli et al., 2011; Hsu et al., 2011a; Okuda et al., 2020b), a (small) reduction of 

the unit cell volume (Catalli et al., 2010; Mao et al., 2015; Okuda et al., 2020b) and a change in bulk sound 

velocity. The latter potentially causes positive anomalies before the spin transition and negative anomalies 

below (Catalli et al., 2011). However, the induced changes to density and bulk sound velocity by the Fe3+ 

spin transition are relatively small (Lin et al., 2016; Liu et al., 2018; Zhu et al., 2020). Combined with the low 

amount of Fe3+ on the B-site (A-site is preferred; e.g., Lin et al., 2016; Mohn and Trønnes, 2016) and the 

gradual transition to the LS state, it is unlikely that the spin transition in bridgmanite creates observable 

seismic anomalies in the lower mantle (Lin et al., 2016; Liu et al., 2018; Zhu et al., 2020). 

To recreate the deep Earth’s P-T-conditions, specialized high-pressure devices and procedures such as pis-

ton-cylinder-apparatus, multi-anvil-press, diamond anvil cell (DAC) and shock wave experiments have been 

developed. These techniques are applicable to an almost unlimited variability of materials and are able to 

create P-T-conditions far beyond from what is found on Earth (e.g., Benedetti and Loubeyre, 2004; Du-

brovinsky et al., 2015), enabling both the study of the deep Earth as well as other planetary bodies with even 

more extreme P-T-conditions. By directly simulating deep Earth’s P and T, state-of-the-art high-pressure 

techniques allow to study e.g., phase transitions, chemical reactions, melting processes, deep Earth rheology 

and nearly all physical properties of deep Earth minerals.  

Studying the effects of pressure (e.g., Williams and Knittle, 1990; Badro et al., 2003; Lin et al., 2007b; Gon-

charov et al., 2009; Goncharov et al., 2015; Muir and Brodholt, 2015; Cerantola et al., 2017; Buchen et al., 

2018; Pamato et al., 2019; Liu et al., 2022) can be extremely challenging, requiring sophisticated experimental 

setups and time-consuming measurements, which are often associated with high uncertainties. Here, the 

combination of optical spectroscopy with DAC experiments provides the opportunity to gain insights or 

even quantify a variety of physical properties, in a straight-forward, reproducible, and time-effective manner. 

The determination of optical properties from DAC experiments is a well-established technique, first intro-

duced in the 1950s (Weir et al., 1959). Its applicability to high pressure research has been refined over the 

decades and is applied to a broad variety of fields such as (but not limited to) geosciences, materials sciences, 

chemistry, etc. The DAC is a high-pressure apparatus, in which a sample is squeezed between the tips of 

two diamonds (Figure 1-3). The diamonds are mounted on x-y adjustable seats (typically tungsten carbide 

or cubic boron nitride) to allow for a perfect alignment of the two opposing culet faces. Force resp. pressure 

is generated by tightening the pressure-driving screws, which forces the diamonds towards each other and 

creates high-pressure conditions at their tips. The seats act as stiff backing plates with an aperture that allows 

to access the sample with a variety of electromagnetic probes. To prevent the lateral extrusion of the sample, 

it is contained by a gasket (usually metallic; e.g., rhenium, tungsten, or stainless steel) and can optionally be 

surrounded by a relatively soft pressure-transmitting medium (salts, gasses, or oil mixtures). The pressure 

medium helps to reduce deviatoric stresses across the sample chamber. The possibility to achieve pressures 

in the megabar range, its high temperature stability and accessibility to a broad variety of measurement 

techniques make the DAC the optimal device to study samples at conditions similar to planetary interiors. 
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Figure 1-3 (A) A symmetrical diamond anvil cell generates high pressure by applying force onto the gasket resp. sample chamber via tightening of 

the screws. The diamond anvil cell houses two diamond anvils which are mounted with their table faces to a seat. Alignment screws are used to 

adjust the positions of the diamond culet faces with respect to each other. (B) The sample itself is located between the flattened tips (culets) of the 

diamonds, contained by a typically metallic gasket. The sample chamber can either be filled by a sample and a pressure transmitting medium (as 

depicted), or with just the sample. 

The diamond anvils provide a direct line of sight to the sample in its high-pressure container. Because 

diamonds are essentially transparent to light, from UV to the far infrared (e.g., Mildren, 2013), they allow 

for measurements of a broad spectral range. In the studies presented in this thesis we performed both 

reflectance and transmission measurements, where reflectance is measured as the amount of light being 

reflected from the diamond-sample interface (in experiments without pressure-transmitting medium), 

whereas transmission measurements are conducted through the entire diamond anvil cell assembly (details 

on the exact measurement procedures are explained in the respective chapters of this thesis). Transmission 

measurements allow to obtain wavelength-resolved spectra and quantify the absorption coefficient (α) of 

the sample (i.e., a property that describes light attenuation per sample unit length). Reflectance measure-

ments can be related to the refractive index of the sample (n). The refractive index is a fundamental, material-

specific property that reflects how electromagnetic waves propagating through the material interact with the 

electric charges of the material. The refractive index and its wavelength-dependence (dispersion) are of 

major importance, because they provide information on the electronic band structure, which can be sensitive 

to changes in the (crystal) structure and chemical bonding (Wemple and DiDomenico, 1971; Lobanov et 

al., 2022). Because the refractive index is a main contributor to the radiative conductivity (approx. formula: 

 ∝  ∙
 , where T is temperature; Clark, 1957; Lobanov et al., 2020), it is essential for our understand-

ing of heat distribution in the deep Earth (e.g., Goncharov et al., 2006; Keppler et al., 2007; Lobanov et al., 

2016). For high-pressure experiments the refractive index is also of practical use, as it allows in-situ thickness 

measurements. In their absence, the unknown sample thickness is considered one of the biggest sources of 

error in thermal and electrical conductivity DAC experiments (Lobanov and Geballe, 2022). For example, 

possible errors in sample thickness might be responsible for the large discrepancy in thermal conductivity 

estimations for the Earth’s mantle and core (Keppler et al., 2008; Goncharov et al., 2015; Konôpková et al., 
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2016; Ohta et al., 2016; Lobanov et al., 2017a; Geballe et al., 2020; Lobanov et al., 2020; Okuda et al., 2020a; 

Lobanov and Geballe, 2022; Murakami et al., 2022). 

In addition to the refractive index it is also essential to quantify how light is being transmitted and (eventu-

ally) absorbed when passing through a material. The wavelength-dependent absorbance of light is an im-

portant optical property and defines how the colour of a material is formed. As an electromagnetic wave, 

light in the near-infrared (NIR), visible (VIS) and ultra-violet (UV) range interacts with the material. Specif-

ically for the VIS range, electron excitations are triggered in the atom’s outermost electron shells. The ener-

gies of these transitions, which are expressed in the position of absorption bands, are element-, oxidation 

state- and structure-dependent. Therefore, the study of absorbance spectra reveals information about the 

chemical composition of a sample and allows to characterise the electronic structure of individual elements 

on specific sites in the crystal structure (Burns, 1993). 

Amongst the minerals of the deep Earth, the chemical system Mg-Fe-O is of prime importance, as these 

three elements are present in nearly all minerals of the lower mantle. Composed solely from elements of 

this simple system, periclase (MgO), resp. its iron-bearing variant ferropericlase ((Mg,Fe)O) forms one of 

the most important building blocks of planetary bodies. On the one hand, periclase, due to its high-temper-

ature stability (Hynes, 2016) and chemical inertness, is of high demand in the refractory industry (Wilson, 

1981; Shand, 2010) and is an indispensable component in planetary modelling (McWilliams et al., 2012; 

Musella et al., 2019). With its B1 rock-salt structure, it is stable up to at least 400 GPa (for T <3000 K) 

(Belonoshko et al., 2010; McWilliams et al., 2012; Soubiran and Militzer, 2020; Coppari et al., 2021). On the 

other hand, ferropericlase, is the second-most abundant mineral of the lower mantle (e.g., Irifune and 

Tsuchiya, 2015; Marquardt and Miyagi, 2015), a major contributor to mantle rheology (Yamazaki and 

Karato, 2001; Yamazaki et al., 2009; Marquardt and Miyagi, 2015) and an important heat sink that blocks 

radiated heat from the core throughout the mantle (Lobanov et al., 2021). In particular, the changes to the 

material properties induced by the spin transition are of high geophysical relevance (Badro et al., 2003; 

Goncharov et al., 2006; Tsuchiya et al., 2006; Keppler et al., 2007; Lin et al., 2007b; Crowhurst et al., 2008; 

Goncharov et al., 2009; Marquardt et al., 2009; Wentzcovitch et al., 2009; Saha et al., 2013; Wu et al., 2013; 

Yang et al., 2015; Muir and Brodholt, 2016; Xu et al., 2017; Marquardt et al., 2018). 

Because of the geological importance of the system Mg-Fe-O to the deep Earth, we were especially inter-

ested how the optical properties of (Mg,Fe)O change under high-pressure conditions. Thus, we chose to 

focus our studies on periclase and ferropericlase. By using several optical techniques in combination with 

the DAC method, we investigated how the refractive index and absorption coefficient of (Mg,Fe)O change 

as a function of pressure and across the spin transition. The goal of the following studies was to establish 

links between the optical properties and physical material properties.  

  



7 

Chapter 2  

 

High-pressure evolution of the refractive index of MgO up to 140 GPa 
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High-pressure evolution of the refractive index of MgO up 

to 140 GPa 
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Refractive index provides fundamental insights into the electronic structure of materials. At high pressure, 

however, the determination of refractive index and its wavelength dispersion is challenging, which limits 

our understanding of how physical properties of even simple materials, such as MgO, evolve with pressure. 

Here we report on the measurement of room-temperature refractive index of MgO up to ~140 GPa. The 

refractive index of MgO at 600 nm decreases by ~2.4% from ~1.737 at 1 atm to ~1.696 (±0.017) at 

~140 GPa. Despite the index at 600 nm is essentially pressure-independent, the absolute wavelength-dis-

persion of the refractive index at 550-870 nm decreases by ~28% from ~0.015 at 1 atm to ~0.011 

(±8.04x10-4) at ~103 GPa. Single-effective oscillator analysis of our refractive index data suggests that the 

band gap of MgO increases by ~1.1 eV from 7.4 eV at 1 atm to ~8.5 (±0.6) eV at ~103 GPa. 

 

Author contributions: Lobanov developed the conceptualization of the study. High-pressure experiments 

were performed by Schifferle and Lobanov. The authors contributed to the data analysis and interpretation 

in the following order: Schifferle, Lobanov, Speziale. The original draft was written by Schifferle. All au-
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2.1 Introduction 

Refractive index is a fundamental material property that reflects the response of electric charges in the 

material to the oscillating electromagnetic field. The pressure dependence of the refractive index (n) and its 

wavelength-dispersion in the near-infrared (near-IR), visible (VIS), and ultraviolet (UV) regions are of great 

interest as they give insights into the effects of pressure on the electronic band structure of materials upon 

compression 1. For example, refractive index and its dispersion allow correlations with structural properties 

such as coordination number and chemical bond character 2; 3. The change of refractive index with pressure 

is also of direct importance to geophysics because radiative thermal conductivity, which is believed to in-

crease with depth in the Earth, is proportional to n2 4; 5. Furthermore, refractive index of materials at high 

pressure allows the determination of diamond-diamond separation in diamond anvil cell (DAC) experi-

ments, which in turn is a key parameter needed to determine thermal/electrical conductivities of materials 

in DAC experiments. The existent large discrepancy in the thermal conductivities of the Earth’s mantle and 

core 6–15 , based on DAC experiments, may be rooted in the inadequate assessment of samples’ thickness at 

high pressure. Finally, the density dependence of the refractive index is also needed in shockwave experi-

ments where n of the interferometer window is essential for velocity corrections, needed to determine the 

properties of the sample 16. 

MgO, a simple oxide crystallizing in the rock salt structure (B1), has attracted a high number of experimental 

and theoretical studies because it is a prototypical ionic oxide of technological importance 17 and relevance 

as a planetary building block 18; 19. The stability of MgO at high temperature (T) (melting point 3098 K20) 

and its chemical inertness make it suitable for industrial applications as a refractory material 17; 21. At 

T < 3000 K, B1 MgO is also stable to very high pressures (P) (up to > ~400 GPa 18; 22–24). The abundance 

of Mg and O in planetary-forming environments and the P-T stability of MgO render it a material of special 

interest to geo- and planetary scientists. In particular, the physical properties of MgO at high P-T conditions 

are needed to model planetary dynamics 18; 19. MgO is also frequently used in high-pressure experiments  

25–27 as a chemical/thermal insulator and as a pressure calibrant 28, due to its physical stability and a well-

established equation of state (EOS) 22; 29; 30. Although the physical properties of MgO at high pressure have 

been the subject of many studies, its optical properties, which are of both practical and fundamental im-

portance, remain poorly constrained.  

Information on the refractive index of MgO at high pressure (P > 30 GPa) is limited to (a) a single density-

functional theory (DFT) computation 29 of the high-frequency dielectric constant (), where  = √ 

and (b) shockwave experiments which inferred the index of MgO in the near-IR range 31. Both studies are 

broadly consistent with each other and show that the electronic contribution to the index of MgO decreases 

upon compression to 100 GPa by ~ 2-4%. Direct measurements of the refractive index of MgO at constant 

temperature 32–34 are limited to pressures below 23 GPa 34. The wavelength-dispersion of the refractive index 

of MgO at high pressure is also unknown. Here we report on the room-temperature refractive index of 

MgO in the VIS and near-IR to ~140 GPa and its wavelength-dispersion to ~103 GPa. These data provide 

the first experimental constrain on the evolution of the band gap of MgO at high pressures. Furthermore, 
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we show that the refractive index of MgO reported here allows quantitative optical measurements of sample 

thickness and volume, which can be used in experiments to determine the density of non-crystalline solids 

at high pressure. 

 

2.2 Experimental methods 

2.2.1 Sample and preparations 

High-pressure experiments were performed using symmetric DACs equipped with pairs of matching dia-

monds with culet sizes of 300/100 µm (beveled) and 400 µm (flat). Rhenium gaskets indented between the 

diamond anvils to a thickness of 10-25 µm were laser-drilled to create cylindrical holes with diameters of 

~45 µm (for 300/100 µm anvils) and ~190 µm (for 400 µm anvils) to serve as sample chambers. For each 

loading we used a freshly cleaved piece of MgO with dimensions to fully fill the sample chamber. After 

placing the MgO sample without any pressure transmitting medium we immediately closed the DAC to 

minimize sample contamination by atmospheric moisture. Increasing the pressure to ~20 GPa was suffi-

cient to obtain an optically homogenous sample, which is necessary for the refractive index measurements 

35; 36. Pressure was determined by measuring the shift of the high-frequency edge of the first-order Raman 

band of diamond with a relative uncertainty in pressure of ~5% 37. 

2.2.2 Refractive index measurements at 600 nm 

To measure the refractive index at high pressure we use the optical reflectivity method 35; 36; 38. For a per-

pendicularly-incident light probe, the reflectivity of the diamond-sample interface (Rdia-smp) is related to the 

refractive indices of diamond (ndia) and sample (nsmp): 

  = 
 (Eq. 2.1) 

The probe is a broadband laser (2 W Leukos New Wave supercontinuum, 400-2400 nm) inserted into the 

optical path of our DAC microscope 39 by a non-polarizing beam splitter cube after passing through a 

shortpass (~950 nm cutoff) and a variable neutral density filter. The use of a narrow, collimated laser beam 

(diameter of 1.2 mm at λ = 440 nm and 2.2 mm at λ = 800 nm) and a 20X apochromatic objective allowed 

for a near-normal incidence of the probe and a small probe diameter in the focal plane (~5 µm). The re-

flected beam was passed through a spatial filter (2 x 50 mm achromatic doublets and a 75 µm confocal 

pinhole) and recorded on a Pixis-256E CCD, installed on a Princeton Instruments SpectraPro HRS-300-SS 

spectrometer (grating 300 g/mm, blaze 500 nm, wavelength calibration accuracy ~0.5 nm).  

In the case of a thin (~10-25 µm) transparent sample (such as MgO) in the DAC, the reflectivity of the 

diamond-sample interface can be expressed as 3: 

 
 =  − 2 + 2 (Eq. 2.2), 
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where I0 is the probe intensity striking the upstream diamond-sample interface. I1, and I2 are individual 

reflections from the upstream and downstream diamond-sample interfaces (Figure 2-1 A). The supplemen-

tary material of Lobanov et al. 3 presents derivations of Eq. 2.2. I0 is obtained by measuring the amount of 

light reflected from a reference mirror (Imirror) in the 500-800 nm range (where the reflectivity of the reference 

mirror is ~99%) and accounting for the light reflected from the upstream diamond-air interface. Because 

samples in DACs are thin, the reflected signal measured at the diamond-sample interface is a combination 

of I1 and I2 contributions. Accounting for back reflections at the diamond-sample and diamond-air inter-

faces we obtain the intensity ratio spectrum ( =   ). Averaging 
  (Figure 2-1 B) over the 550-

650 nm range (where the reflectivity of the reference mirror is nearly flat) allows solving Eq. 2.2 for Rdia-smp. 

Please note that averaging the  spectrum at 550-650 nm (i.e., over a set of 370 individual intensity data 

due to the wavelength resolution of our system) provides a statistically more significant average than only 

averaging  at the interference pattern extrema observed at ~550-650 nm (typically, less than 20). Using 

Rdia-smp, we solve Eq. 2.1 for nsmp of MgO at 600 nm under the assumption of a pressure-independent refrac-

tive index of diamond (ndia = 2.418 20). This is a reasonable assumption as discussed by Zha et al. 36 and 

Lobanov et al. 3 based on the high-pressure reflectivity of a reference material and small dispersion of dia-

mond. The refractive index of MgO reported here provides further evidence for the adequacy of this as-

sumption, as discussed in Sec. 3. Solutions to Eq. 2.1 and 2.2 were found using NumPy 40 and SymPy 41 

Python libraries. 

We also measured the refractive index of MgO at 1 atm by probing the reflectivity of the MgO-air interface 

of a large (~1 mm) free-standing freshly-cleaved sample. Eq. 2.1 was then modified (nair = 1) and solved for 

the refractive index of MgO. We empirically estimate the apparently random error in all refractive indices 

of MgO reported in this work at ~±1% 3. This estimate is based on the reproducibility of refractive indices 

measured at the same DAC load and sample position. Improvements on the reproducibility of sample po-

sitioning and a high-resolution tilting DAC stage as well as accurate characterization of the variation in 

probe intensity over the typical measurement time (~10 min) may help to reduce random variations in the 

measured refractive index. 
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Figure 2-1 A: Reflectivity measurement in diamond anvil cell. Perpendicularly-incident probe laser is partially reflected at diamond-air and diamond-

sample interfaces. Oblique probe incidence is depicted for clarity. B: Measured intensity ratio spectra (MgO run 4 at 34.5 and 103.5 GPa) is averaged 

over 550-650 nm (grey area) to solve Eq. 2.2 for Rdia-smp. The different contrast of the patterns at 34.5 and 103.5 GPa is due to diamond cupping, 

which has been shown to have no apparent effect on the inferred refractive index 35. C: Normalized intensity ratio spectrum from reflectivity 

measurements in a DAC (MgO run 4 at 34.5 GPa). The blue and red dots are local extrema. The green square highlights the extremum closest to 

600 nm. D: The wavelength-dispersion of the MgO refractive index at 34.5 GPa and its Wemple & DiDomenico 2 single-effective-oscillator fit. 

2.2.3 Dispersion of the refractive index 

The intensity ratio spectrum is an interference pattern because the DAC sample cavity is a Fabry-Perot 

interferometer. The interference condition for each of the observed minima and maxima is 

  = 2 (Eq. 2.3) 

where  is the interference order number of the extremum (in half-integer step sizes) observed at wave-

length ,  is sample thickness, and  is the refractive index of the sample at the extremum. The 

refractive index of the sample measured at 600 nm allows analyzing the interference pattern for index dis-

persion. This requires, however, that chromatic aberrations due the use of refractive optics are minimized 

and that the determination of extrema wavelengths is as accurate as possible. Towards this end, the reflec-

tance spectra were also collected with a 10X apochromatic objective whose reduced numerical aperture 

(0.26 for 10X vs 0.4 for 20X) allows minimizing chromatic aberrations. The reflected signal was recorded 
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by a Princeton Instruments Acton SP-2150i spectrometer (300 g/mm, blaze 750 nm) with a with Pixis-100B 

eXcelon CCD detector, which enabled for a wavelength resolution of ~0.4 nm/pixel. 

Writing Eq. 2.3 for any pair of extrema (e.g., at k and k+1) and using the index measured at 600 nm we can 

estimate the sample thickness. Here, however, we obtain a more precise estimate of sample thickness by 

iterating through all the extrema while assuming nsmp is wavelength-independent. The latter assumption is 

reasonable to first-order and contributes only a small systematic error to the thickness estimate (< ~1% of 

the value) because the index dispersion of MgO over the 550-870 nm range is only ~0.85% (1 atm) 42. Using 

the sample thickness in Eq. 2.3 we can now find the interference order number of the extremum closest to 

600 nm (Figure 2-1, C) and then use it to assign the interference order to all the other observed extrema. 

Finally, we use Eq. 2.3 to obtain the refractive index at all the extrema using their respective interference 

order numbers. A repeated collection of five CCD frames at the same sample position allowed minimizing 

random errors in the measured index dispersion due to CCD noise (Figure 2-1, D). To further account for 

small variations in the measurement position, we collected additional spectra ~2-5 µm off the central sample 

position. This allowed evaluating the combined random and systematic relative errors in the measured index 

dispersion, which are ~1.2% at 18.8 GPa and ~7.5% at 103.5 GPa. We attribute the increase in error with 

pressure to the expected diamond cupping at high pressure 43; 44, which introduces slight (~20-40 nm) wave-

length-dependent differences in the optical path length () of the probe in the DAC sample due to 

the wavelength-dependent beam diameter of the light probe (due to the light source characteristics and 

unavoidable chromatic aberration). 

2.2.4 Measurements of sample thickness, area, and volume 

Sample thickness at the center of the sample chamber was determined using the refractive index of MgO at 

600 nm. Due to diamond cupping, expected at high pressure, we also measured the sample thickness at the 

periphery of the sample at four distinct locations ~5 µm from the gasket edge (Figure 2-3 , inset). The 

averaged sample thickness at the periphery (dedge) and at sample center (dcenter) were then used to evaluate the 

mean sample thickness (dmean). To measure the area (A) of the sample we analyzed images of both sides of 

the DAC recorded by a FLIR Blackfly BFS-U3-50S5C-C camera (1 px ≈ 0.013 µm²) and calculated the 

average. All images were taken at fixed back-illumination conditions and analyzed using ImageJ 45 by con-

verting the image into an 8-bit grayscale and finding all the pixels with brightness higher than a threshold 

(value: 61). These measurements allowed us to derive the absolute volume ( =  ∙ ) of MgO sam-

ples as a function of pressure. As was shown by Lobanov et al. 3 this approach is sufficient to achieve relative 

errors of ~1.5% for A that propagate together with the error in dmean to a ~3% error in V. 

 

2.3 Results 

The refractive index of MgO at 600 nm decreases with pressure by ~2.4% from ~1.737 at 1 atm to ~1.696 

(±0.017) at ~140 GPa (Figure 2-2). The index at 600 nm measured here is ~1% higher than that determined 
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in shockwave experiments of Fratanduono et al. 31 at 1550 nm. This difference is consistent with the de-

crease of the refractive index of MgO by ~1.2% from 600 to 1500 nm at 1 atm 42. Our results are also in 

agreement with the local-density approximation (LDA) DFT calculations of Oganov et al. 29 but the com-

puted index is systematically higher than that measured in experiments, likely due to the tendency of LDA-

DFT to underestimate the band gap 46. 

 

Figure 2-2 The refractive index of MgO at 600 nm measured in this work (circles, where CP = compression, DC = decompression) compared to 

shock wave data at 1550 nm 31 (dark blue curve, with uncertainties as large as 1% of the measurements) and at 532 nm (light blue curve), interfer-

ometry measurements (rose curve) 33 and computations by Oganov et al. 29 (grey curve). Orange line is n(P) based on linear Gladstone-Dale fit using 

experimental n and ρ from Tange et al. 30. The refractive index at 1 atm is after Stephens & Malitson 42 and is shown by light blue (at 600 nm) and 

dark blue (1550 nm) stars. Violet and pink open circle are MgO refractive indices obtained by assuming ndia = 2.3 47 and ndia = 2.47 48. 

Both sample thickness and area decrease with increasing pressure (Figure 2-3). Diamond cupping is evident 

as the sample thickness near the gasket edge is systematically smaller than the thickness at sample center at 

P > 30-40 GPa, consistent with previous measurements of diamond-diamond separation in DAC experi-

ments 3; 43; 44. We observe a maximum relative difference of ~2% between center and periphery as well as 

an overall thinning of the sample by ~14% from ~19 to ~103 GPa. The evolution of the absolute volume 

of the MgO sample at high pressure allows quantifying its density if the MgO density at a reference pressure 

is known. The density of MgO at high pressure calculated from our P-V data (Figure 2-4, A) is in agreement 

with the EOS of Tange et al. 30 within ~1%, better than the ~3% error in density estimated by  

Lobanov et al. 3. Overall, our density data confirms that optical measurements of sample area and thickness 

are able to constrain the evolution of the density of transparent samples upon compression up to  

~140 GPa 3. We note, that the here used threshold value for A measurements is different than the one in 

the supplementary of Lobanov et al. 3, because of different illumination settings and opposite definition  

(0 or 255) of black/white in the used software. 
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Figure 2-3 Measured MgO geometry upon compression in run 4 (300/100 µm culet). A: Sample thickness at the center and periphery of the DAC 

cavity (the average of four measurements ~5 µm away from the gasket edge). Inset: optical image of the MgO sample at 24.9 GPa with approximate 

positions of thickness measurements). B: Sample area measured from two sides of the DAC. 

We derive the Gladstone-Dale relation 49, fitted to the refractive index data above 20 GPa, using the follow-

ing parameters:  = −0.0234   + 1.8137 uncertainty in n ~1.5%, where ρ is the pressure-depend-

ent density in g/cm³. Based on our refractive index data and the EOS of MgO 30, we calculated the Lorenz-

Lorentz polarizability, αLL, as 

  =  (Eq. 2.4), 

where we inserted the molar weight of MgO (M) (40.3044 g/mol), the pressure-dependent density (ρ) cal-

culated from MgO EOS 30 and refractive index (n). Propagating the uncertainties for ρ 50 (1%) and for n 

(1%) the relative error on αLL is 2%. The non-linear behavior of αLL as a function of pressure is due to its 

inverse-proportional relationship with density in Lorenz-Lorentz formula, and on the intrinsic non-linear 

behavior of the refractive index as a function of pressure. The model value of αLL obtained from the density 

(and pressure) dependence of n using the Gladstone-Dale relation well reproduces the full set of calculated 

αLL (see Figure 2-4 B). 
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Figure 2-4 A: MgO density measured in this work (circles) compared to data from Tange et al. 30. Reference pressures/densities are 26.6 GPa (run 

1) and 34.5 GPa (run 4). B: Experimentally constrained Lorenz-Lorentz polarizability (αLL, Eq. 2.4) evaluated using experimental n and ρ from 

Tange et al. 30, black line is αLL calculated from the linear Gladstone-Dale relationship of ρ 30 and n to P ≥20 GPa (i.e., ρ ≥3.96 g/cm³). 

In one of the runs (run 4) we measured the dispersion of the refractive index of MgO, which decreases 

upon compression by ~28% (Figure 2-5, A), with ∆n550-870nm being reduced by ~0.004 from ~0.015 at 

1 atm to ~0.011 (±8.04x10-4) at ~103 GPa (Figure 2-5, B). Qualitatively, the nearly pressure-independent 

index at 600 nm and the decrease in index dispersion suggest that the valence-to-conduction band energy 

separation (band gap) is increasing with pressure. One way to quantify the band gap is to analyze the index 

dispersion by the single-effective-oscillator model of Wemple & DiDomenico 2. In this model, the wave-

length dependence of the refractive index is related to two fitting parameters E0 and Ed which describe the 

single oscillator energy and dispersion energy (in eV): 

  =   
  + 1 (Eq. 2.5) 

Here, h is the Planck’s constant in eV‧s and c the speed of light in m/s and λ the wavelength in m. Empiri-

cally, Ed is related to the chemical bonding environment (e.g. cation coordination number) and the distribu-

tion of charge around the anion (i.e., bonding character), while E0 is related to the average valence-to-

conduction band energy separation 2; 51.  
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Figure 2-5 Wemple-DiDomenico best fits to the experimental dispersion of the refractive index of MgO run 4 at selected pressures (A) and plot-

ted as the difference between measured refractive indices at 550 and 870 nm (B). 

Fitting the single-effective-oscillator model of Wemple & DiDomenico 2 (Eq. 2.5) to our wavelength-dis-

persion data we find E0 and Ed for the studied pressure range (Figure 2-1, D). Ed increases from ~21.6 eV 

(1 atm) to ~23.2 (±0.9) eV at ~103.5 GPa. The slight increase in Ed with pressure may indicate modest 

charge redistribution around oxygen. Using the empirical relationship that the oscillator energy E0 is ap-

proximately 1.5 times greater than the optical gap 2 we experimentally constrain the band gap of MgO. 

E0/1.5 increases by ~1 eV from 7.4 eV at 1 atm 42 to 8.5 (±0.6) at 103 GPa (Figure 2-6). A pressure-

induced increase of the band gap in MgO is consistent with most DFT calculations in the literature 52–55. 

However, DFT studies generally show a lower gap energy and a stronger effect of pressure on the increasing 

band gap energy. 

 

Figure 2-6 Results of the Wemple & DiDomenico 2 fit (here E0/1.5) to the dispersion of the measured index of MgO (circles). The (experimental) 

data at 1 atm are from Stephens & Malitson 42 (blue star) and Whited & Walker 56 (pink star). In addition, we show calculations from literature for 

the band gap in MgO (green line and diamonds) 52–55. Legend abbreviations: generalized gradient approximation (GGA), symmetrized augmented 

plane wave (SAPW). 
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2.4 Discussion 

At ambient pressure, our refractive index measurement (without using a DAC) is in agreement with existing 

experimental data (e.g., Stephens & Malitson 42). The overall decrease of the refractive index with pressure 

is consistent with DFT computations 29 and shockwave experiments 31. Even though diamond cupping 

produces non-parallelism of the culet faces, we note that a small beam diameter as used here, still allows 

reliable refractive index measurements at the center of the culet, consistent with the results of Van Straaten 

& Silvera 35 who found that the cupping only affects the fringes contrast and not the total reflected signal. 

However, earlier experimental reports at P <23 GPa show a steeper decrease with P. Vedam & Schmidt 32 

found that the index of MgO at 589.3 nm decreases with P by -1.58x10-3/GPa up to 0.7 GPa. Similarly, 

Balzaretti & Da Jornada 33 found n at 697 nm to decrease by -1.21x10-3/GPa at a maximum P of 10 GPa. 

In their shockwave experiments Stevens et al. 34 used the density dependence of n and (indirectly) derived a 

decrease of n by -1.19x10-3/GPa at 532 nm up to ~23 GPa. It is likely that the ~1% relative uncertainty in 

the refractive index at 600 nm reported here does not allow resolving the stronger dependence of the index 

on P at P <30 GPa. The general trend of n decreasing on compression is due to a decreasing electronic 

polarizability, counterbalancing the increase of density with pressure (Figure 2-4). 

In our refractive index measurements, we assumed a constant refractive index for diamond. According to 

Katagiri et al. 48, however, uniaxial shock-compression of diamond to 140 GPa (4.2 g/cm³) increases its 

refractive index at 532 nm by ~2% (elastic limit). Assuming ndia = 2.47 at 140 GPa (elastic limit), we derive 

nMgO = 1.736 (±0.017), that is 2% higher than nMgO = 1.699 obtained assuming a stress-independent index 

of diamond (ndia = 2.418). We note, however, that within their propagated 1σ uncertainty, Katagiri et al. 48 

cannot exclude that ndia is constant up to 129 GPa. In addition, such an upward revision in the index of 

MgO is not justified because it would imply that the refractive index of MgO is constant at P = 0-140 GPa, 

inconsistent with earlier shockwave measurements and theoretical computations that show that the index 

of MgO decreases with pressure (Figure 2-2). Other reports 47; 57 on the high-pressure behavior of diamond 

refractive index suggested, that it decreases by up to 5% upon compression to 140 GPa : ndia = 2.3. Using 

this value to analyze the diamond-MgO interface we obtain nMgO = 1.617 (±0.016), again inconsistent with 

the shockwave 31 and DFT data 29 (Figure 2-2). Katagiri et al. 48 discussed that the response of diamond 

refractive index to pressure is a function of deformation conditions which are likely different in diamond 

anvil cells (
 < 0 57) and shockwave experiments  > 0 48). This interpretation is supported by the 

DFT computations of Surh et al. 47 who found that 
  is negative upon hydrostatic compression but may 

be both positive and negative upon uniaxial compression (depending on the principal strain direction). Be-

cause the complex deformation regime of the diamond anvil tip results in its non-isotropic optical behavior 

(birefringence) at high pressure, it is possible that the net effect is that ndia is essentially pressure independent. 

However, we cannot rule out that the assumption of ndia = constant in our work contributes a systematic error 

that at 140 GPa exceeds the empirically estimated error of ±1%, despite this assumption providing optimal 

agreement with independent shockwave data on nMgO, theoretical computations, as well as its pressure-den-

sity data. Therefore, we provide tabulated reflectivity data for the diamond-MgO interface in the 
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Supplementary Information, which can be easily reanalyzed using the Fresnel equation (Eq. 2.1). We main-

tain, however, that the cases of H2O and SiO2 glass constitute indirect justification that the assumption  

ndia = constant is reasonable because the pressure-density data for these materials is reproduced 3; 36. A change 

in ndia by ±2-5% percent (as discussed above) would result in the proportional under/over estimation of 

sample thickness and thus pay a ±2-5% systematic error in the sample density, which is not the case in  

H2O 36 and SiO2 glass 3, nor it is the case in the present study on MgO. 

The continuous decrease in index dispersion of MgO at 550-870 nm (∆n550-870nm) is noteworthy, as it indi-

cates an ongoing change in the electronic structure near the valence band maximum and conduction band 

minimum. The band gap of MgO at 1 atm is ~7.8 eV based on the reflectance measurements in the UV and 

VIS ranges 56; 58. These band gap estimates are also consistent with independent determinations from reflec-

tion electron energy loss spectroscopy that yielded ~7.8 eV 59. The Wemple & DiDomenico 2 fit to the 

refractive index spectrum at 1 atm 42 yields E0/1.5 = 7.4 eV, broadly consistent with the MgO band gap 

reported in the literature. This lends support to the E0/1.5 empirical relation, although this ratio is certainly 

not universal 60–62. In the absences of direct measurements of the band gap of MgO at high pressure, E0/1.5 

provides a convenient and semi-quantitative mean of constraining the band gap of MgO.  

To our knowledge, the here shown results (Figure 2-6) represent the first experimental high-pressure con-

straint on the optical band gap of MgO. Specifically, we observe an opening of the band gap in MgO from 

7.8 eV 56 at 1 atm by ~1 eV upon compression to 103 GPa. The opening is related to a shift of the conduc-

tion band towards higher energies, whereas the valence bands are almost insensitive to pressure 53. The band 

gap of MgO at high pressure inferred in this work is higher by ~3 eV than the results of most DFT calcu-

lations, likely due to the underestimation of the band gap by DFT 46; 63. 

We constrain how the geometry of a MgO DAC sample (100 µm) evolves on compression up to >100 GPa 

(Figure 2-3). Generally, a cupping of the diamonds is expected in almost all DAC experiments, resulting in 

a thinner sample away from its center. Li et al. 44 reports cupping at pressures as low as 10 GPa, which is 

consistent with our measurements that readily resolve cupping at P ~30 GPa. Future DAC experiments can 

use the pressure dependence of the refractive index to quantify sample thicknesses by white light interfero-

metric measurements. This is directly relevant for radiative and lattice thermal conductivity measurements 

where sample thickness is crucial for getting accurate results. The pressure dependence of the refractive 

index found here can be used to calculate the radiative conductivity 4 of (Mg,Fe)O samples at high pressure 

under the assumption that the addition of moderate amounts of iron in substitution of Mg does not change 

the pressure dependence of the refractive index. The extension of the 600 nm refractive index of MgO up 

to 140 GPa can also be beneficial for shockwave experiments using MgO as an interferometer window 

material, since previous studies in the VIS range are only limited to <23 GPa 34. 

Because of the uniaxial stress conditions present in the DAC sample chamber, radial strain and radial pres-

sure gradients could be strong. However, we were not able to reliably resolve pressure gradients across the 

studied sample within the accuracy of the pressure determination method (5% 37). Also, given the slight 

changes in n with P, small pressure gradients will have no measurable effect on the derived sample thickness 
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and density. We are able to reproduce the pressure-dependent density within 1% with respect to the pub-

lished EOS of MgO (300 K) by Tange et al. 30. Overall, the agreement between the pressure-volume data 

measured here and that expected from the MgO EOS within ~1% confirms the applicability of the optical 

determination of sample density 3; 35; 36, which could be beneficial for high-pressure studies of non-crystalline 

materials. 

 

2.5 Conclusions 

We presented the evolution of the refractive index of MgO at 600 nm up to ~140 GPa. With the pressure 

dependence of the refractive index, we demonstrate a reliable way to accurately determine thicknesses by 

the analysis of interference fringe distances which can be applied to any DAC experiment using MgO as a 

sample or pressure transmitting medium. We show that simple and straightforward in-house DAC experi-

ments can help to derive sample densities at pressures >1 Mbar. Even though the error of this kind of 

measurements is certainly larger compared to synchrotron-based techniques (<0.1% 64, for crystalline ma-

terials), it provides reliable estimations of the densification trend if the density at one reference pressure is 

known. We also experimentally constrained the pressure dependence of the band gap for MgO and show 

that it opens by ~1 eV over a 100 GPa range, considerably less than what is expected from DFT calculations. 

This implies that over the whole pressure range of the Earth’s lower mantle, pressure has only minor effects 

on the electrical conductivity of MgO. 
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Physical properties of mantle minerals are essential for comprehensive geodynamic modelling. High-pres-

sure experiments allow measurements of physical properties but fundamental insights into their evolution 

with pressure are often experimentally inaccessible. Here we report the first in-situ experimental determina-

tion of the optical refractive index, its wavelength-dispersion, and optical absorption coefficient of ferroper-

iclase up to ~140 GPa at room temperature. All these properties change gradually in dominantly high-spin 

(below ~50 GPa) and low-spin (above ~80 GPa) ferropericlase. In the mixed-spin state, however, the index 

dispersion and the absorption coefficient decrease by a factor of three and ~30%, respectively. These anom-

alies suggest that charge transport by small polaron is reduced in ferropericlase containing both high- and 

low-spin iron, providing fundamental insights into the factor-of-three lower electrical conductivity of fer-

ropericlase at ~50-70 GPa. 
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3.1 Introduction 

Physical properties of the Earth’s mantle and core are at the center of our understanding of planetary evo-

lution. For example, if the electrical conductivity of the lowermost mantle is sufficiently high, the conducting 

core and the mantle may exchange angular momentum producing detectable intradecadal signals in the 

length of day 1; 2 or imposing preferred paths of geomagnetic reversals 3; 4. Furthermore, the mantle acts as 

a filter on the magnetic field of the core; thus, knowledge of the electrical conductivity of the mantle is 

needed to decipher the dynamo history from the geomagnetic record 5–7. Ferropericlase (Fp), being the 

second most abundant mineral in the lower mantle and the dominant host of iron 8; 9, likely governs the 

bulk electrical conductivity of that region. Accordingly, the electrical conductivity of Fp has been the subject 

of many experimental and theoretical investigations. 

Earlier experimental measurements of electrical conductivity at pressures below ~30 GPa have established 

that the conductivity of Fp is very sensitive to its overall iron content 10; 11. Perhaps even more importantly, 

pressure (P), temperature (T), and oxygen fugacity, all of which vary in the mantle with depth, affect the 

conductivity of Fp 12; 13. Two different charge transfer mechanisms have been identified in Fp. At 

T < ~1000 K, the activation energies and the dependence of electrical conductivity on the Fe3+/Fetotal ratio 

indicate that the dominant conduction mechanism is the electron hopping between Fe2+ and Fe3+ (small 

polaron) 10; 14. At mantle temperatures (T > ~1000 K), however, the extant experimental data are consistent 

with the mechanism that involves Fe-O charge transfer (large polaron) 10. Subsequent measurements to 

~100 GPa found that the room-temperature conductivity of Fp increases by a factor of ~10 upon com-

pression to 50 GPa, drops by a factor ~3 at 50-70 GPa, and then either increases upon further compression 

15 or is almost insensitive to pressure 16. The factor-of-three drop in room-temperature electrical conductiv-

ity at 50-70 GPa is concomitant with the iron high-to-low spin transition in Fp 15; 17 and has been attributed 

to the decreased mobility and/or density of charge carriers (small polaron) in low-spin Fp 15; 16. Optical 

studies indirectly support this conclusion as the overall absorbance in the visible range, which is a measure 

of high-frequency electronic conductivity, decreases with pressure in low-spin Fp 18–20. This decrease in 

absorbance, however, is somewhat questionable because of the unknown sample thickness at high pressure, 

which is also expected to decrease with pressure in a strongly non-isotropic fashion 21. Reliable in-situ meas-

urements of sample thickness are thus needed to quantify the absorption coefficient of Fp at high pressure 

and to resolve whether the electrical conductivity of Fp is linked to its optical properties. 

The thickness of (semi)transparent samples in diamond anvil cell (DAC) experiments can be accurately 

measured if the refractive index of the sample is known. The refractive index and its wavelength-dispersion 

also provide information on the electronic structure of materials. Pressure-induced changes in the electronic 

conductivity (e.g., due to small polarons) may thus be accompanied by changes in the refractive index. To 

the best of our knowledge, the refractive index of ferropericlase at elevated pressures has never been char-

acterized. Recently, we developed a method to measure the refractive index and its wavelength-dependence 

of fully transparent solids compressed in a DAC to pressures greater than 100 GPa 22; 23. In the present 

work, we build up on that method to make it applicable for semitransparent samples and report the 
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refractive index of high spin (HS), mixed spin (MS), and low spin (LS) ferropericlase. Our results show that 

the refractive index of Fp in the visible spectral range is largely independent of pressure or iron spin state. 

The wavelength-dispersion of the refractive index is also nearly invariant in the HS and LS Fp but is reduced 

abruptly by a factor of three in the MS state. The absorption coefficient also decreases by ~35% at the onset 

of the spin transition. Our observations allow an alternative interpretation of the previous high-pressure 

electrical conductivity data. We suggest that the mobility and/or density of small polarons is reduced only 

in the MS regime, unlike previous studies that proposed reduced small polaron transport in LS Fp.  

 

3.2 Experimental methods 

3.2.1 Samples and diamond anvil cell loading 

All high-pressure experiments were performed using symmetrical DACs equipped with diamond pairs fea-

turing beveled 300/100 µm or flat 300 µm culets. A rhenium gasket indented to a thickness of 15-20 µm 

was laser-drilled to create cylindrical holes with diameters of ~45 µm (when 300/100 µm culets were used) 

or ~140 µm (when 300 µm culets were used), which served as sample chambers. For each loading we se-

lected fragments of the samples with appropriate dimensions to fill the DAC sample chamber, placed the 

samples without any pressure-transmitting medium, immediately sealed the DAC assembly and increased 

the pressure to ~20-30 GPa producing optically homogenous samples, which is required for refractive index 

measurements described below. We used synthetic ferropericlase samples of two different compositions: 

(Mg0.87Fe0.13)O and (Mg0.76Fe0.24)O, further referred to as Fp13 and Fp24 to indicate their iron content. Fp13 

was produced by Fe diffusion into an MgO crystal in a gas-mixing furnace at ambient pressure 24. Fp24 was 

synthesized by Caterina Melai 25 in a 10/5 multi-anvil assembly at 15 GPa and 1800 °C using starting material 

from Longo et al. 26. Electron energy loss spectroscopy yielded an Fe3+/∑Fetotal ratio of ~0.1 for Fp13 24, 

however, its Fe3+ content might be considerably lower as discussed in Schifferle & Lobanov 20. The 

Fe3+/∑Fetotal ratio of Fp24 is ~0.02, based on Mössbauer spectroscopy measurements 25. 

3.2.2 Refractive index measurements 

Because of significant light attenuation in Fp13 and Fp24 over thicknesses characteristic of samples in DAC, 

we needed to extend the reflectivity method used previously to study transparent samples 22; 23; 27; 28 to semi-

transparent (absorbing) samples. The approach is based on the Fresnel equation for normal incidence, where 

the measured reflectivity of the diamond-sample interface (Rdia-smp) is related to the refractive index n of the 

sample (nsmp) and diamond (ndia), and the imaginary part of the refractive index of the sample (κsmp): 

  = 
 (Eq. 3.1) 

Previous reports on the absorption coefficient of ferropericlase indicate that for Fp13 and Fp24 κsmp is small 

(~0.01 for the studied pressure range, see Appendix B for further details) and can thus be considered zero. 
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Nonetheless, quantifying light attenuation in ferropericlase due to absorption is necessary for the determi-

nation of Rdia-smp : 

 
 =  +  − 2 +  (Eq. 3.2), 

where I0, I1, and I2 are individual reflections defined graphically in Figure 2-1 A. T is sample transmission 

(T = 0 for opaque and T = 1 for transparent samples). We independently express T through IT/InoDAC : 

 
 =  − 2 + 11 −  (Eq. 3.3) 

where IT and InoDAC are the signals measured through the sample and without the DAC and Rdia-air is the 

reflectivity of the diamond-air interface. The derivations of Eq. 3.2 and 3.3 are provided in the supplemen-

tary materials (Appendix B). All measured signals were averaged over the 550-650 nm spectral range, where 

the reflectivity of the reference mirror is well-characterized (~0.985-0.995), allowing for precise measure-

ments of the probe intensity impinging on the upstream diamond-air interface. Eq. 3.2 and 3.) contain only 

two unknowns (Rdia-smp and T) and are solved simultaneously. Two of the three sets of roots included imag-

inary Rdia-smp and T and were discarded. Using Rdia-smp from the real set of roots, we solve Eq. 3.1 for nsmp, the 

refractive index of ferropericlase at 600 nm (because of the averaging of 
  and T over 550-650 nm). In 

solving Eq. 3.1, we assume a pressure-independent refractive index of diamond (ndia = 2.418 29). The validity 

of this assumption and possible effects of a pressure dependence of ndia have been discussed in detail by 

Schifferle et al. 23. Their results on MgO support the hypothesis ndia = constant. However, we provide all 

necessary data for the evaluation of nsmp in Appendix Table B 1 which can be reanalyzed when more de-

tailed information on the pressure dependence of ndia is available. The solutions to Eq. 3.1-3.3 have been 

found with Python SciPy and SymPy libraries 30; 31. We independently tested the reflectivity method for 

semitransparent samples developed in this work by reproducing the high-pressure evolution of the refractive 

index of an Fe-bearing basaltic glass (i.e., absorbing in the visible) reported by Kuryaeva & Kirkinskii 32. 

We also measured the refractive index of Fp13 decompressed to 1 atm after one of the DAC runs. To this 

end, we removed the upper diamond anvil to ensure no pressure was applied to the sample and measured 

the reflectivity of the air-sample interface where  is composed of I1* and I2*, which are individual 

reflections from the air-sample and sample-diamond interfaces (Figure 2-1 B). The normalized reflectance 

spectrum was analyzed for the average spectral separation of the interference fringes to obtain the optical 

path ( = ) (Figure 2-1 C). A radial cross-section through the retrieved sample (Figure 2-1, 

D) created by a focused ion beam allowed to directly measure the thickness of decompressed ferropericlase 

at the center of the DAC sample cavity () and to obtain the refractive index of Fp13 as 

  =  . 
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Figure 3-1 A: Reflectivity measurements in a partially absorbing sample at high-pressure conditions. The perpendicularly-incident probe laser is 

partially reflected at the air-mirror, diamond-air and diamond-sample interfaces. Oblique probe incidence is depicted for clarity. B: Reflectivity 

measurements for the decompressed sample in an opened diamond anvil cell. C: A normalized intensity spectrum of Fp13 (run 3) decompressed 

to 1 atm. The local extrema (blue and red circles) served to find the optical path (), where  is sample thickness. D: A secondary 

electron microscope image of a focused ion beam cross-section of the of Fp13 (run 3) decompressed to 1 atm used to directly image the sample 

thickness. The light grey part is the Re gasket and dark grey is Fp13. 

3.2.3 Dispersion analysis 

The interference fringe spectra can be analyzed for the wavelength-dispersion of the refractive index fol-

lowing Schifferle et al. 23 (for more details, see their section 2.3). Briefly, for each extremum the interference 

condition is: 

  = 2 (Eq. 3.4), 

where , is the interference order number of the minimum/maximum (half-integer step size) observed 

at the wavelength , d is sample thickness at high pressure, and  is the refractive index at the extre-

mum. Using Eq. 3.4 for each pair of extrema we estimated sample thickness assuming nsmp is wavelength 

independent, which is accurate within ~1% for Fe-poor Fp because the index dispersion of MgO across 

the studied spectral range is small (~1%) 33. We will provide evidence below that the index dispersion of 

Fp13 is indeed comparable to MgO. The sample thickness averaged over all used extrema pairs is then used 

to assign the interference order number to the extremum closest to 600 nm (e.g., k600nm = 70 at 16.9 GPa, 



32 

k600nm = 41.5 at 109.1 GPa) and subsequently to all the other observed extrema. Finally, the refractive index 

at each  is calculated using Eq. 3.4 for all the observed extrema. The propagation of random and systematic 

relative errors in the measured index dispersion yields overall errors of ~0.9% at ~23 GPa and ~2.6% at 

~109 GPa. The increase in this error is likely due to diamond cupping at high pressure 23. 

3.2.4 Computation of refractive index and index dispersion for MgO and ferropericlase 

Atomistic model calculations were carried out within the framework of DFT 34 and the pseudopotential 

method using the CASTEP simulation package 35. Ultrasoft pseudopotentials were generated “on the fly” 

using the parameters provided with the CASTEP distribution. These pseudopotentials have been extensively 

tested for accuracy and transferability 36. The pseudopotentials were employed in conjunction with plane 

waves up to a kinetic energy cutoff of 630 eV 37. The spin-polarized calculations were carried out with the 

PBE exchange-correlation functional and a Hubbard U of 2.5 eV for the Fe-d-states. Monkhorst-Pack grids 

38 were used for Brillouin zone integrations with a distance of < 0.025 Å−1 between grid points. Convergence 

criteria included an energy change of < 5×10−6 eV/atom, a maximal force of < 0.01 eV/Å, and a maximal 

deviation of the stress tensor < 0.02 GPa from the imposed stress tensor. It should be stressed that all 

calculations were carried out in the athermal limit, i.e., the influence of temperature and zero-point motion 

were not taken into account. 

 

3.3 Results and discussion 

The refractive indices of Fp13 and Fp24 measured in this work are shown in Figure 3-2. At all pressures, 

the index of Fp24 at 600 nm is ~1-2% higher than that of Fp13, consistent with the results of Henning et 

al. 39 who measured the optical properties of FexMg1-xO (x = 0.4-1) at 1 atm. The indices of both Fp13 and 

Fp24 increase with pressure with no sharp discontinuity over the expected spin transition range of 40-80 

GPa 17; 40; 41. In one of the runs (Fp13, run3), the index measured at 600 nm appears ~1% too low than what 

may be expected from its value independently measured at 1 atm as well as expected from the results of 

Henning et al. 39. It is plausible that submicron impurities are present in that loading which contributed an 

up-shift to the measured 
  through light back scattering, increasing the apparent Rdia-smp and thus decreas-

ing nsmp. This is indirectly supported by our data on Fp24, which remained fully opaque upon compression, 

in which case the evaluation of Rdia-smp is more accurate because only the upstream diamond-sample reflection 

(I1) contributes to 
  at T = 0 (see Eq. 3.2). At P > 60 GPa, the increase in refractive indices of Fp13 

(+0.0014 (±1.3110-3) per 10 GPa) and Fp24 (+0.0021 (±7.7510-4) per 10 GPa) is small, but resolvable 

within the uncertainty of our determination; the refractive index of mantle-like Fp is not independent of 

pressure (dashed lines in Figure 3-2). The extrapolation of the high-pressure index of Fp24 at 600 nm to 1 

atm is in excellent agreement with the expectation from the literature 39. 
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Figure 3-2 The refractive index of Fp13 and Fp24 at 600 nm measured in this work, compared to DFT calculations of Fp3.2 (high- and low-spin) 

and MgO, as well as experimental data on MgO from Schifferle et al. 23. Stars represent extrapolations based on the indices. 

The refractive index of ferropericlase is considerably higher than that of MgO (Figure 3-2) because of the 

higher polarizability of Fe2+ compared to Mg2+ at 1 atm ([6]Fe2+ 2.040 Å3, [6]Mg2+ 0.651 Å3 42). This results 

in a compositional dependence of the refractive index of ferropericlase (higher Fe content leads to higher 

index, Appendix Figure B 1). Interestingly, while the pressure-derivatives of the indices of Fp13 and Fp24 

are positive, that of MgO is negative 23; 43–45. The increase in refractive index with pressure entails that the 

Lorenz-Lorentz factor (
 ∝ ) also increases with pressure ( is density,  is Lorenz-Lorentz polar-

izability). Accordingly, we attribute the positive pressure dependence of the refractive index of ferropericlase 

to its anomalous polarizability because the compressibility of MgO, Fp13, and Fp24 are similar. However, 

our DFT computations indicate that at low Fe2+ concentrations (Fp3.2) the pressure-derivative of the re-

fractive index is similar to that of MgO (see black and grey lines in Figure 3-2). We note that Fe-Fe inter-

actions, which are very weak or absent in our DFT computations as the Fe-Fe-distances are large (1 Fe, 

31 Mg atoms in the supercell), are likely present in Fp13 and Fp24 because their Fe content exceeds the 

percolation limit (12%, Lorenz & Ziff 46). Above the percolation limit, an interconnected network of over-

lapping t2g orbitals between adjacent edge-sharing FeO6 octahedra is present. We propose that pressure-

induced electron delocalization along the interatomic t2g-t2g joints 47 maintains higher polarizability in Fp and 

is thus the reason for the anomalous positive pressure dependence of the refractive indices of HS Fp13 and 

Fp24. Such electron delocalization is complete in the LS state; hence, the refractive index of LS Fp is almost 

pressure independent (i.e., MgO-like). 
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We used the high-pressure refractive index and the interferometric data to obtain , the thickness of fer-

ropericlase at high pressure. To avoid fluctuations in  due to the apparently random error in the index, n 

is derived from a linear P vs. n fit (see Appendix B). Next, we quantify the absorption coefficient of fer-

ropericlase as: 600  =  ∙ ln10/, where  = − is the measured optical absorbance of 

the sample. Please note that even at low pressure (< 30 GPa) transmission data and the interference fringe 

pattern quality were sufficient to obtain accurate thicknesses (the variation in optical path inferred for dif-

ferent fringes is less than 1%) and absorption coefficients (3% error). Due to the high absorption coefficient 

of Fp24, transmission could only be detected in very thin samples (< 6 µm), achieved only on decompres-

sion as samples in DACs continue to thin upon pressure release 21. Here we extended this seemingly general 

behavior to ferropericlase (Appendix Figure B 2), and show that thickness estimations based on the as-

sumption of isotropic compression severely overestimate the real sample thickness by up to ~50%, similar 

to the conclusion of Lobanov & Geballe 21.  

For Fp13 we find  (600 nm) to increase from 20 GPa up to ~57 GPa by a factor of ~3, where the maximum 

is reached at ~2000 cm-1 (Figure 3-3). For the pressure range > 57 to ~85 GPa we find a sharp decrease in 

(600 nm) by ~30%. At P > 85 GPa, the absorption coefficient reaches a plateau at ~1300 cm-1. The pres-

sure range of the negative d/dP suggests that the decrease of  is related to the spin transition in Fp13 20. 

In HS Fp, the transition energy of the single multiplicity allowed crystal field (d-d) band (5T2g → 5Eg) is 

almost pressure independent 19; 20; thus, this band does not contribute to the increase in the absorption 

coefficient up to 60 GPa. One of the d-d bands of LS Fp appears close to 600 nm (16,667 cm-1) at ~60 GPa 20 

and would only increase the absorption coefficient, in contrast to what is observed. At the same time, the 

absorption edge shows a qualitative red-shift (in HS) and blue-shift (in LS) with pressure 18–20. We conclude, 

therefore, that the trend in (600 nm) is mostly related to the intensity of the UV-absorption edge in fer-

ropericlase with a minor contribution of the crystal field bands.  
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Figure 3-3 Absorption coefficients of Fp13 and Fp24 at 600 nm based on direct measurements of the optical path (). Thicknesses used for 

the calculation of the absorption coefficient are obtained by dividing the optical path by nsmp at 600 nm and neglecting the index dispersion in the 

analyzed spectral range (~500-800 nm) which is ~1% or less (see discussion in the main text). The uncertainty in d is that of refractive index and is 

~1%. Please note the break in y-axis. Abbreviations: CP = compression, DC = decompression. 

The variation of (600 nm) with pressure is reversible upon decompression down to ~40 GPa. Our 

(600 nm) allows to derive the wavelength-dependent absorption coefficients (and thus the imaginary part 

of the refractive index) from previously published absorbance data for the same Fp13 sample 20 (Appendix 

Figure B 4). Compared to previous reports on the absorption coefficient of ferropericlase where the sample 

thickness at high pressure was estimated using its equation of state 48, we show that α is lower by up to 

~50%. This is because Lobanov et al. 48 measured the thickness of their Fp13 sample after decompression 

and assumed the sample was thinner at high pressure. As shown by Lobanov & Geballe 21 samples in DACs 

continue to thin upon decompression; and their data can be used to revise the Fp13 absorption coefficients 

reported in Lobanov et al. 48. An approximate correction suggests that the radiative thermal conductivity of 

ferropericlase at the base of the mantle has been underestimated by roughly a factor of two in that previous 

study. 

Concomitantly to the directly measured decrease in the absorption coefficient by ~30% at 57-85 GPa, we 

observe a sharp decrease in the absolute wavelength dispersion of the refractive index of Fp13 (Figure 3-4). 

Below ~40 GPa, the wavelength-dispersion of the refractive index of Fp13 is essentially pressure independ-

ent. At P = 43.6-69.3 GPa, however, the index dispersion is dramatically decreased by a factor of ~3 from 

~0.0174 (± ~1%) to 0.006 (± ~2%) (orange line, Figure 3-4, A). Yet, at P > 69.3 GPa, the absolute index 
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dispersion is almost restored at ~0.016 (± 1%) (Figure 3-4, B). The index dispersion is ~50% stronger in 

HS and LS Fp13 than in MgO, which is qualitatively consistent with our DFT computations that produced 

~20% higher dispersion in the case of Fp3.2 than in the case of pure MgO. Likewise, our computations 

support the notion that the index dispersion in HS and LS Fp3.2 are similar. In contrast to pure HS and LS 

ferropericlase probed in experiments and computations, the measured index dispersion of MS Fp13 is 

anomalously low: ~50% lower than that of MgO at 60-80 GPa. We note, that the dispersion data is analyzed 

assuming a constant refractive index at 600 nm of 1.79 (based on the expectation for Fp13 at 1 atm 39 to 

better account for deviations due to random errors in the refractive index. This, however, does not signifi-

cantly affect the inferred index dispersion, because possible differences in refractive index at 600 nm of 

2-3% result mostly in a vertical shift of the index spectra and not its slope (Figure 3-4 A). 

 

Figure 3-4 (A) Dispersion of the refractive index of Fp13 (compression) at selected pressures (assuming a pressure-independent refractive index 

n(600 nm) of 1.79) and (B) as the difference between refractive indices at 550 and 870 nm compared to DFT calculations for Fp3.2 and MgO as 

well as previously published experimental data 23; 33. 

We analyzed the dispersion by the single-effective-oscillator model of Wemple & DiDomenico 49. In this 

model, the wavelength dependence of the refractive index is related to two fitting parameters E0 and Ed, 

which describe the single oscillator energy and dispersion energy (in eV), respectively. These quantities are 

related to the band gap width and bonding environment: 

  =   ∙
∙  + 1 (Eq. 3.5) 

Here, h is the Planck’s constant in eV‧s and c the speed of light in m/s and λ the wavelength in m. By fitting 

Eq. 3.5 to the measured index dispersion at 550-870 nm, we find Ed and E0. An in-detail description of the 

procedure and instrumental setup can be found in Schifferle et al. 23. 

Wemple & DiDomenico 49 proposed that E0 is related to the average optical band gap, and that the ratio 

E0/1.5 approximates independently measured band gaps. The denominator in this ratio, however, is material 

dependent. To estimate it for Fp13 we performed a Tauc plot analysis of the low-pressure optical absorption 

data of Fp13 reported in Schifferle & Lobanov 20, which yields the minimum band gap energy of 2.75 eV. 

We thus divide all fitted E0 by 3.8 to match 2.75 eV at low pressure (i.e. at P < ~40 GPa, where the 
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wavelength-dispersion is essentially pressure-independent). Although the values of E0/3.8 at P < 40 GPa 

are broadly consistent with previous DFT calculations 50–54, our results likely underestimate the band gap as 

broad-range UV spectra are not available. Despite these uncertainties, we can derive semi-quantitative trends 

in band gap energy. 

In Figure 3-5 we show E0/3.8 and Ed/7.6 (for illustration only, i.e., to scale Ed close to E0/3.8) of Fp13 

from the Wemple & DiDomenico 49 single-effective oscillator analysis and compare it with existing compu-

tations of the optical band gap in ferropericlase. Regardless of the chosen scaling factor for E0, our experi-

mental data (Figure 3-5) suggests a constant band gap energy up to ~40 GPa. In the MS state (P ≈ 50-

80 GPa), we observe an increase in E0/3.8 with a maximum at ~69.3 GPa of ~4.7 eV. This peak in the 

band gap probably represents 50% HS and 50% LS, consistent with the LS fraction inferred by Mössbauer 

spectroscopy 40. At P > 100 GPa, the band gap energy is comparable to that at P < 40 GPa. These semi-

quantitative insights into the band gap energy are consistent with DFT computations 53; 54, which suggest a 

pressure-independent band gap energy for high- and low-spin states. The possible intermediate spin (IS) 

state, although energetically disfavored 51, also does not deviate from the general trend of a near-constant 

band gap in DFT calculations. However, to the best of our knowledge, there are no DFT computations of 

the MS state available, which we probed optically here for the first time. Ed shows a trend qualitatively 

similar to that of E0. Because Ed represents the distribution of charge around the anion 49, its increase and 

decrease over the spin transition might reflect the decrease/increase in p-d orbital overlap. For example, 

charge donation from oxygen to the empty eg orbitals in the LS state has been inferred from the decrease in 

the Fe-O bond covalency 20. A similar ligand-to-Fe donation has been proposed as a consequence of the 

Fe2+ HS to LS transition in S- and Sn-thiospinels 55. 

The increase in E0/3.8 by ~1.95 eV and the reduction of the absorption coefficient by ~35% over the spin 

transition range offers a qualitative understanding of the previously reported drop of electrical conductivity 

by a factor of up to three in ferropericlase at ~50-70 GPa 15; 16. In contrast to these previous studies, where 

a lower small polaron mobility and/or density in LS ferropericlase was proposed as an explanation 15; 16, our 

data suggests that lower electron mobility is characteristic of the MS state while that in HS and LS is similar. 

We propose that qualitatively this can be understood in terms of small polaron transport through the crystal 

lattice, which requires electron exchange between adjacent Fe sites:    =  + . In par-

ticular, the absorption coefficient of Fp may be strongly enhanced due to magnetic coupling between adja-

cent iron sites, which offers an efficient means of relaxing the spectroscopic selection rules, as has been 

shown for Fe3+-O6 octahedra 57. Considering that magnetic collapse is a defining characteristic of LS Fe2+ 58, 

the magnetic relaxation of spectroscopic selection rules is only possible in HS-HS pairs. The collapse of 

magnetic moments of individual Fe atoms in the MS and LS states is thus a viable explanation for the ~30% 

decrease of the absorption coefficients at P > 57 GPa. This mechanism, however, does not offer an expla-

nation for the relatively high refractive index dispersion of the LS Fp. 
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Figure 3-5 Results of the Wemple & DiDomenico 49 fit (E0/3.8 and Ed/7.6) to the measured index dispersion of Fp13 (circles). Orange star 

represents the band gap estimation based on Tauc plot analysis 56 of data from 20. In addition, we show calculations from literature for the band gap 

in different ferropericlase compositions and spin configurations (diamonds). Abbreviations: high-spin (HS), intermediate-spin (IS) and low-spin 

(LS). Please note, datapoints from Sun et al. 54 are directly overlapping at 0 GPa and 2.5 eV (HS Fp 3.125, HS Fp18 and LS Fp18) as well as at 

60 GPa and 2.5 eV (HS Fp18, LS Fp18). 

 

3.4 Implications 

A strong reduction of the electrical conductivity of MS ferropericlase opens a new scenario for the overall 

conductivity of the lowermost mantle. Ab initio computations indicate that ferropericlase is predominantly 

in the mixed spin state at depths greater than ~1900 km and down to the core-mantle boundary at ~2900 km 

because of the high temperatures of the lower mantle, which broaden the mixed spin pressure range 50. If 

the drop in electrical conductivity at ~50-70 GPa is due to the lower small polaron mobility/density in LS 

Fp as proposed by Lin et al. 15 and Ohta et al. 16, then one expects only a moderate drop in mantle conduc-

tivity if any at depths >1900 km, because LS Fp is never dominant even at the base of the mantle. In 

contrast, if the drop in Fp conductivity is indeed characteristic of the MS state (as inferred in this work), 

then one expects a significant reduction of mantle electrical conductivity over the lowermost 1000 km of 

the mantle. The magnetic data recorded by SWARM, which is a low-orbit satellite mission dedicated to the 

study of Earth’s magnetic field, now allows 3D mapping the conductivity of the Earth’s mantle down to 

~2000 km depth 59; 60. Deeper conductivity models will be enabled by the continuing geomagnetic observa-

tions and may thus be sensitive to the changes in conductivity due to the spin crossover in ferropericlase. 

Yet another alternative is that small polaron is a relatively unimportant mechanism in the lower mantle 
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because of the crossover to the large polaron mechanism at T > ~1000 K, as suggested by earlier studies at 

P < ~30 GPa 10; 12. A transition to a band conduction mechanism in Fp at T > ~2000 K has been proposed 

by theoretical computations 61, consistent with the results of optical experiments at high P-T that indicate a 

crossover to opaque Fp at 2500 K 48. Direct measurements of Fp electrical conductivity at realistic lower 

mantle P-T conditions are thus needed to improve our understanding of lower mantle conductivity. 
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The evolution of chemical bonding in ferropericlase, (Mg,Fe)O, with pressure may affect the physical and 

chemical properties of the Earth’s lower mantle. Here we report high-pressure optical absorption spectra 

of single-crystalline ferropericlase ((Mg0.87Fe0.13)O) up to 135 GPa. Combined with a re-evaluation of pub-

lished partial fluorescence yield x-ray absorption spectroscopy data, we show that the covalency of the Fe-O 

bond increases with pressure but the iron spin transition at 57-76.5 GPa reverses this trend. The qualitative 

crossover in chemical bonding suggests that the spin-pairing transition weakens the Fe-O bond in ferroper-

iclase. We find, that the spin transition in ferropericlase is caused by both the increase of the ligand field 

splitting energy and the decrease in spin-pairing energy of high-spin Fe2+. 
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4.1 Introduction 

Because ferropericlase is the second most abundant phase of the Earth’s lower mantle 1, its transport prop-

erties (e.g., viscosity, electrical conductivity, thermal conductivity, chemical diffusivity) have been extensively 

studied 2–21. These physical properties are governed by the crystal structure, chemical composition and the 

bonding between the individual atoms of the crystal. At lower mantle pressures of 40-80 GPa 9; 10; 14; 22–26, 

ferropericlase undergoes a change in the spin state of Fe2+ from high-spin (HS) to low-spin (LS), which 

produces anomalies in the physical properties. The density increases discontinuously across the spin transi-

tion because the ionic radius of LS Fe2+ is smaller than that of HS Fe2+ 4; 20; 27. Although the electrical 

conductivity of ferropericlase increases with pressure, it is decreased by a factor of three to four across the 

spin transition 15; 28. Upon the spin transition, optical absorption in the mid- to near-infrared increases, thus 

resulting in reduced radiative thermal conductivity for the LS state 8; 10; 14. In the pressure range of the spin 

transition the elastic constants of ferropericlase soften (especially in C11, C12) 29–32, viscosity 3; 33; 34 and P 

wave velocities are reduced 29; 35. Furthermore, the iron partitioning between ferropericlase and the other 

phases of the lower mantle is anomalous 9; 33. Therefore, information on how the Fe-O bond alters with 

pressure and ultimately spin-state is critical for our understanding of changes in the macroscopic properties 

of ferropericlase. Albeit its physical relevance 36–40, measuring the bond strength is difficult at the tempera-

ture and pressure conditions of the deep Earth. As a result, constraints on the bond strength of mantle 

minerals are scarce. 

Pure MgO is a typical example of a compound dominated by ionic bonding. Introducing Fe (an element 

with a higher electronegativity on the Pauling scale) into the structure reduces the overall ionicity of the 

compound and achieves a higher covalent character of the metal-oxygen bond for the Fe-site. The only 

qualitative estimation of the covalency in the LS state is delivered by Keppler et al. 10 and Goncharov et 

al. 14. However, to our knowledge there is no consistent information available on how the nature of the 

chemical bonding on the iron site evolves with pressure and changes upon the spin transition from HS to 

LS. In the present work we investigated the chemical Fe-O bonding in ferropericlase, by performing optical 

absorption experiments and re-examining partial fluorescence yield x-ray absorption spectroscopy (PFY-

XAS) datasets 11, whereby evaluating how the strength of the chemical bond changes with pressure. 

 

4.2 Experimental methods 

4.2.1 Sample 

The sample studied here is a synthetic single-crystal of ferropericlase ((Mg0.87Fe0.13)O) produced by Fe dif-

fusion into an MgO crystal in a gas-mixing furnace at ambient pressure. Electron energy loss spectroscopy 

(EELS) yielded an Fe3+/∑Fetotal ratio of ~ 10% 41. The ferropericlase single crystal was then ground and 

double-side polished to a thickness of ~16 µm to achieve a transparent, high-optical quality platelet. 
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4.2.2 Optical absorption measurements 

At 1 atm, the spectra were collected using a Bruker Vertex 80v Fourier-transform infrared (FTIR) spec-

trometer equipped with a tungsten light source, CaF2 and KBr beamsplitters, as well as Si-diode (VIS), InSb 

(NIR) and Hg-Cd-Te (MIR) detectors. The FTIR spectrometer is combined with a Bruker Hyperion 

2000 IR microscope, serving for fine focussing on the sample and spatial filtering. The double polished 

sample was measured lying flat on a glass slide, using the latter as an optical reference. 

High-pressure experiments were performed in a symmetrical diamond anvil cell (DAC) using Re as gasket 

material. Small fragments of the sample were placed between two dried KCl platelets, which served as a 

pressure-transmitting medium, and loaded into the sample chamber. To avoid any hydration of the dry KCl, 

the DAC was sealed directly after the loading. The shift of the high-frequency edge of the first-order Raman 

band of diamond 42 was used to measure the pressure. The uncertainty of the used method is ~5% relative 

42; comparable to pressure gradients expected for using KCl as a pressure transmitting medium 43. Small 

ruby fragments served as pressure calibrants 44 to confirm the pressure estimation at P < 100 GPa. All high-

pressure measurements were performed at room temperature using the instrumentation described in 

Goncharov et al. 8. The all-reflective instrumental setup uses a combination of an FTIR and an UV/VIS 

spectrometer, allowing for measurements in a broad spectral range free of chromatic aberrations (2,500–

30,000 cm-1). A fibre coupled halogen-deuterium light source as well as a Xe flash lamp, were used for the 

measurements. The probe beam was focused to a spot of ~50 µm on the sample of which the central 

~20 µm were spatially filtered by a confocal aperture and passed to the spectrometer. UV-VIS signal was 

recorded by a 300 grooves/mm grating of an Acton Research Corporation Spectra Pro 500-i spectrometer 

equipped with a thermoelectrically-cooled CCD. In the near-IR range, the spectra were collected by a Varian 

Resolution Pro 670-IR spectrometer with a quartz beamsplitter. 

After stitching the individual spectral segments, the optical absorbance of the sample was evaluated as: 

  = − log       (Eq. 4.1) 

where Isample and Ireference are intensities measured through the sample and the pressure transmitting medium 

(or glass slide), which served as an optical reference. A dark measurement (Ibackground) with the light path to 

the spectrometer blocked, was subtracted from the measured spectra (Isample, Ireference) to remove background 

light and dark current contributions. High-pressure optical absorption spectra were measured up to 135 GPa 

in ~10 GPa intervals. The fitting procedure was performed in Fityk v1.3.1 and PeakFit v4.11 using a Gauss-

ian peak profile. All spectra reported in here were measured at room temperature. 

 

4.3 Results and discussion 

At ambient conditions six distinct features are observed in the spectrum: three peaks at 2,790 cm-1, 

3,334 cm-1 and 3,772 cm-1, two broad intense bands at 9,306 cm-1 and 12,390 cm-1 as well as a weak band at 
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19,382 cm-1 (Figure 4-1). We attribute the three bands centred at ~3,300 cm-1 to OH-stretching vibrations 

in the hydrogenated surface of the single crystal, which we do not expect to significantly affect the properties 

of the bulk sample. Please note that hydrogenation of Mg-rich ferropericlase (as well as MgO) is inevitable 

because it is hygroscopic and has affinity for chemisorption of atmospheric moisture 45. The energy of the 

two high-absorbance bands centred at ~9,300 cm-1 and ~12,400 cm-1 are typical of spin-allowed ligand field 

electronic transitions between 3d orbitals (d-d transitions) of HS Fe2+ in an octahedral coordination site 7; 10; 

46–48. Interestingly, their relative intensities are unusual because the high-energy band is typically of higher 

intensity. For example, the ligand field band of octahedrally-coordinated Fe2+ in ringwoodite 49; 50 has 

stronger absorbance at higher frequencies. The different mechanisms contributing to the absorption edge 

(Fe-O charge transfer in ringwoodite versus Fe-Fe charge transfer in ferropericlase, as discussed below) 

might cause a less-efficient intensity stealing from the absorption edge for ferropericlase, which would ex-

plain the unusual relative intensities of the ligand field bands in ferropericlase. Upon compression to 30 GPa, 

the two bands blue-shift with an average  ⁄  = 36 cm-1/GPa for the low-frequency peak and 

 ⁄  = 61 cm-1/GPa for the high frequency peak. At P = 41.5-63 GPa, however, the spectral positions 

of these bands are almost pressure independent (Figure 2 & 3). Ferrous iron has a 3d6 electronic configu-

ration and in the HS state exhibits only one spin-allowed transition that satisfies the spin-multiplicity selec-

tion rule (5T2g → 5Eg). The presence of two bands has been attributed to the Jahn-Teller effect 51, which 

allows lifting the energy degeneracy due to a distortion of the coordination site 51. The Jahn-Teller splitting, 

characteristic of the spin-allowed bands, could only be resolved at P ≤ 30 GPa. Overall, our spectroscopic 

observations are consistent with those of Keppler et al. 10 who reported relatively stable peak positions 

between 36.7 and 43.7 GPa and no ligand field band splitting at P > 36.7 GPa. 

Despite the apparently high Fe3+ content (10% Fe3+/∑Fetotal) we do not observe any intervalence charge 

transfer (IVCT) bands between Fe2+ and Fe3+. Intense broad absorption bands ~13,000-18,000 cm-1 46 are 

characteristic of IVCT. Previous studies of ferropericlase also did not report on IVCT bands 10; 14. In con-

trast, in (Mg0.90Fe0.10)2SiO4 ringwoodite with a similar amount of Fe3+ (10% Fe3+/∑Fetotal), intense IVCT 

bands were found 49. This could indicate that the effective Fe3+ content in our ferropericlase sample is lower 

than 10%. We note that the Fe3+ content was estimated based on EELS spectra 52, and therefore a substantial 

absolute error (±2% to ±3%) is to be expected, which might even be higher for samples with relatively low 

Fe3+ content 53. According to Smith 54, Fe2+ + Fe3+ → Fe3+ + Fe2+ IVCT bands in Fe bearing MgO are 

expected to be weak and might overlap with the Jahn-Teller distorted 5T2g → 5Eg transition of Fe2+. Hence, 

it is possible that a weak IVCT band contributes to the spectra but of such a small intensity that we are not 

able to identify its contribution. Therefore, any influence on the observed band positions might only be 

minor and within the error bar of the fitting procedure (±200 cm-1). 

The weak band at ~19,300 cm-1 (1 atm) is resolved up to 51 GPa and shows a near-linear, slight negative 

pressure shift of  ⁄  = -18 cm-1/GPa. Very similar features, although not discussed, are also present 

in the previously published absorption spectra of ferropericlase 10; 14. Below we discuss possible assignments 

of this band. First, we rule out the assignment to an IVCT (Fe2+ + Fe3+  Fe3+ + Fe2+) as these bands 
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generally blue-shift with pressure and are much broader 46. One possibility is that this band represents one 

of the spin-forbidden bands of Fe3+ (ground state: 6A1g, excited states: 4T1g or 4T2g). Similarly, this weak band 

may represent one of the spin-forbidden bands of Fe2+ (ground state: 5T2g excited states: 1A1g, 3T1g, 3T2g, 1T1g, 

and 1T2g). Both these interpretations may be compatible with the slight negative pressure shift of the weak 

band, but given the much higher concentration of Fe2+ than that of Fe3+ we suppose the weak band at 

~19,300 cm-1 is one of the spin-forbidden bands of Fe2+. Below we will return to the assignment of this 

band after extracting the ligand field strength and interelectronic repulsion parameters. 

 

Figure 4-1 FTIR-VIS absorbance spectra of ferropericlase ((Mg0.87Fe0.13)O) at 1 atm. Intense broad bands at 9,306 cm-1 and 12,390 cm-1 represent 

the 5T2g → 5Eg transition split by the Jahn-Teller effect. The weak band at 19,382 cm-1 is likely a spin-forbidden transition of Fe2+ or Fe3+. Low 

frequency bands (2,790 cm-1, 3,334 cm-1, 3,772 cm-1) are assumed to be related to the inevitable surface hydrogenization of the sample 45. Interference 

fringes were removed following Neri et al. 55.  

 

Figure 4-2 Optical absorption spectra of the high-pressure run. The spectra at pressures of ≥ 63 GPa are offset vertically for clarity. Peak positions 

are indicated by arrows. Spikes resulting from oversaturation on distinct spectral lines from the deuterium light source were removed. Fringes, if 

present, were eliminated from the dataset following the procedure of Neri et al. 55. 
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A qualitative change of the absorption spectra is evident at 57 GPa with the appearance of a new peak 

centred at 13,815 cm1 (Figure 4-2). The new peak grows in intensity and blue-shifts with pressure 

( ⁄  = 46 cm-1/GPa). The appearance of the new peak coincides with the disappearance of the weak 

band at ~19,000 cm-1. Two additional bands centred at 9,324 cm-1 and 22,758 cm-1 can be resolved in the 

spectrum recorded at 76.5 GPa. The intensities, positions, and widths of the three new bands indicate that 

they correspond to spin-allowed ligand field electronic transitions of LS Fe2+. Because a LS d6 element has 

multiple spin-allowed transitions, the observation of the new bands provides strong optical evidence for the 

crossover to LS Fe2+. From the spectroscopic behaviour described above, we may constrain the spin tran-

sition pressure range to 57-76.5 GPa, consistent with the compositional dependence of the spin crossover 

region in the MgO–FeO system 26; 56; 57. We note that in ferropericlase the pressure range of the spin transi-

tion is broad 24; 56; 57, and it is difficult to detect its onset by optical spectroscopy because of the overlapping 

absorption bands of the HS and LS Fe2+. Therefore, in the here presented dataset, 57 GPa likely represents 

the upper limit for the onset of the spin transition in our sample. For iron-rich ferropericlase (e.g., 

(Mg0.6Fe0.4)O), however, there are indications that the cross-over region extends up to 136 GPa. 25. 

 

Figure 4-3 Fitted peak positions plotted against pressure. Data from Keppler et al. 10 and Goncharov et al. 14 are shown for comparison. Uncertainty 

of the position (1σ ≈ 200 cm-1) is not shown as it is smaller than the symbol size. 

In the HS state the high frequency absorption edge shows a red-shift with pressure and thus an increasing 

overall absorbance in the UV-VIS range. With the change in spin state, especially at pressures ≥ 63 GPa the 

absorption edge blue-shifts continuously (Figure 4-2), consistent with earlier experimental studies 10; 14. 

Interestingly, siderite (FeCO3) shows a red-shift of the absorption edge across the spin transition, which has 

been assigned to the Fe-O charge transfer 58. In their supplementary material, Goncharov et al. 14 proposed, 

that the absorption edge of ferropericlase is mainly due to the d-d charge transfer between adjacent Fe2+ 

sites (Fe2+ + Fe2+  Fe3+ + Fe+) and not exclusively due to the p-d Fe-O charge transfer 

(Fe2+ + O2-  Fe3+ + O3-) because of the smaller energy required for a d-d compared to a p-d excitation. In 

siderite, Fe-Fe transfer is hindered by its crystal structure (corner-shared FeO6 octahedra) as opposed to 

ferropericlase (all FeO6 octahedral sites share 100% of their edges with other octahedra). The blue-shift in 
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ferropericlase, indicates an opening of the band gap across the HS-to-LS transition, consistent also with the 

drop in electrical conductivity by a factor of three to four across the spin transition 15; 28. Our spectroscopic 

data suggests that the drop in electrical conductivity is likely caused by a strengthening of the Laporte selec-

tion rule due to decreasing population (and mixing) of p and d orbitals, which implies a trend towards a 

decreasing covalent character of the Fe-O bond. Unlike that in ferropericlase, the electrical conductivity of 

siderite is increased across the HS-to-LS transition 59. The contrasting behaviour of the absorption edges 

(and electrical conductivities) of ferropericlase and siderite across their spin transitions hints that the origins 

of these spectral features are different. 

To assign the three new ligand-field bands to specific excited states we performed a Tanabe-Sugano (T-S) 

diagram fit 60. These energy level diagrams plot relative energies of ligand field states for a transition metal 

with a given electronic configuration and crystallographic coordination. T-S diagrams are constructed based 

on the empirically obtained interelectronic repulsion parameters Racah B and C from field-free transition 

metal ions in gaseous form and ions bound in crystal lattices 46. The Racah B and C parameters are two of 

the three parameters introduced by Racah 61. They express coulombic and exchange energies from interac-

tions within the electron cloud of a field free atom. Hence, they are dependent on the amount and config-

uration of present electrons. Specifically, the Racah B parameter expresses the repulsion between the elec-

trons of an atom and is used to describe variations in the size of the electron cloud but also the difference 

in the effective nuclear charge, with respect to a field-free atom, when a transition metal element is incor-

porated into a crystal structure. The Racah B parameter is generally considered a relative measure of the 

covalency of a bonded cation in a crystal structure 46; 62. Changes in the Racah B parameter can therefore 

indicate a change in the chemical bond between a cation and its surrounding ligands. Quantitative fitting of 

the observed band positions of ligand field bands into the T-S diagram allows the assignment of the ob-

served bands as well as estimating the ligand field splitting energy (10Dq) and extracting the Racah B pa-

rameter. 
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Figure 4-4 Tanabe-Sugano diagrams for octahedral coordination showing (A) d6 Fe2+ with the fitting of the optical spectroscopy datasets for the 

LS state and (B) the fit of HS PFY-XAS data from Lin et al. 11 for HS d7 Fe2+ (the d7 configuration for Fe2+ is transient and is produced upon the 

core-valence excitation, please see the text for a more detailed explanation). Fitting was performed by ensuring overall minimum deviation from the 

assigned transitions. 

The ratios of the peak positions from the observed d-d transitions at a given pressure can be used in a fitting 

procedure with respect to the E/B ratio of expected excited states (where E is the energy of an absorption 

band). To ensure a valid fit of the electronic transitions, the observation of at least two bands is required; 

more bands further strengthen the assignment. The observation of three distinct bands in the absorption 

spectra of LS Fe2+ (at P ≥ 76.5 GPa) allowed to find robust 10Dq and Racah B in the process of T-S fitting 

(Figure 4-4 A). We assigned the experimentally observed absorption bands to the following spin-allowed 

ligand field transitions (from low frequency to high frequency): 1A1g → 1T1g, 1A1g → 1T2g and 1A1g → 1A2g. 

The obtained ligand field parameters (Racah B and 10Dq) in LS ferropericlase are plotted in Figure 4-5. 

. 
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Figure 4-5 Variation of Racah B parameter (A) and ligand field splitting (10Dq) (B) with pressure (this study: orange squares, OS is for optical 

spectroscopy). Blue circles represent Racah B and 10Dq from the Tanabe-Sugano (T-S) fitting of data from Keppler et al. 10. Red triangles depict 

10Dq and Racah B from Goncharov et al. 14 using a new T-S fit of their reported spectra on (Mg0.94Fe0.06)O at 56 and 69 GPa. A: Diamonds show 

the Racah B parameter obtained from the T-S diagram fitting of PFY-XAS spectra 11 for the high-spin state (black and grey) and for the low-spin 

state. For the PFY-XAS dataset, the corrected Racah B parameter is obtained by adding 90 cm-1 to the T-S fitted value for d7 configuration (see text 

for details on this correction). B: Ligand field splitting (10Dq) of high-spin state (black and grey) and low-spin state (orange) is shown. 10Dq derived 

from the transient d7 configuration (PFY-XAS) is shifted by +2,600 cm-1 to account for the extra electron with respect to the d6 configuration 46 (see 

text for details on this correction). 

Because HS Fe2+ in 3d6 configuration exhibits only one spin-allowed transition, a T-S diagram fitting is not 

possible. In order to derive Racah B and 10Dq also for the HS state, we analysed the previously reported 

PFY-XAS data from Lin et al. 11 on ferropericlase ((Mg0.75Fe0.25)O). During the PFY-XAS process an 1s 

electron on the iron atom is excited to form a transient d7 iron configuration. The 1s level is subsequently 

filled by a 2p electron 63. In the d7 configuration iron has three spin-allowed electronic transitions, two of 

which (4T1g → 4T2g and 4T1g → 4T1g) are observed in the PFY-XAS data reported on Figure 7 (a) of 
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Lin et al. 11. Fitting these two bands into the d7 T-S diagram (Figure 4-4: B) allows the extraction of the 

ligand field parameters for HS ferropericlase (Figure 4-5), just as discussed above for T-S fitting of our own 

optical data. 

The derived Racah B at ambient pressure resulting from the T-S diagram fitting of the PFY-XAS datasets 

is 563 cm-1 (±15). However, as this value derives from Fe in a transient d7 configuration, a correction is 

needed. To correct for the extra electron and thus enable comparison to our data on LS (d6) Fe2+, we exam-

ine the (near-linear) dependence of Racah B on the oxidation state in field free cations 46; 51; 64. For a field 

free cation we estimate a difference of 90 cm-1 between Racah B of d6 (Fe2+) and transient d7 (equivalent to 

Fe+) configuration 51; 65–69. Accordingly, we add 90 cm-1 to the Racah B value obtained for the d7 configura-

tion which yields the corrected value for d6 (Figure 4-5: A). 

At ambient pressure we derive a corrected Racah B parameter of 653 cm-1, this together with the knowledge 

of 10Dq allows the assignment of the band at 19,300 cm-1 using the T-S diagram for d6 elements. From the 

10Dq/B (~17) and E/B ratio (~30) we assign the band to the spin-forbidden transition of Fe2+, 5T2g  1T2g
 

originating from the 1I term of Fe2+. This is also consistent with the pressure-induced red-shift of this band. 

Interestingly, we don’t observe the spin-forbidden transition of 5T2g  1A1g and 5T2g  1T1g (also originating 

from the 1I term) at lower energies. Likewise, we do not observe the spin-forbidden transitions originating 

from the 3H term of Fe2+, although their expected intensities would be higher as they are less forbidden by 

the spin-multiplicity selection rule than the ones originating from the 1I term. We suppose that all these 

spin-forbidden transitions of Fe2+ have intensities too low to be observed and only 5T2g  1T2g is present in 

the spectra due to intensity stealing from the high-energy absorption edge. 

The observed behaviour with increasing pressure in the HS state shows a decrease in the Racah B parameter, 

which is in contradiction with molecular orbital calculations of Sherman 69 who argued that there is no 

significant increase in covalency with pressure. However, it has been experimentally confirmed for several 

transition metal bearing complexes, that the shortening of interatomic distances at high pressure leads to an 

increase in covalency 70–73. Furthermore, the decrease in the Racah B parameter from 653 cm-1 (corrected 

for the d7 configuration) at 1 atm to 612 cm-1 at 48 GPa (6.3% with  ⁄  = -0.85 cm-1/GPa) is broadly 

consistent with the previous estimations that reported a minor reduction of ~2-6% over a 20 GPa 46; 72; 74. 

Across the spin transition, the Racah B parameter decreases from 612 (±15) cm-1 at 48 GPa to 

530 (±15) cm-1 at 76.5 GPa, equivalent to a decrease of ~13%. While we are not able to constrain the 

pressure derivative of Racah B in the spin transition range (due to the presence of HS bands in the spectra 

of mixed-spin ferropericlase the T-S fitting is less reliable), the added datapoints based on the study of 

Goncharov et al. 14 in Figure 4-5 suggest that Racah B reaches a minimum in the mixed-spin region and 

gradually increases towards the LS state. Our estimation of the Racah B parameter in the LS ferropericlase 

is very close to the Racah B which can be derived from the data of Goncharov et al. 14 (B = 511 cm-1 at 69 

GPa). However, our estimate of Racah B for LS ferropericlase is significantly different from that of Keppler 

et al. 10, who reported 377 cm-1 at 60 GPa. We suppose that the reason for this apparent discrepancy is a 
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different fit of the T-S diagram. Although the assignment to the observed transitions in Keppler et al. 10 

(1A1g → 1T1g, 1A1g → 1T2g) is the same as in our dataset (Figure 4-4 A), the variation in Racah B is caused 

by the difference in the obtained 10Dq/B ratio. This is particularly important for the fit to two excited states 

whose energy separation is almost independent of 10Dq/B in the T-S diagram (1T1g and 1T2g excited stated, 

which are the only two states probed by Keppler et al. 10). For a two-peak fit, small deviations in the peak 

ratios might produce a significant shift in the estimated 10Dq/B. The wider spectral range of our study 

enables us to observe three ligand field transitions, resulting in a much more reliable fitting of the T-S 

diagram. We note however, that we cannot completely rule out that the presence of a minor amount of Fe3+ 

did affect our fitting of the Fe2+ bands, which in turn would skew the derived Racah B. 

A possible interpretation for the observed changes in the Racah B parameter might be found in the nature 

of the covalent bonding itself. Covalent bonding is based on the sharing of an electron pair between two 

neighbouring atoms. In Fe2+ in the HS state there are four unpaired electrons in total. The eg sets of unpaired 

electrons (dz² and dx²-z² orbitals) are oriented along the x, y and z axes of the octahedron. Therefore, the 

atomic orbitals of the eg electrons have a head-on overlap with the O2- px, py and pz orbitals populated by six 

2p electrons (O2- electronic configuration 1s22s22p6) to form bonding and anti-bonding σ molecular orbitals 

(Figure 4-6). We attribute the decrease in Racah B (Figure 4-5: A) with pressure in HS ferropericlase to a 

stronger overlap of the bonding σ orbitals facilitating constructive interference of the atomic orbitals and 

resulting in higher electron density along the Fe-O bond and stronger interelectronic repulsion. In LS fer-

ropericlase, the electron density along the Fe-O direction is greatly reduced due to the vanishing electron 

population on the eg level, suppressing the low-energy (and hence strongly stabilizing) σ bonds and decreas-

ing the covalency by forming π bonds. As the strength of the covalent bonds is related to the orbital over-

lap 75, the formation of π bonds should cause a reduction of the Fe-O bond strength. Lateral overlap of the 

oxygen’s p orbitals with the LS Fe2+ t2g orbitals constitutes bonding (and non-bonding) π molecular orbitals, 

which are higher in energy than the bonding σ molecular orbitals. The occupation of non-bonding π orbitals 

explains the increase in the Racah B parameter, which indicates a less covalent nature of the Fe-O bond in 

the LS state. Further increase in pressure for LS Fe2+ leads to an increase in the Racah B parameter. 

The relatively high degree of covalency preserved in the LS state can be explained by the formation of p-d-

σ bonds. Here, σ bonds are formed between the unoccupied dz² and dx²-z² orbitals of LS Fe2+ and the electron 

pairs in the 2p orbitals of O2-, which act as σ donors of electron density (Figure 4-6). Pressure-enhanced 

overlap of the O2- 2p orbitals with the empty Fe2+ 3d (eg) orbitals increases the probability of electron hop-

ping between the orbitals. In any case, the chemical bond strength will largely be governed by the presence 

of π bonds between the t2g (Fe2+) and 2p (O2-) orbitals. This is due to the expected low electron density on 

the hybridized orbitals by σ donation and their expected higher energy compared to π bonds between mu-

tually occupied p and d orbitals. The change towards a less covalent Fe-O bond in LS ferropericlase is 

consistent with both the first-principles computations 76 and experimental electron density maps 77. We 

note, that in the Earth’s mantle the inferred change in Fe-O bonding will occur over a broader pressure 

range due to the effect of high temperature 78; 79. 
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Figure 4-6 Geometrical orientation of the empty dx²-y² (red) (A) and dz² (red) (B) electronic orbitals of low-spin Fe2+ in octahedral configuration 

shown with respect to the and px, py, pz orbitals of the O2- ligands (blue). (C): Although the eg orbitals of Fe2+ are unoccupied in the low-spin state, 

bonds can be formed due to geometrical orientation and σ donation from the ligand p-d-σ-orbitals, resulting in σ bonding and σ* anti-bonding 

molecular orbitals (right). As the σ bonding molecular orbitals are lower in energy than the σ* antibonding molecular orbitals, they will be filled first, 

satisfying the Hund’s rules. 

As shown by the optical spectroscopy data, the ligand field splitting energy (derived from the mean energy 

of the two ligand field transitions) increases with pressure in the HS state from ~10,800 cm-1 (ambient) to 

about ~12,700 cm-1 (30 GPa). The trend in 10Dq versus P for the HS state derived from the PFY-XAS data 

is very similar to the one based on our optical spectroscopy spectra. We note however, that similarly as for 

the Racah B parameter, a correction was applied to account for the d7 configuration. By comparing 10Dq as 

reported by Burns 46 of Fe2+ (10,800 cm-1) and Fe3+ (13,400 cm-1) we approximate the increased d-d splitting 

due to the extra electron of 2,600 cm-1. We then shifted the 10Dq from the PFY-XAS T-S fitting by adding 

2,600 cm-1. Across the spin transition, 10Dq decreases discontinuously and reaches values close to that at 

1 atm. Further increase of pressure leads only to a moderate increase of 10Dq in the LS state (~22 cm-1/GPa) 

(Figure 4-5: B). Siderite, for which a change in 10Dq across the spin transition has been documented, shows 

a different behaviour, where the change in the ligand field splitting energy is more sensitive to pressure (86 

cm-1/GPa 58, for HS) than 10Dq in ferropericlase (52 cm-1/GPa, for HS). 

The extraction of Racah B for both HS and LS state allows us to calculate the spin-pairing energy (Π) using 

the following the equation 80 and assuming a Racah C/B ratio of approximately 4.5 81; 67: 

  = 2.5 ∙  + 4 ∙  (Eq. 4.2) 

We show that the spin-pairing energy of Fe2+ in ferropericlase continuously decreases with pressure in the 

HS state (Figure 4-7). This is due to the increasing covalent character of the Fe-O bond where the Fe 

electrons are progressively shared with O. For the LS state we find that  increases again. We note, that 

due to the uncertainty in the exact C/B ratio in ferropericlase, the error bars on  are relatively large 

(±1,000 cm-1). By comparing the spin-pairing energy together to the evolution of 10Dq we find that both 

the decrease of  as well as the increase in 10Dq contribute to the onset of the spin transition in 
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ferropericlase. In full agreement with Hund’s first rule,  > 10Dq in HS ferropericlase (at P < ~ 40 GPa) 

and  < 10Dq or  ~ 10Dq in LS ferropericlase. Surprisingly, from HS-to-LS 10Dq in ferropericlase de-

creases, whereas it increases in siderite (Figure 4-7), which underscores that 10Dq plays a primary role in 

triggering the spin transition in carbonates 58. This observation also hints that the mechanisms of the spin 

transition in both phases are fundamentally different, likely due to the different intermediate range geometry 

of the Fe2+ site. As all edges of the octahedral iron site in ferropericlase are shared with other FeO6 (or 

MgO6) octahedra, each oxygen ligand and its electron density are shared between the six adjacent octahedra’s 

cations. Hence, only a moderate increase in the ligand field splitting energy with pressure is to be expected 

for ferropericlase, which is also confirmed by our measurements (Figure 4-5: B) and explains faster increase 

in 10Dq/P in siderite than in ferropericlase. The sharing of electron density with the oxygen, with a higher 

number of adjacent cations when compared to iron bearing carbonates, contributes to the covalency in 

ferropericlase, consistent with the lower Racah B parameter of 530 cm-1 vs. 747 cm-1 in siderite 58 (both 

values for LS state). The influence of this difference in covalency is also expressed in the higher spin-pairing 

energy for siderite than in ferropericlase (Figure 4-7). In addition, the values of 10Dq are largely indistin-

guishable from  in LS ferropericlase, which is probably why the pressure range of the spin transition in 

ferropericlase is broad (~ 20 GPa) compared to that in siderite (1-2 GPa 58; 82). 

 

Figure 4-7 Comparison of spin-pairing energy (Π) and 10Dq in ferropericlase (Fp) and siderite (Sd). Spin-pairing energy is calculated using the 

formula Π = 2.5*B + 4*C 80, assuming a fixed ratio of Racah C/B = 4.5. Data on siderite is based on Lobanov et al. 58. We note that the spin-pairing 

energy of siderite is shown as a horizontal line because of the assumption of constant Racah parameters in siderite (B = 747 cm-1, C = 3,080 cm-1) 58. 

Because our data derives from samples of different composition (Fe0.25 vs Fe0.13), we cannot fully rule out a 

compositional influence on the expected changes in 10Dq and Racah B. Further studies using composition-

ally identical samples, ideally analysed for iron distribution, are necessary to assess any potential effects of 

different iron contents also with respect to the interaction between nearest-neighbour Fe-sites. However, as 
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the comparison with lower Fe content ferropericlase ((Mg0.94Fe0.06)O) 14 shows, neither band positions nor 

Racah B and 10Dq are considerably affected (Figure 4-3, Figure 4-5). We conclude that the moderate 

difference in iron content between the analysed HS (PFY-XAS) and LS (optical spectroscopy) datasets does 

not contribute significantly to the inferred changes in bonding and spin-pairing energies. 

The here observed evolution of the Fe-O bond suggests that the spin crossover to LS Fe2+ tends to weaken 

the Fe-O bond. Below we examine how the change in Fe-O bond strength across the spin transition affects 

the physical properties of ferropericlase. The bulk modulus, for example, increases with pressure in the HS 

state but softens abruptly in the spin transition range due to the decrease in ferropericlase volume 3; 34; 76; 

83-85. Towards the LS end of the transition a hardening of the bulk modulus was observed, and for the full 

LS state the trend in bulk modulus is almost identical to the one of HS ferropericlase. 3; 34. Therefore, the 

crossover to ionic-like bonding in LS ferropericlase does not show any clear effect on the bulk modulus. All 

previous studies 12; 17; 21 agree that the viscosity increases with pressure for HS ferropericlase. Similarly, there 

is a consensus that for the mixed spin state viscosity is reduced. However, the change of viscosity with depth 

(or pressure) in LS ferropericlase is controversial. Deng & Lee 21 found a reduction in the depth-viscosity 

derivative from HS to LS ferropericlase, whereas Marquardt & Miyagi 17 presented an increase in the pres-

sure-derivative of viscosity. The model of Ammann et al. 12 predicts an almost pressure-independent vis-

cosity for full LS ferropericlase, which is roughly similar to the results of Deng & Lee 21. While it is possible 

that a reduction of the Fe-O bond strength can lower the increase in viscosity with pressure for LS ferroper-

iclase, we were unable to reliably establish such a trend in the literature data.  

The decreased strength of the Fe-O bond in LS inferred here may increase the diffusivity of Fe in ferroper-

iclase. Previous studies found anomalies across the iron spin transition 12; 33; 86, especially Saha et al. 33 pre-

dicted increased diffusivity in the spin transition range. Towards the LS state diffusivity decreases 33, incon-

sistent with the expected decreased Fe-O bond strength. Therefore, the crossover to ionic-like Fe-O bond-

ing found here has no significant effect on Fe diffusivity. 

Many attempts have been made to estimate the influence of pressure, temperature and ultimately also the 

spin transition on the lattice thermal conductivity (klatt) in ferropericlase 13; 19; 87; 88. However, there is still an 

ongoing debate on the effect and magnitude of the spin transition on klatt. While in the experimental studies 

there is a general consensus about an increase of klatt with pressure, a reduction in the crossover-region and 

a further increase in the LS state, there are still many discrepancies in the theoretical models. Song et al. 13 

found an increase in klatt at the spin transition, whereas Wu 87 reports a decrease during the crossover and a 

lowering of the pressure dependence of klatt of the LS state compared to the HS state. It is plausible, that 

the lowering of klatt upon the spin transition can also be explained by a concurrent increase in electron 

delocalization. It has been shown, that the incorporation of group IV-VI elements in the rock salt structure 

can decrease klatt due to resonant bonding and increased electron delocalization 89. For (Mg,Fe)O ferroper-

iclase this effect is very pronounced, as klatt is significantly lower than in pure MgO 88. The more ionic 

bonding in the LS state, might then explain the increasing klatt towards the LS-end of the crossover region. 
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An increase in klatt should be expected with a more pronounced electron localization as it is the case for 

ionic bonds 89. 

 

4.4 Conclusions 

Our work provides the first spectroscopic insights into the microscopic mechanisms responsible for the 

evolution of Fe-O bonding and spin-pairing energy in ferropericlase with pressure. Specifically, in the HS 

state the increase in pressure leads to a lower Racah B parameter implying a moderate pressure-related shift 

towards a more covalent Fe-O bonding in ferropericlase. The important microscopic mechanism in the spin 

transition region is the change from σ- to π-bonding and following population of higher energy molecular 

orbitals, leading to the expectation of lower bond-dissociation energies between Fe2+ and O2-. Changes in 

the electron density distribution as a function of pressure and spin state result in changes in the covalency. 

For the LS state, a decreasing covalency is derived. As the bulk modulus seems unaffected by the variations 

in Fe-O bonding, the pressure-enhanced strength is more important for the transport properties than the 

changes in covalency. We conclude that the mechanism behind the spin transition in ferropericlase is the 

increase in the ligand field splitting energy concurrent with the decrease in the spin-pairing energy for HS 

Fe2+ (Figure 4-7). The findings on the evolution of the spin-pairing energy are also consistent with the 

changes in the covalency of the Fe-O bond (Figure 4-8).  

 

Figure 4-8 The electronic reconfiguration with the spin transition changes Fe-O bonding. Triangles depict a qualitative increase (▲) or decrease 

(▼) in 10Dq, Racah B, spin-pairing energy (), and Fe-O bond strength. Whilst in the high-spin state σ bonds are formed between the oxygens 2p 

orbitals and the eg level 3d electrons of Fe2+, in the low-spin state a transition to π-dominant bonding takes place. Associated with the high-to-low-

spin transition is a change in bond covalency. For the high-spin state an increasing covalency with pressure, due to increased overlap of the strong 

σ bonds, is inferred. In the low-spin state the trend towards higher ionicity is marked by the establishment of π bonds with reduced orbital overlap 

and a lowering of Fe-O bond strength. Please note, that the depicted pressure range for the spin transition is based on results of this study at ambient 

temperature. At the temperature conditions of the Earth’s mantle a broader spin transition zone is expected 90. 
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Chapter 5 Discussion 

The primary objective of this thesis was to establish links between optical properties and physical material 

properties under high-pressure conditions. By focusing on common mantle minerals, this thesis aimed at 

deepening our understanding of their behavior under extreme conditions relevant to Earth and other plan-

etary bodies. In particular, the research presented examines two optical properties: the refractive index and 

the optical absorption. Through the exploration of the Mg-Fe-O system’s response to varying pressure, we 

gained new insights into fundamental material properties of periclase and ferropericlase, which are both key 

components in the construction of planetary bodies (McWilliams et al., 2012; Musella et al., 2019; Spaargaren 

et al., 2023). 

 

5.1 High-pressure refractive index 

5.1.1 MgO 

In Chapter 2 I present analyses of the refractive index of MgO, which have been published in Schifferle et 

al. (2022). The study revealed new experimental insights on the refractive index of MgO up to pressure 

conditions of the core-mantle boundary. Specifically, we observed a decrease of the index at 600 nm by 

~2.4% from ~1.7373 at 1 atm to ~1.696 (±0.017) at ~140 GPa. This dataset provides the first measure-

ments of the refractive index of MgO in the VIS region, at pressures exceeding 30 GPa. To further investi-

gate the physical properties of MgO, we conducted a single-effective oscillator analysis utilizing the refrac-

tive index dataset. We found that the band gap of MgO increases by ~1 eV, from 7.4 eV at 1 atm to 

~8.4 (±0.6) eV at ~103 GPa. The unique capability of the DAC to function as a Fabry-Perot interferometer, 

allowed to extract the thickness of the pressurized sample based on an analysis of the interference pattern. 

Consequently, the refractive index data allowed to monitor diamond cupping and measure sample volume 

(V). 

We found that the refractive index of MgO is consistent with the previously published data (Stephens and 

Malitson, 1952; Balzaretti and Da Jornada, 1990; Oganov et al., 2003; Stevens et al., 2006; Fratanduono et 

al., 2013) (see Figure 2-2). As MgO is commonly used in DAC experiments, either as a pressure transmitting 

medium (e.g., Pigott et al., 2015) or as a primary pressure scale (e.g., Zha et al., 2000), the refractive index 

of MgO (as published in Schifferle et al., 2022) will serve as a useful tool to characterize the thinning of 

sample assemblages in DAC with MgO as pressure medium. As recently pointed out by Lobanov and Ge-

balle (2022), in-situ thickness determinations are essential for high-pressure thermal conductivity measure-

ments (Lobanov and Geballe, 2022). Future studies of mantle and core thermal and electrical conductivities 

may use the now-available index of MgO to constrain sample thickness at high pressure without the need 

to rely on the assumption that sample thickness changes isotropically upon compression or decompression. 

As such, our data will contribute to establishing more reliable constraints on the heat and charge transfer in 
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deep planetary interiors. In addition, this work has already contributed to the refinement of sound velocities 

and elastic constants of MgO (Zhang et al., 2023). 

The presented band gap data up to 103 GPa represents the first experimental constraint on the band gap of 

MgO. Although the postulated ratio of E0/1.5 ≈ band gap by Wemple and DiDomenico (1971) is certainly 

not universal (e.g., 2 in Studenyak et al., 2020 or 1.4–1.9 in Shaaker et al., 2012), the proximity of the postu-

lated band gap (7.39 eV) compared to the one from Whited and Walker (1969) (~7.8 V) supports the ap-

plicability of the used E0/1.5 ratio. Our data is generally consistent with the increasing trend predicted by 

density functional theory (DFT) calculations (Figure 2-6), although DFT tentatively plots at lower energies. 

This discrepancy in absolute value is likely due to the tendency of DFT to underestimate the band gap 

(Winkler and Milman, 2014; Morales-García et al., 2017). Nevertheless, in the absence of direct band gap 

measurements at high-pressure conditions, the single-effective oscillator analysis after Wemple and Di-

Domenico (1971) presents a reasonable, semi-quantitative way to determine the optical band gap. 

 

5.1.2 (Mg,Fe)O 

Chapter 3 contains an analysis of the refractive index of ferropericlase, which has been submitted to American 

Mineralogist. This work presents the first in-situ experimental data on the optical refractive index and wave-

length-dispersion of ferropericlase, and is presented together with an in-situ, thickness-based analysis of the 

optical absorption coefficient up to ~140 GPa at room temperature. Refractive index and absorption coef-

ficient show an increase with pressure in the high-spin state (P < 50 GPa). Over the MS region, the index 

dispersion decreases by a factor of three, and the absorption coefficient deceases by ~30%. The refractive 

index at 600 nm is not significantly affected by the spin transition. The semi-quantitative estimation of the 

optical band gap (Figure 3-5) indicates its significant increase in the MS region. We interpret these anoma-

lies as a reduction of small polaron transport between Fe-pairs of opposite spin, which may offer an expla-

nation for the previously observed lower electrical conductivity of ferropericlase in the 50 to 70 GPa region 

(Lin et al., 2007b; Ohta et al., 2007). 

As shown in Figure 3-2, the refractive index of (Mg,Fe)O at 600 nm increases with pressure and is not 

significantly altered by the expected spin transition. One of the runs (Fp13 100 run 3) was possibly influ-

enced by small impurities that increased the apparent Rdia-smp, affecting the calculation of the refractive index. 

Nevertheless, extrapolations of the high-pressure data from Fp13 100 run 1 and Fp 24 100 run 1 to 1 atm 

are in excellent agreement with expectations from literature (Henning et al., 1995). 

Compared to MgO, the index of (Mg,Fe)O is significantly higher, due to the relation between the refractive 

index and the electronic polarizability (via the dielectric constant:  = , which in turn is related to the 

polarizability via the electric displacement D and electric field strength E (Hynes, 2016)). The high refractive 

index of ferropericlase is a result of the higher polarizability of [6]Fe2+ compared to [6]Mg2+ (Shannon and 

Fischer, 2016). The addition of Fe to MgO apparently changes the sign of the pressure dependence of the 

refractive index from negative (MgO) to positive (ferropericlase) (Figure 3-2, Figure 2-2). We proposed 
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that the positive pressure dependence of the refractive index in ferropericlase is due to a high polarizability 

resulting from the presence of iron above the percolation limit (12%; Lorenz and Ziff, 1998) and associated 

with electron localization along hybridized t2g-t2g orbitals between adjacent Fe sites (Diamond et al., 2022). 

In the LS state, the reduction of electron density along the t2g-t2g joints (Diamond et al., 2022) may explain 

the near pressure-independent refractive index of ferropericlase, similar to MgO. This difference in orbital 

hybridization between ferropericlase and periclase could also explain the notable discrepancy between ex-

perimental data and the DFT results (pink and red lines in Figure 3-2). The computed models represent a 

low Fe concentration (3.2%), which is well below the percolation limit (Lorenz and Ziff, 1998). Conse-

quently, the Fe-Fe interactions are either weak or absent, indicating that the refractive index of low-Fe 

ferropericlase decreases with pressure, similar to MgO. 

We showed that the absorption coefficient of ferropericlase at 600 nm increases significantly with pressure 

in the high-spin state. Although the data in Figure 3-3 reflects only a single-wavelength absorption coeffi-

cient, the in-situ thickness determination enabled scaling of previously published data to areas, where no 

direct thickness measurements have been reported (e.g., Appendix Figure B 3). At approximately 

60 (±10) GPa, the absorption coefficient reaches its maximum, followed by a continuous decrease up to 

~90 GPa. This change in trend was assigned to the spin transition in ferropericlase and is consistent with 

the expected onset of the spin transition at 13% iron content (Lin et al., 2006; Kantor et al., 2009; Glazyrin 

et al., 2016). Because one of the absorption bands of low-spin ferropericlase is located at ~600 nm 

(1A1g to 1T2g; see Schifferle and Lobanov, 2022) the absorption coefficient should increase at this wavelength. 

However, we observed a decrease in absorption coefficient at 600 nm across the spin transition. We pro-

posed that the decrease in the absorption coefficient with the transition to the LS state is related to the 

previously reported blue-shift of the high-frequency absorption edge (Goncharov et al., 2006; Keppler et 

al., 2007; Schifferle and Lobanov, 2022). The plateau observed in the absorption coefficient at P > ~90 GPa 

implies that the tail of the high-frequency absorption edge no longer contributes to the absorption coeffi-

cient at 600 nm. Our results indicate a (room temperature) absorption coefficient that is up to 50% lower 

than previously reported (Lobanov et al., 2021). It is important to note that the effect of temperature on 

increasing opacity of ferropericlase is considerable (Lobanov et al., 2021). Therefore, bridgmanite remains 

the more transparent mineral in the lower mantle. Nevertheless, based on the absorption coefficients for 

ferropericlase presented in this study, future publications can calculate more accurate radiative conductivities 

for the lower mantle. 

Previous studies reported a distinct decrease of the electrical conductivity of ferropericlase once the transi-

tion to the low-spin state is initiated (Lin et al., 2007b; Ohta et al., 2007; Yoshino et al., 2011). This reduction 

was previously assigned to a lowered small polaron mobility in LS ferropericlase (Lin et al., 2007b; Ohta et 

al., 2007). Although such an interpretation agrees with the low increase of electrical conductivity with pres-

sure in Ohta et al. (2007), it does not explain the positive trend in conductivity with pressure at P > 80 GPa 

in Lin et al. (2007b), which is nearly identical to the one in full HS (between 20 and 50 GPa). Similar obser-

vations were also made by Liu et al. (2018) on the Fe3+ spin transition in (Mg0.56Fe0.53)(Si0.49Fe0.51)O3 



68 

(bridgmanite), where in the MS region the electrical conductivity is reduced, but the effect of pressure on 

the electrical conductivity is nearly identical for full HS and full LS state. On the contrary, Ohta et al. (2010) 

reported a strong reduction in the MS region and a near pressure-independent electrical conductivity for 

full LS (Mg0.9Fe0.1)SiO3 bridgmanite. These full LS state discrepancies in both ferropericlase and bridgmanite 

call for a re-analysis of samples with identical compositions to resolve the effect of pressure on the electrical 

conductivity at these high-pressure conditions. The common feature in previous reports (Lin et al., 2007b; 

Ohta et al., 2007; Yoshino et al., 2011; Liu et al., 2018) is that there is a reduction of electrical conductivity 

in the presence of a MS composition. In Chapter 3, we present an alternative explanation for the observed 

reduction of the electrical conductivity. The single-effective oscillator analysis strongly indicates a significant 

increase of the optical band gap in MS ferropericlase (Figure 3-5). Although the band gap was not directly 

measured, the E0/3.8 ratio increases up to a factor of 1.7 in the MS state and is then gradually restored to 

its base value up to ~100 GPa. This implies that a reduction of the small polaron mobility is particularly 

pronounced in the MS state, whereas small polaron mobility in full HS and full LS state remains comparable. 

Strong magnetic coupling between adjacent iron sites could represent a potential explanation for the ob-

served changes in the mixed spin state, because it can relax spectroscopic selection rules and enhances the 

absorption coefficient and electron exchange between adjacent iron sites ( Sherman and Waite, 1985, shown 

for Fe3+). The relaxation of the selection rules, however, is only possible for HS-HS pairs. The spin transi-

tion-related magnetic collapse (Cohen et al., 1997) and consequently the obliteration of the magnetic selec-

tion rule relaxation is then consistent with the observed reduction of both the absorption coefficient (Figure 

3-3) and the previously reported decrease of electrical conductivity (Lin et al., 2007b; Ohta et al., 2007; 

Yoshino et al., 2011). Nevertheless, it remains unclear why the relatively high wavelength-dispersion of the 

refractive index is restored in LS ferropericlase (Figure 3-4).  

 

5.1.3 Limitations and outlook 

The independence of the refractive index of diamond (ndia = 2.418; Hynes, 2016) up to 140 GPa was a key 

assumption throughout Chapter 2 and Chapter 3. Although this assumption is supported by our own 
 

data on MgO (Figure 2-4), other authors suggested that ndia might increase with pressure by ~2% (Katagiri 

et al., 2020) or decrease by up to 5% (Eremets et al., 1992; Morales-García et al., 2017) in the 0–140 GPa 

range. For MgO, such differences in ndia would significantly affect its refractive index. However, within their 

1σ uncertainty, Katagiri et al. (2020) could not rule out that the refractive index of diamond stays constant 

up to 140 GPa. DFT computations by Surh et al. (1992) suggested that the pressure dependence of the 

refractive index of diamond might either be positive or negative, depending on the principal strain direction. 

As the diamond tip deforms non-isotropically under pressure (i.e., complex diamond cupping; e.g., Merkel 

et al., 1999), the net effect could result in an essentially pressure-independent refractive index of diamond. 

Likewise, the reproducibility of the refractive index-based volume-density data of SiO2 glass and H2O (Zha 

et al., 2007; Lobanov et al., 2022) strongly supports a pressure-independent refractive index of diamond. 

Still, we could not completely rule out a significant change of ndia with pressure (i.e., > ±1–2% up to 
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140 GPa). In that regard, I emphasize that the measured reflectances of the diamond-sample interface 

(Rdia-smp) are robust and reported in the manuscripts and this thesis (Appendix A for Chapter 2 and  

Appendix B for Chapter 3). These data will serve to re-evaluate the refractive indices of these materials, 

should this be needed when better knowledge on ndia at high-pressure conditions becomes available. 

In both studies on the refractive index, no pressure-transmitting medium was used. Instead, the sample was 

contained within a Re gasket, where stress conditions in the sample were determined by the mechanical 

strength of Re, which is considerably higher compared to a typical pressure-transmitting medium (e.g., Ar, 

Ne). Consequently, possible pressure and strain gradients could have been much higher compared to ex-

periments that use a pressure transmitting medium. It is noted that within the error of the diamond anvil 

Raman gauge (5%, Akahama and Kawamura, 2006), no pressure gradients could be resolved. Given the 

reproducibility within 3% of the equation-of-state of MgO from Tange et al. (2009) (Figure 2-4), the agree-

ment of modelled vs. experimental data (Figure 2-2), and the relatively small influence of P on n, we con-

cluded that for MgO and (Mg,Fe)O the uniaxial stress conditions did not affect our results. However, future 

experiments should include measurements using pressure transmitting mediums, as this would allow to 

resolve the refractive index at pressures < 30 GPa. 

As there are still uncertainties remaining, especially with regard to the index dispersion, future studies should 

particularly focus on the LS region and use additional sample compositions to further elucidate the cause of 

the high degree of refractive index dispersion. As most of the lower mantle at depths greater than ~1900 km 

is likely in MS state (Holmström and Stixrude, 2015), a broader variety of sample compositions might also 

serve to better constrain the maintained high polarizability of (Mg,Fe)O as well as the influence of magnetic 

coupling on the selection rules. 

In high-pressure studies such as these, diamond cupping causes non-parallelism of the two diamond culets. 

Therefore, potential effects on the results have to be considered. Although the probe diameter is small 

(~5 µm in the focal plane), it is not possible to fully rule out an influence of diamond cupping. To this end, 

the usage of designer anvils with toroidal shape could potentially reduce the cupping (Dewaele et al., 2018) 

and improve the applicability of the single-effective oscillator analysis at extreme pressure conditions. 

 

5.2 Chemical bonding in ferropericlase 

In Chapter 4, the high-pressure optical properties of ferropericlase were used to analyze changes in the 

chemical bonding due to pressure and the spin transition. An examination of the chemical bonding is vitally 

important for the understanding of changes in chemical and physical material properties at extreme pressure 

conditions (Thomann, 1987; Cammarata and Rondinelli, 2012; Chainani et al., 2013; Mohn and Trønnes, 

2016). We presented the first comprehensive analysis of the change in Fe-O bonding in ferropericlase, both 

with increasing pressure and across the spin transition. The usage of Tanabe-Sugano diagram fits (Tanabe 

and Sugano, 1954) allowed to analyze data from optical spectroscopy as well as to re-analyze previously 

published partial fluorescence yield X-ray absorption spectroscopy data (Lin et al., 2010). Furthermore, this 
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approach enabled us to extract ligand field splitting energy (10Dq) and Racah B parameter. The latter is a 

measure of the interelectronic repulsion and is considered a relative indicator of the covalency of a cation-

anion bond within a crystal (Manning, 1970; Burns, 1993). In Figure 4-5, the Racah B parameter is plotted 

against pressure and compared to previous data of Keppler et al. (2007) and Goncharov et al. (2006). It is 

noted that the estimated Racah B parameter deviates significantly from the previously published data of 

Keppler et al. (2007). However, our data align perfectly with the Racah B parameter reported by Goncharov 

et al. (2006), as well as further datapoints extracted from their supporting materials. The discrepancy to the 

data of Keppler et al. (2007) may be attributed to the experimental uncertainties in peak position extraction. 

In contrast to Keppler et al. (2007), we analyzed a much broader spectral range, enabling a simultaneous 

three-peak-fit to the Tanabe-Sugano diagram (compared to the two in Keppler et al., 2007), which signifi-

cantly reduces the influence of experimental uncertainty on the extracted Racah B value. 

We showed that the Racah B parameter decreases with pressure in the HS state, indicating an increasing 

covalency of the Fe-O bond (consistent with previous data; Drickamer and Frank, 1973; Abu-Eid and 

Burns, 1976; Burns, 1993), whereas in the LS state the opposite trend was found. The change in covalency 

arises from the redistribution of electron density due to the spin transition, together with the shift from σ- 

to π-bonding, which affects overall interelectronic repulsion and potentially reduces the bond-dissociation 

energies between Fe and O. However, a comparison with pressure-related trends in other physical proper-

ties, such as bulk modulus (Wentzcovitch et al., 2009; Marquardt et al., 2018) or Fe diffusivity (Ammann et 

al., 2011; Saha et al., 2011; Saha et al., 2013), showed that the net effects of the bond strength reduction 

from HS to LS are minor and so far, no significant effect on other physical properties could be found. 

By monitoring 10Dq and Racah B we concluded that the spin transition in ferropericlase can be attributed 

to both the increase in 10Dq and the decrease in Racah B. This is fundamentally different to the spin tran-

sition in siderite, which is governed by the steep increase in 10Dq (Lobanov et al., 2015) as depicted in 

Figure 4-7. This disparity results from the different crystal structure of the two minerals. Ferropericlase 

exhibits edge-shared octahedra, whereas siderite hosts corner-shared FeO6 octahedra. The different struc-

tures cause variations in the sharing of electron density between Fe and O, ultimately resulting in a stronger 

effect of pressure on 10Dq in siderite compared to ferropericlase. This is also consistent with the higher 

Racah B parameter in siderite (Lobanov et al., 2015) compared to ferropericlase. 

In Chapter 4 we showed how the optical properties at high pressure, specifically the absorbance, can be 

used to extract information on the response of chemical bonding to high-pressure conditions. However, it 

is noted that for achieving accurate results, an instrumental system optimized for wide-range measurements 

is required. This is particularly important when differences between electronic state energies are either small 

or their pressure shift is nearly identical. To this end, the (theoretical) ability to observe a higher number of 

electronic transitions can significantly improve the reliability of the fit. 
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5.3 Conclusion 

The studies presented in this thesis significantly contribute to the deeper understanding of the optical prop-

erties of MgO and (Mg,Fe)O at high pressure. I extended the knowledge on the refractive index of the 

system Mg-Fe-O, and shed light on the evolution of chemical bonding under pressure conditions of the 

deep Earth. The experimental constraints on the evolution of the band gap for MgO and (Mg,Fe)O at 

mantle pressures were linked to their electrical conductivity and provided valuable insights into the physical 

properties of these important planetary building blocks (O'Neill and Jeanloz, 1990; McWilliams et al., 2012; 

Musella et al., 2019). Furthermore, my results contributed to the refinement of sound velocities and elastic 

constants (Zhang et al., 2023) and are of practical use to the high-pressure community, as the pressure 

dependence of the refractive index for MgO and (Mg,Fe)O allows for direct thickness estimation in DAC 

experiments (Lobanov and Geballe, 2022). The determination of optical properties, as demonstrated in this 

thesis, can be readily applied to other materials in order to deepen our knowledge of physical properties of 

geomaterials. 
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Appendix A Supplementary materials Chapter 2 

Appendix Table A 1 Reflectivity of the diamond-MgO interface (Rdia-smp) measured in this work and the resulting refractive index of MgO inferred 

using the Fresnel equation for perpendicularly incident light under the assumption of ndia = 2.418. The values in parentheses are the estimated relative 

uncertainties on the parameters. The symbols CP and DP indicate compression and decompression path, respectively. 

Run # 

Culet-size 

Pressure path 

Pressure [GPa] 

(~±5 %) 

Rdia-smp 

(~±5 %) 

Refractive Index, nMgO 

(under the assumption of 

ndia = 2.418) 

(~±1 %) 

1 100µm (CP) 26.6 0.02761 1.729 

1 100µm (CP) 26.6 0.02936 1.711 

1 100µm (CP) 28.7 0.02819 1.723 

1 100µm (CP) 43.8 0.03043 1.700 

1 100 µm (CP) 44.2 0.02807 1.724 

1 100 µm (CP) 55.3 0.02942 1.710 

1 100 µm (CP) 56.3 0.02952 1.709 

1 100 µm (CP) 68 0.03089 1.695 

1 100 µm (CP) 68 0.03292 1.675 

1 100 µm (CP) 85.4 0.0315 1.689 

1 100 µm (CP) 87 0.03124 1.692 

1 100 µm (CP) 103.6 0.03114 1.693 

1 100 µm (CP) 103.6 0.03151 1.689 

1 100 µm (CP) 116 0.03047 1.699 

1 100 µm (CP) 116 0.0313 1.691 

1 100 µm (CP) 124 0.02974 1.707 

1 100 µm (CP) 124 0.0309 1.695 

1 100 µm (CP) 139 0.03045 1.700 

1 100 µm (CP) 139 0.03121 1.692 

-- -- -- -- 

1 100 µm (DC) 99 0.03102 1.694 

1 100 µm (DC) 60 0.02939 1.710 

1 100 µm (DC) 37.3 0.02821 1.723 

-- -- -- -- 

2 400 µm (CP) 21.8 0.02947 1.709 

2 400 µm (CP) 32.5 0.03063 1.698 

2 400 µm (CP) 36 0.03018 1.702 

-- -- -- -- 

2 400 µm (DC) 36 0.0307 1.697 

2 400 µm (DC) 36 0.0334 1.671 

2 400 µm (DC) 30 0.02957 1.708 

2 400 µm (DC) 30 0.03093 1.710 

-- -- -- -- 

3 100 µm (CP) 25.1 0.0269 1.734 

3 100 µm (CP) 34.8 0.02761 1.727 

3 100 µm (CP) 42.3 0.02707 1.729 

3 100 µm (CP) 49.5 0.0289 1.713 

3 100 µm (CP) 57.9 0.02867 1.715 
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Run # 

Culet-size 

Pressure path 

Pressure [GPa] 

(~±5 %) 

Rdia-smp 

(~±5 %) 

Refractive Index, nMgO 

(under the assumption of 

ndia = 2.418) 

(~±1 %) 

3 100 µm (CP) 63.2 0.02821 1.720 

3 100 µm (CP) 75.1 0.02755 1.727 

3 100 µm (CP) 87.3 0.02875 1.715 

3 100 µm (CP) 95.9 0.02844 1.718 

3 100 µm (CP) 103.7 0.02921 1.710 

3 100 µm (CP) 108.5 0.02957 1.706 

-- -- -- -- 

4 100 µm (CP) 24.89 0.02833 1.719 

4 100 µm (CP) 34.5 0.02881 1.714 

4 100 µm (CP) 47.1 0.02858 1.716 

4 100 µm (CP) 56.5 0.0295 1.707 

4 100 µm (CP) 65.2 0.03058 1.696 

4 100 µm (CP) 76.5 0.02892 1.713 

4 100 µm (CP) 84.3 0.03049 1.697 

4 100 µm (CP) 94.4 0.02843 1.718 

4 100 µm (CP) 103.5 0.02956 1.706 
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Appendix B-1 Reflectivity measurements 

As illustrated in Figure 3-1 (main text), we measure reflections from several different interfaces as well as 

the intensity of light passing through the diamond anvil cell (DAC) to obtain the quantities that are necessary 

to solve Eq. 3.1 to 3.3 (main text, chapter 3.2.2). The initial probe intensity in air (Iair) was obtained as the 

amount of light reflected from a reference mirror with 99% reflectivity (Imirror): 
 = / 0.99 

Measuring the intensity of light reflected from the diamond-air interface we obtain its reflectivity: 

 =   

Then,  = 1 − ,  = , and  =  ∙ 1 − , where 

Rdia-smp is the reflectivity of the diamond-sample interface and T is the sample transmission. Because samples 

in DACs are thin (~10 µm), the measured intensity of light reflected from the sample (Idia-smp) always contains 

contributions from the upstream and downstream diamond-sample interfaces. Coming the above we can 

write: 

 +  =  +  − 2 +  

Higher order reflections from the diamond-sample interface are not considered in the analysis because their 

contribution to the measured intensity ratio is negligible 1. Finally, sample transmission is expressed as: 

 =  − 2 + 11 −  , 

where IT and InoDAC are measured in transmission as graphically defined in Figure 3-1. 

 

Appendix B-2 Diamond-ferropericlase interface reflectivity values 

As discussed in the main text and in Schifferle et al. 2, we assumed a pressure independent refractive index 

of diamond. If in the future more precise estimations of the high-pressure index of diamond become avail-

able, data provided in Appendix Table B 1 allows to recalculate the refractive index of ferropericlase as 

well as its absorption coefficient. 
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Appendix Table B 1 Diamond-sample interface reflectivity (Rdia-smp), sample refractive index at  = 600 nm (nsmp), sample transmission (T, not 

normalized for sample thickness) and apparent thickness (OP, i.e., optical path; real thickness = OP/nsmp) as measured in this work, relying on the 

Fresnel equation for perpendicularly incident light for the assumption ndia = 2.418 and pressure independence of ndia. The values in parentheses are 

the estimated relative uncertainties on the parameters. Abbreviations: CP = compression, DC = decompression. 

Sample 

Run#, culet 

size, pres-

sure path 

Pressure 

[GPa] 

(±5%) 

Rdia-smp 

(±5%) 

nsmp (for ndia = 

constant = 2.418) 

(±1%) 

T 

(±3%) 

OP 

[µm] 

(err. <1%) 

Fp13 100_1, CP 

19.8 - - 0.526 17.967 
20.9 - - 0.526 17.911 
24.6 - - 0.469 17.796 
29.2 - - 0.402 17.412 
33.9 0.02071 1.810 0.356 17.134 
42.9 0.01975 1.822 0.279 16.491 
48.6 0.01941 1.827 0.229 16.122 
52.8 0.01902 1.832 0.197 15.685 
56.6 0.01944 1.826 0.194 15.092 
63.8 0.01812 1.844 0.217 14.463 
67.2 0.01917 1.830 0.237 13.990 
68.3 0.01918 1.830 0.250 13.849 
70.5 0.01701 1.860 0.268 13.641 
81.5 0.01922 1.829 0.334 13.220 
92.2 0.01871 1.836 0.383 12.861 
96.9 0.0178 1.849 0.376 12.664 
103.5 0.01748 1.853 0.399 12.516 
106.2 0.01862 1.837 0.391 12.539 
111.8 0.01851 1.839 0.406 12.443 
119 0.0184 1.840 0.405 12.342 

129.5 0.01854 1.838 0.415 12.285 
138.4 0.01857 1.838 0.401 12.231 

Fp13 100_1, DC 

100.4 0.01898 1.832 0.407 12.422 
84.7 0.01946 1.826 0.426 11.906 
75.1 0.01953 1.825 0.403 11.556 
68.6 0.02095 1.807 0.368 11.171 
57 0.02063 1.811 0.344 10.802 

38.6 0.02089 1.807 0.438 9.775 
25.3 - - 0.569 9.225 
16 - - 0.647 8.950 
9.9 - - 0.698 8.921 
7.8 - - 0.729 8.984 

 

Fp13 100_2, CP 
18.7 - - 0.518 18.676 
26.3 - - 0.383 18.161 

 

Fp13 100_3, CP 

16.9 - - 0.480 21.537 
19.8  - 0.445 21.216 
23 - - 0.399 20.898 

28.1 - - 0.346 19.985 
35 0.02034 1.814 0.264 18.679 

38.2 0.02025 1.816 0.237 18.136 
43.6 0.0201 1.817 0.221 16.789 
50.3 0.01992 1.820 0.195 15.769 
54.9 0.0198 1.821 0.183 14.999 
62.1 0.01961 1.824 0.205 14.267 
69.3 0.01942 1.827 0.258 13.640 
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Sample 

Run#, culet 

size, pres-

sure path 

Pressure 

[GPa] 

(±5%) 

Rdia-smp 

(±5%) 

nsmp (for ndia = 

constant = 2.418) 

(±1%) 

T 

(±3%) 

OP 

[µm] 

(err. <1%) 

76.2 0.01923 1.829 0.307 13.276 
82.8 0.01906 1.831 0.341 12.887 
86.9 0.01895 1.833 0.366 12.868 
89.7 0.01888 1.834 0.385 12.751 
100.3 0.01861 1.838 0.391 12.417 
109.1 0.01838 1.841 0.403 12.601 

 
Fp13 300_1, CP 34.8 0.01984 1.821 0.064 37.384 

 

Fp24 100_1, CP 

24.8 0.01864 1.837 0 - 
31.1 0.01816 1.844 0 - 
40.8 0.01777 1.849 0 - 
48.9 0.01766 1.851 0 - 
58.4 0.01721 1.857 0 - 
61.5 0.01716 1.858 0 - 
66.6 0.01756 1.852 0 - 
73.9 0.01752 1.853 0 - 
88.6 0.01716 1.858 0 - 
99.5 0.01697 1.861 0 - 
105 0.01651 1.867 0 - 

Fp24 100_1, DC 

94.1 0.01682 1.863 0 - 
77.7 0.0172 1.857 0 - 
65.7 0.01704 1.860 0 - 
55.2 0.01644 1.868 0 - 
50.7 0.01665 1.865 0 - 
45.4 0.01689 1.862 0 - 
38.8 0.01725 1.857 0 - 
31.6 0.01757 1.852 0 - 
28.2 0.01758 1.852 0 - 
21.9 0.01744 1.854 0.005 10.218 
19.1 0.0178 1.849 0.014 10.544 
14.3 0.01783 1.848 0.027 10.561 
11.04 0.01766 1.851 0.039 10.478 
8.7 0.01777 1.849 0.053 10.442 
5.5 0.01877 1.835 0.075 10.416 

 

Appendix B-3 Compositional dependence of ferropericlase refractive index 

Ambient pressure measurements of Henning et al. 3 allow an estimation of the refractive index n(600 nm) 

of our Fp13 and Fp24 samples. A 2nd order polynomial fit to their data (lowest reported Fe content therein, 

(Mg0.60Fe0.40)O) yields  = 4.675 ∙ 10±9.444 ∙ 10 ∙  + 0.0024 ±0.0133 ∙  +
1.751 ±0.428 at 600 nm. As shown in Appendix Figure B 1 (dotted line), our experimental data fit a 

2nd order polynomial trend well. A revised fit of the compositional dependence of the refractive index to 

the iron content is shown by the solid trendline in Appendix Figure B 1:  =
4.286‧10±2.144‧10‧ + 0.003±0.002‧ + 1.739±0.047. 
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While there are still unanswered questions on the low-pressure behavior of 600 , our high-pressure 

data is suitable for first in-situ thickness measurements and the calculation of absorption coefficients. To 

reduce the influence of experimental uncertainties, for the calculation of the absorption coefficient, we 

derive a near-linear relationship of the refractive index n(600 nm) of ferropericlase with pressure. For Fp13 

we find  = 3.535 ∙ 10±7.022 ∙ 10 ∙  + 1.802±0.006 and  = 2.042 ∙
10±3.920 ∙ 10 ∙  + 1.844±0.002 (P is expressed in GPa; both fits including only data where 

P > 30 GPa). 

 
Appendix Figure B 1 Dependence of the ambient pressure refractive index on the iron content, based on this work (Fp13, Fp24), data of Hen-

ning et al. 3 ((Mg,Fe)O) and Schifferle et al. 2 (MgO). Solid trendline and equation represent all datasets shown, dotted line uses only data reported 

by Henning et al. 3.  

 

Appendix B-4 High-pressure sample geometry and absorption coefficient 

Our setup for refractive index measurements is not designed for broad-band spectral measurements (max. 

~400-900 nm). Those, however, are necessary for the use in radiative conductivity calculations (e.g. Gon-

charov et al. 4) Therefore, we used our α(600 nm) for Fp13 (main text, Figure 3-3), to derive a wide-range 

absorption coefficient from previously published absorbance data of Schifferle & Lobanov 5 (Appendix 

Figure B 3, A), which was performed on a piece of the exact same Fp13 crystal. This was done by multi-

plying the absorbance data of Schifferle & Lobanov 5 by a scalar, derived as 
  . In the mixed-spin 

region, a reduction of the absorption coefficient in the range λ < 600 nm is observed. Towards the full low-

spin state, the sample’s UV-transparency is highly increased. The wavelength-dependent absorption 
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coefficient (α(λ)) is directly related to the imaginary part of the refractive index (κ): κ =  ‧/4‧. 

Hence, the observed trends in κ are similar as for α (Appendix Figure B 3, B). Especially for λ < 600 nm, 

κ in the full-low spin state is vastly different from high-spin or mixed-spin. High κ for λ > 1000 nm observed 

for 81 and 105 GPa is probably related to instrumental errors for these two pressure points. 

By analyzing the fringe pattern from the center and periphery of the sample, we constrain the thinning of 

the sample area on compression and decompression for Fp13 100 run 3 to a maximum pressure of 

~109 GPa (Appendix Figure B 2). The observed thinning is far more pronounced than the isotropic com-

pression/expansion, where 
 =  / , with V and V0 as the high-pressure and 1 atm unit cell volume 

and d and d0 the according thicknesses, from the EoS would suggest 6–8 (i.e., samples are up to 50% thinner 

on compression than expected from the EOS). See also Lobanov & Geballe 9 for a thorough discussion. 

For the calculation of our thickness, we used the linear pressure dependence of the refractive index in Fp13. 

We find a decreasing thickness of the sample down to ~90 GPa. It is noted that the relative difference of 

thickness in center and periphery increases from 0.7% at ~17 GPa to 3.6% at ~109 GPa, which we assign 

to the diamond cupping at high pressure 10; 11. Based on a 2nd order polynomial fit (dashed line in Appendix 

Figure B 2) we estimate sample thickness at 1 atm of ~14.54 µm. The 1 atm (theoretical) thickness is then 

used to calculate relative thinning of the sample. From 1 atm to ~109 GPa we find a thinning by ~50%.  

On decompression, we observe further thinning of the sample, down to ~65% (from 1 atm). This is ac-

companied by substantial radial growth of the sample area. At P < 10 GPa we observe an increase of sample 

thickness, which was also confirmed by a FIB cross-section through the center of the decompressed sample 

(main Text, Figure 3-1 D). Similar compression/decompression thinning has been observed previously 

9; 12; 13. 

The decrease of diamond culets’ cupping in decompression leads to large radial strain in the sample and a 

push-down effect at the culet center which causes the reduction of sample thickness (Appendix Figure B 

4, A). Such a process is consistent with the decreasing in edge-center thickness difference (Appendix Fig-

ure B 2). The irregular outline of the sample (Figure 3-1 D, main text) is likely a product of heterogeneous 

radial strain gradients (Appendix Figure B 4, B). As visible in the cross-section, displacement is less dom-

inant at the interface to the diamond culet, creating an overlap of gasket material over the sample. Please 

note, this is only a decompression feature. Walls of the DAC sample chamber stay visibly vertical on com-

pression, as is also indicated by sharp edges of x-ray transmission data of previous studies 14–16. We propose, 

on decompression high friction at the diamond-sample and at the diamond-gasket interfaces results in a 

non-uniform relative displacement field as illustrated in Appendix Figure B 4, B. Thickness increase ob-

served at low pressure could reflect the final elastic rebound of the sample. 

Although our transmission measurements on Fp24 are limited, Figure 3-3 (main text) shows that the ab-

sorption coefficient of ferropericlase is strongly non-linear and dominated by the iron content (factor of 

~13 difference at 10 GPa between Fp13 and Fp24). Similar conclusions were also drawn by Deng et al. 17. 

Unfortunately, the absorption mechanisms caused by the iron-iron interactions are difficult for DFT to 
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consider. Hence, experiments are inevitable to assess the composition, pressure, and wavelength-depend-

ence of the absorption coefficient.  

 
Appendix Figure B 2 Sample thickness on compression and decompression of Fp13 100 run 3. Dashed line is a 2nd order polynomial fit to the 

compression data and is used to extrapolate thickness at 1 atm (empty red circle). Grey circle marks the measured thickness of the decompressed 

sample center from a FIB cross section. CP = compression, DC = decompression. Dotted lines show a theoretical isotropic compression/expansion 

based on the isothermal equation of state (EoS) for Fp25 6, Fp18.75 7 and Fp8 8. 

 

 
Appendix Figure B 3 Absorption coefficient (α) (A) and imaginary part of the refractive index (κ) for Fp13 (B), based on absorption data of 

Schifferle & Lobanov 5. 
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Appendix Figure B 4 A: Geometry change of cupped diamonds and sample on decompression. Black arrows represent diamond movement, blue 

arrows indicate enlargement for the sample, red arrows shrinking of the sample. B: Schematic displacement field of the sample.. 
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