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1. Summary 
 

Elastic properties determine the response of materials to strains within the elastic limit. They 

reflect the nature of atomic bonding (strength) and carry crucial information about materials’ 

physical and chemical behaviour. This motivates the strong interest in elasticity of several 

scientific disciplines, including materials sciences, solid state physics, geosciences and 

chemistry. A quantitative understanding of elastic properties and elastic wave velocities in the 

minerals that likely compose the deep Earth is of central importance for geosciences as it 

facilitates the interpretation of seismological observations in terms of composition, evolution, 

dynamics and thermal state of the Earth’s interior. This thesis contributes to this key challenge 

by extending our knowledge of how elastic properties change with chemical composition, 

pressure, and temperature and how these findings relate to seismological observables.  

 

Chapter 2 provides a brief introduction to the structure, mineralogy, dynamics and thermal 

state of the deep Earth and illustrates the motivation for the present research. Chapter 3 

outlines the theory of elasticity and summarizes important relationships between elastic 

properties and the propagation of sound waves in both single-crystals and mineral aggregates. 

The treatment of elastic properties at high-pressures within the framework of finite strain 

theory will be briefly described. The chapter concludes with an overview of commonly used 

techniques to study the elastic behaviour of materials at high-pressures and high-temperatures. 

Chapter 4 describes the experimental methods used in this thesis. The introduction to 

diamond-anvil cells, which were employed to generate the extreme pressures of the deep 

Earth, is followed by a discussion of the two main techniques used for the present research - 

Brillouin scattering and x-ray diffraction. 

 

The findings of this thesis are discussed in chapter 5 and 6. The main results and implications 

are presented in the form of extended abstracts (chapter 5), which are supplemented by the 

complete manuscripts in chapter 6.  

 

The first part (5.1, 5.2, 5.3) of the discussion is dedicated to the pressure-, temperature-, and 

compositional-dependence of the elasticity of single-crystal (Mg,Fe)O ferropericlase, the 

second most abundant mineral of Earth’s lower mantle. It has recently been shown that the 

octahedrally coordinated Fe2+ in ferropericlase undergoes a spin transition at lower mantle 
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pressures. This modification of electronic configuration is accompanied by changes in several 

physical properties, including elasticity (Marquardt et al. 2009c; Marquardt et al. 2009d).  

Chapter 5.1 reports the effect of the pressure-induced spin transition on the elastic 

properties of ferropericlase and discusses the implications for the interpretation of both one-

dimensional and three-dimensional seismic models. The major finding is that the spin-

transition lowers compressional wave velocities, but does not affect shear velocities. This 

leads to significant perturbations of the velocity ratios and their dependence on pressure, 

temperature, and iron content. If these mechanisms are well understood and future 

seismological studies succeed to resolve its elastic signature, the spin transition could provide 

important constraints on both temperature and iron distribution in Earth’s mid-lower mantle 

(Marquardt et al. 2009c). 

Chapter 5.2 focuses on the significance of (Mg,Fe)O for the interpretation of seismic 

anisotropy observations in the lowermost mantle. Here, the main conclusion is that (Mg,Fe)O 

likely dominates seismic anisotropy in the lower mantle, even though it composes only  

~20 Vol.% of this region. This implies that seismic anisotropy could also be present above the 

D’’ discontinuity, where seismologists depict it, in regions where deformation is dominated 

by dislocation creep at very high strain levels. These findings can affect our understanding of 

Earth’s mantle flow and dynamics (Marquardt et al. 2009d). 

Chapter 5.3 presents results on the effect of temperature on the elastic constants of 

(Mg,Fe)O at high pressures. The data indicate that increasing temperature generally lowers 

average velocities, particularly shear velocities, but it also markedly influences the elastic 

shear anisotropy. Increasing the temperature leads to stronger elastic shear anisotropy at 

pressures below ~20 GPa, but lowers shear anisotropy at pressures corresponding to the lower 

mantle. These first results on the elasticity of ferropericlase at simultaneously high-pressure 

and high-temperature provide a basis for future studies to experimentally quantify the elastic 

tensor at mantle conditions.  

 

In the second part of chapter 5 (5.4, 5.5), the effect of chemical substitution on the elastic 

tensor of both synthetic and natural garnet solid solution series is discussed. Silicate garnets 

are major components in Earth’s crust and upper mantle, especially in the transition zone. 

Moreover, members of the garnet group are important compounds in materials science, 

because they are well suited for a variety of technological applications, such as solid state 

lasers. 
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Chapter 5.4 outlines the single-crystal elastic properties of synthetic garnets that 

belong to the Y3Al5O12-Yb3Al5O12 solid solution series. The elastic tensor was derived from 

Brillouin scattering and is complemented by computational results. The data show that the 

substitution of yttrium by the smaller and heavier ytterbium makes the material stiffer (the 

bulk modulus increases), but does not affect its elastic shear properties. These results can help 

to better understand elasticity-composition systematics in isostructural natural garnet solid-

solution series and, furthermore, to elucidate the potentials and limitations of computational 

approaches (Marquardt et al. 2009b).  

Chapter 5.5 discusses the elastic properties of natural garnets and relates them to the 

systematics observed for the synthetic solid solution series. The main outcome is that cation 

substitution in the studied natural garnet solid solution series produces effects that are 

comparable to the observations for the synthetic one, where the incompressibility varies, but 

the shear properties remain unchanged. These findings suggest that elasticity systematics are, 

at least to some extent, transferable between different garnet solid solution series and might 

also be applicable to majorite-pyrope garnet, which is probably the most abundant single 

mineral phase in Earth’s transition zone. 
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2. The Earth’s Mantle
 
The major part of this thesis focuses on the lower mantle mineral phase ferropericlase and the 

implications of its elastic properties for the interpretation of geophysical observations. In 

addition, the elastic properties of members of the garnet group are discussed, which are major 

components of the upper mantle, particularly the transition zone. This chapter provides a brief 

summary of our present knowledge of the structure, mineralogy, dynamics and thermal state 

of the deep Earth and the role of mineral physics. 

The Earth’s mantle plays a pivotal role in the evolution and dynamics of our planet. 

The large convective regime of Earth’s mantle manifests itself through plate tectonics and 

affects life on our planet, for instance through earthquakes and volcanic eruptions. Exploring 

the deep Earth is thus not simply an academic curiosity, but a major challenge towards a more 

complete understanding of the processes that determine the dynamics of our planet and the 

implications for life on its surface. Unfortunately, direct probing of Earth’s mantle by far 

exceeds our present capabilities - drilling campaigns are limited to about 12.3 km depth, 

which is about 1/500 from the surface to the centre of our planet. 

To date, interpretation of the behaviour of seismic waves inside the Earth provides the 

most complete picture of the structure, mineralogy, and dynamics of the inaccessible interior 

(e.g. Cammarano et al. 2005; Romanowicz 2008). Inversion of seismic data in terms of radial 

density/velocity-depth profiles, for instance seismic reference models PREM (Dziewonski 

and Anderson 1981) or ak135 (Kennett et al. 1995), revealed (more or less) abrupt changes in 

seismic velocities at defined depths, and lead to the commonly accepted idea that the Earth 

consists of shells with distinct physical properties (fig. 2.1).  

 

 

 

 

 
Fig. 2.1: Preliminary Reference Earth Model (PREM) 

(Dziewonski and Anderson 1981). Average shear and 

compressional velocities show discontinuities at 

certain depths, which are often associated with 

structural changes of the minerals that compose the 

Earth. 
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However, a number of seismic tomography studies (Thurber and Ritsema 2007) show that 

there are significant variations in wave speeds at given depths (lateral heterogeneities) (e.g. Su 

and Dziewonski 1997; Masters et al. 2000), which are usually quantified in terms of 

deviations from a one-dimensional reference model, such as PREM. These lateral 

heterogeneities can be attributed to variations in temperature, chemical composition, or phases 

(e.g. Karato and Karki 2001; Stixrude and Lithgow-Bertelloni 2007).  

To extract information about the actual temperature (fig. 2.2), mineralogy (fig. 2.3) 

and dynamics of the deep interior from seismic observables (both 1-D and 3-D), constraints 

on physical properties of deep Earth phases are needed (e.g. Garnero and McNamara 2008). 

Particularly, mineral physics information about sound wave velocities of candidate mantle 

minerals under relevant pressure (P) and temperature (T) conditions are essential. Even 

though recent experimental developments made it possible to reach the P/T-conditions of 

Earth’s core (Dubrovinsky et al. 2007), measuring sound wave velocities in-situ is still very 

challenging and to date, the very few experimental data sets are mostly limited to upper 

mantle P/T-conditions (Chen et al. 1998; Li et al. 1998; Liu et al. 2005; Gwanmesia et al. 

2006; Sinogeikin et al. 2006; Gwanmesia et al. 2008; Higo et al. 2008). Computational studies 

were performed on the most relevant lower mantle phases (Karki et al. 1999; Wentzcovitch et 

al. 2004; Stackhouse et al. 2005; Wentzcovitch et al. 2006), but are usually restricted to iron 

free systems, due to difficulties in describing the complex electronic structure of transition 

metals. However, some first partial results, where the thermal contribution has been treated 

with a thermodynamic approach, have been reported (Tsuchiya et al. 2006b; Koci et al. 2007; 

Da Silva et al. 2008; Umemoto et al. 2008). Chapter 3.4 gives a brief overview of possible 

approaches used to determine elasticity at high-pressures and high-temperatures.   

 

 

 

 
Fig. 2.2: Temperature and pressure as a function 

of depth in Earth’s interior. The pressure is well 

defined (Dziewonski and Anderson 1981), but 

large uncertainties remain in the temperature 

distribution, even in the upper mantle (Frost 

2008) as illustrated by the discrepancy between 

different proposed geotherms (Stacey 1977; 

Brown and Shankland 1981; Stacey 1992).  
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Fig. 2.3: Mineralogical model (pyrolite; 

Ringwood 1975) of Earth’s mantle (adapted 

from Bina et al. 2003). With increasing 

depth, the expected mineralogy of Earth’s 

mantle simplifies to mainly two phases, the 

oxide (Mg,Fe)O ferropericlase and the 

silicate (Mg,Fe)SiO3 perovskite. At the very 

bottom of the lower mantle perovskite 

transforms to post-perovskite (Murakami et 

al. 2004; Oganov and Ono 2004), which 

might cause changes in seismic velocities 

as observed by seismology (Hutko et al. 

2008). The most abundant single mineral 

phase in the transition zone is probably 

Mg3(Fe2+,Si,Al)2Si3O12 majorite-pyrope 

garnet, which is isostructural to the garnets 

studied in chapter 5.1.3 and 5.1.5.  

 

 

Iron is particularly important in lower mantle phases, as it has been recently shown that a 

change in electronic configuration of iron occurs in all major lower mantle phases, including 

(Mg,Fe)O ferropericlase (Badro et al. 2003; Lin et al. 2007), (Mg,Fe)SiO3 perovskite (Badro 

et al. 2004; Lin et al. 2008; McCammon et al. 2008a), and post-perovskite (Lin et al. 2008) at 

lower mantle conditions. This high-spin (HS) to low-spin (LS) transition involves a pairing of 

the 3d-electrons in the energetically low lying orbitals (fig. 2.4), but the main cause and the 

correct thermodynamic description are still under discussion (e.g. Keppler et al. 2007). The 

possibility of such a transition in mantle minerals was already proposed by Fyfe 1960, but it 

took more than 40 years of experimental developments until it was finally observed. Iron in 

LS configuration has a smaller ionic radius than its HS counterpart [LS Fe2+: 0.7-0.72 Å (Fei 

et al. 2007b), HS Fe2+: 0.78 Å (Shannon 1976)] and thus the spin transition is accompanied by 

a volume change of the host mineral (Lin et al. 2005a; Tsuchiya et al. 2006b; Speziale et al. 

2007a; Fei et al. 2007b; Stackhouse et al. 2007). It has also been shown that the spin transition 

affects sound wave propagation characteristics of (Mg,Fe)O (Lin et al. 2006; Crowhurst et al. 

2008; Marquardt et al. 2009d) but the implications for the interpretation of seismic 

observations are still under discussion (e.g. Marquardt et al. 2009c; Marquardt et al. 2009d). 

However, the vast majority of the studies to characterize the physical properties across the 
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spin-transition have been performed at mantle pressures but ambient temperature. It has been 

shown both theoretically and experimentally that temperature broadens the pressure range 

over which the spin transition occurs (Sturhahn et al. 2005; Tsuchiya et al. 2006b; Lin et al. 

2007). This makes it unlikely that the spin transition causes abrupt changes, but rather favors 

gradual changes in physical properties throughout the lower mantle. The potential effects of 

the iron spin transition in ferropericlase on the elastic signature of the lower mantle are 

discussed in chapter 5.1. 

 

 
Fig. 2.4: Fe2+ in octahedral coordination is subject to crystal 

field splitting of the five 3d orbitals caused by the 

surrounding ligand field. At ambient conditions, the 3d-

electrons occupy all five orbitals following Hund’s rule. 

Increasing pressure has more sensible effect on the energy 

of the eg orbitals (pointing towards the nearest neighbour 

oxygens) than on the energy of the t2g orbitals (pointing 

between the nearest neighbour oxygens). This leads to a 

pairing of the electrons in the t2g orbitals at a pressure of 

~35-100 GPa (Lin and Tsuchiya 2008) in ferropericlase (at 

300 K). 

 

 

In addition to average seismic velocity profiles (fig. 2.1), seismologists depict seismic 

anisotropy, the direction (or polarization) dependence of seismic propagation speeds, in all 

parts of the Earth (e.g. Hess 1964; Lay et al. 1998; Vinnik et al. 1998; Fischer 2002; Panning 

and Romanowicz 2004; Garnero et al. 2004; Panning and Romanowicz 2006; Garnero and 

McNamara 2008) (fig. 2.5). Seismic anisotropy is thought to be caused by either shape 

(Kendall and Silver 1996) or lattice preferred orientation (LPO) of the constituent minerals 

(McNamara et al. 2002). LPO of minerals is induced by dislocation creep and is thus related 

to deformation processes. Consequently, seismic anisotropy observations, combined with 

mineral physics constraints on elastic anisotropy and deformation behaviour of Earth 

materials, can provide insights into dynamic processes in the deep Earth (Zhang and Karato 

1995; Mizukami et al. 2004; Wenk et al. 2006; Long et al. 2006; Walte et al. 2009). The 

elastic anisotropy of ferropericlase at lower mantle pressures is presented in chapter 5.2 along 
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with a discussion of its implications for seismic observations of anisotropy in the lowermost 

mantle (for historical reasons1 called D’’ layer) (Marquardt et al. 2009d).  

To date, however, there is no experimental technique capable of measuring the elastic 

tensor at the pressure- and temperature-conditions prevalent throughout Earth’s mantle. But 

recent developments in high-pressure/high-temperature Brillouin scattering experiments in 

combination with synchrotron x-ray diffraction measurements (Sinogeikin et al. 2007; 

Murakami et al. 2008, this thesis) are very auspicious. First results on the single-crystal 

elasticity of ferropericlase measured at simultaneously high-pressures and high-temperatures 

are presented in chapter 5.3.  

Future developments in experimental and computational mineral physics, combined 

with the recent rapid spreading of seismic receivers around the globe, promise to substantially 

improve our understanding of Earth’s deep interior. 

 
Fig. 2.5:  Average seismic shear anisotropy ξ = 

VSH
2/VSV

2 (where VSH and VSV refer to the horizontally 

and vertically shear wave polarization) in Earth’s 

Interior (modified from Panning and Romanowicz 

2006). With the exception of its lowermost part (D’’ 

layer), the lower mantle appears to behave elastically 

isotropic, at least in average. However, large 

uncertainties in the depth distribution of anisotropy 

remain (e.g. Wenk et al. 2006).  
 

 

 

 

 

 

                                                 
1Bullen (Bullen, K. E. (1947). An Introduction to the Theory of Seismology, Cambridge University Press.) 
divided the Earth in seven distinct regions and labelled them with the capital letters A-G, where the D region 
ranges from a depth of 980km to 2900km; this corresponds roughly to what is known as lower mantle today. 
However, two years later, Bullen (Bullen, K. E. (1949). Compressibility-Pressure Hypothesis and the Earth's 
Interior. Geophys. J. Int. 5: 335-368.) discovered that the lowermost part of the D division shows an 
anomalously low velocity gradient and further divided D into D’ and D’’. 
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3. Elasticity 
 

This chapter provides a brief introduction to the elastic properties of solids and their relation 

to sound wave velocities, more detailed treatments can be found elsewhere (e.g. Karki et al. 

2001). Some specific aspects will be discussed for the special case of cubic symmetry, which 

applies for both ferropericlase (face centered cubic) and garnets (body centered cubic). 

 

3.1. Elastic Properties and Acoustic Waves 
 
Two types of acoustic (sound) body waves can propagate through any solid material, one kind 

of wave is called longitudinal (or compressional), where the particles oscillate parallel to the 

propagation direction. The other type is termed transverse (or shear) wave, where the particles 

oscillate mainly perpendicular to the propagation direction (fig. 3.1). Compressional waves 

are faster than shear waves and they are therefore called p-waves (primary) in seismology, 

transverse waves are referred to as S-waves (secondary). Sound wave velocities are related to 

the elastic moduli and density of a material. In the special case of an elastically isotropic 

material (for instance a rock without texture), average compressional vp, shear vs, and bulk 

sound velocity vΦ can be computed from shear G and (adiabatic) bulk modulus Ks  (e.g. 

Poirier 1991; Karki et al. 2001) according to the following identities: 

 

ρ

GK
v

s

p
3
4

+
= ;  

ρ
Gvs = ; 

ρ
sK

v =Φ   (3.1) 

 

The shear modulus (or rigidity) describes the response of a material to shear stress. The bulk 

modulus (or incompressibility) measures the resistance of a material against a change of 

volume and is defined as (e.g. Poirier 1991): 

 

dV
dPVK −=   (3.2) 

 

According to its definition, the bulk modulus can be determined by applying an increment of 

pressure to a material and measuring the corresponding change in volume, i.e. the 

(isothermal) bulk modulus can be calculated from x-ray diffraction experiments carried out at 
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high pressures (e.g. Marquardt et al. 2009c). In experiments where a static pressure is applied 

and the resulting change of volume is monitored, the energy change (heat) associated with the 

compression can equilibrate and the measured bulk modulus is isothermal. In case of 

experimental techniques that measure processes that are “faster” than the time needed for the 

specimen to reach thermal equilibrium, such as Brillouin spectroscopy, one obtains adiabatic 

moduli. Adiabatic bulk modulus Ks and isothermal bulk modulus KT are related by the identity 

Ks = KT(1+agT), where a is the volumetric thermal expansion coefficient and g  is the 

Grüneisen parameter (e.g. Anderson and Isaak 1995). Adiabatic and isothermal shear modulus 

are equal (for symmetries higher than monoclinic).  

 

 
Fig. 3.1: Illustration of particle displacement 

(polarization) of a transverse (or shear, s-) 

and a longitudinal (or compressional, p-) 

wave moving to the right. 

 

 

 

In the general anisotropic case of minerals, elastic properties are usually described by the 

elastic tensor. The elastic stiffness tensor relates stress (force per unit area) to strain (change 

in length per unit length) by the generalized Hooke’s Law (e.g. Nye 1985)2.  

 

klijklij c εσ ⋅=    (3.3) 

 

Both stress σij and strain εkl are second rank (field) tensors, where the first subscript gives the 

direction of force or displacement and the second subscript refers to the normal to the face on 

which the force acts or deformation occurs (fig. 3.2). Therefore, the elastic stiffness tensor cijkl 

is a fourth rank (property) tensor containing 81 components (Nye 1985). It appears that stress 

and strain tensors are both symmetric, because static equilibrium is required (no translation or 

rotation), which reduces the 81 independent components of the elastic stiffness tensor to 36. 

The number of independent components further reduces to 21 by considering energetic 

arguments (Nye 1985). These requirements allow for expressing the elastic tensor 

components in a simplified Voigt (Voigt 1928) notation, where the four indices are rewritten 

according to the following conventions: 11->1, 22->2, 33->3, 23-> 4, 31-> 5, 12-> 6. cii with 
                                                 
2 Einstein summation notation applies 
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i≤3 are called longitudinal constants, whereas cii with i≥4 are shear constants, cij (with i≠j<3) 

are referred to as off-diagonal constants. 

 

 

 
Fig. 3.2: Illustration of the stress tensor components σij (the same 

conventions apply to the strain tensor). 

 

 

 

 

 

 

 

Crystallographic symmetry further reduces the number of independent components. The case 

of an elastically isotropic material, where the elastic response is fully given by two elastic 

moduli, e.g. the bulk and the shear modulus, was outlined before. For crystals of cubic 

symmetry, the elastic properties are described by the three independent non-zero constants 

c11, c12, and c44 in Voigt notation (Nye 1985); figure 3.3 illustrates the meaning of the three 

elastic constants in the cubic case. Because elastic behaviour is determined by a fourth rank 

tensor, elastic anisotropy can be found for all crystals, regardless of symmetry.  

 

 

 
 
Fig. 3.3: Illustration of the three independent elastic constants in case of cubic symmetry. c11 is 

referred to as longitudinal constant, c44 is the shear constant, and c12 is called off-diagonal. 
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By combining eq. (3.3) with the plane wave solution of the equation of motion for 

propagating elastic waves, one can derive the Christoffel equation, which relates wave 

velocity v, polarization, and elastic tensor components cijkl along a given propagation direction 

ni (e.g. Musgrave 1970; Karki et al. 2001; Newnham 2005): 

 

0det 2 =− ikljijkl vnnc δρ   (3.4) 

 

where δik is the Kronecker delta. This equation has three solutions (i = 1, 2, 3): One quasi-

longitudinal wave, and two quasi-shear waves (e.g. Karki et al. 2001). Pure longitudinal or 

shear-waves are only found in elastically isotropic materials or along high-symmetry 

directions (e.g. Karki et al. 2001). The dependence of wave velocities on propagation 

direction, and polarization in the case of shear waves, is illustrated in figure 3.4 for 

(Mg0.9Fe0.1)O ferropericlase (Marquardt et al. 2009c; Marquardt et al. 2009d). It follows from 

eq. (3.4) that the complete set of elastic constants can be determined by measuring sound 

wave velocities with different polariations and propagation directions when the density of the 

sample is known.  

Numerous definitions of elastic anisotropy are used in the literature. For the 

interpretation of seismic observations it is convenient to define elastic anisotropy A as: 

  

( ) 2/min,max,

min,max,

ii

ii

vv
vv

A
+

−
=   (3.5) 

 

where vi,max and vi,min correspond to maximum and minimum velocity. The subscript i can be 

substituted by “p” (for compressional wave anisotropy) or “s” (for shear wave anisotropy). 

This is the general definition for azimuthal anisotropy, in case of shear wave polarization 

anisotropy, vi,max and vi,min are maximum and minimum shear velocity in a given direction. For 

cubic symmetry, the maxima of azimuthal and polarization shear anisotropy are equal. 
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Fig. 3.4: Direction and polarization dependence of the sound wave velocites in ferropericlase at 

different pressures. Polar plots represent (100) plane, special crystallographic directions are indicated. 

At ambient pressure, ferropericlase shows consiberable elastic anisotropy (left). With increasing 

pressure the anisotropy decreases, but after passing through elastic isotropy at around 18 GPa 

(middle), ferropericlase becomes strongly anisotropic again (with reversed sign) at 81.2 GPa, a 

pressure corresponding to the middle of Earth’s lower mantle (~24-136 GPa). Note that the fastest 

shear wave is always defined as vs2.  

 

ic monophase aggregate (randomly oriented grains) are 

stricted to lie between two bounds, representing either uniform stress (Reuss 1929) or 

uniform strain (Voigt 1928) throughout the aggregate. Usually, the arithmetic mean (Voigt-

s is taken to best approximate the aggregate elasticity 

3.2. Elasticity of Aggregates 
 
The Earth is made up of mineral assemblages (rocks) and averaging schemes are needed to 

relate experimentally determined single-crystal elastic properties of candidate minerals to the 

large-scale elastic properties measured by seismology. The average elastic properties (bulk 

and shear modulus) of an isotrop

re

Reuss-Hill average) of these two bound

(Hill 1952). In the special case of cubic symmetry, the bulk modulus is identical for both 

bounds and given by: 

 

( )1211 2
3
1 ccK +=   (3.6) 

 

The boundaries for the average shear modulus can be calculated from the two cubic shear 

constants c44 and cs = (c11-c12)/2: 
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e, particularly for high-symmetry crystals, with tighter 

nd disadvantages of averaging models.  

The aggregate bulk and shear moduli can then be used to calculate average shear, 

compressional and bulk velocities (eq. 1) that can be related t mic 

models, such as PREM (Dziewonski and Anderson 1981) or ak135 (Kennett et al. 1995). Note 

at mineral aggregates appear elastically isotropic only if the wavelength of the traversing 

operties of the 

constitu

ribe and extrapolate experimental data, such as P(V) data from x-ray 

diffraction, collected at high-pressures and ambient temperatures. The most widely applied 

quation of State in geophysics is the Birch-Murnaghan EoS, which was developed in the 

 1938; Davies 1974) 

nd is based on the expansion of the Helmholtz free energy F in powers of the Eulerian finite 

Another widely used averaging schem

bounds is the Hashin-Shtrikman model (Hashin and Shtrikman 1962). Watt 1988 gives a 

detailed discussion about advantages a

o one-dimensional radial seis

th

sound wave is much larger than the grain size and if the grains are statistically oriented, which 

is not necessarily true. Deformation processes, for instance, can cause texturing of aggregates 

(lattice preferred orientation), which then adopts the anisotropic elastic pr

ent minerals. In this case, information about texturing, along with the single-crystal 

elastic constants, is required to calculate the elastic properties of the aggregate (e.g. Mainprice 

and Humbert 1994). 

 

3.3. Elasticity at High Pressures – Equation of State 
 
The Equation of State (EoS) of a substance gives the pressure as a function of volume and 

temperature (e.g. Slater 1963; Anderson 1989). An isothermal Equation of State (EoS) is 

usually used to desc

E

framework of the Eulerian finite strain theory (Murnaghan 1937; Birch

a

strain f, which is defined as: 

 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 1

2
1

3/2

0ρ
ρf     (3.8) 

 

where ρ and ρ0 are density and density at zero pressure, respectively. Usually, the free energy 

is expanded to the third or fourth order in finite strain. Derivation of the free energy (truncated 
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to third order in finite strain) with respect to volume gives pressure and yields the third order 

Birch-Murnaghan EoS (e.g. Poirier 1991; Karki et al. 2001; Stixrude and Lithgow-Bertelloni 

2005): 
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Based on the finite strain theory, an EoS for the single elastic constants can also be derived by 

differentiating the free energy (here truncated to fourth order in finite strain) with respect to 

train (Davies 1974; Karki et al. 2001; Stixrude and Lithgow-Bertelloni 2005): 

 

s
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where ijijkl δ jkiljlikklδ −δ δ −δ δ−=Δ  is -3 for longitudinal, -1 for off-diagonal and shear 

constants, and 0 in all other cases (e.g. Davies 1974), δ is the Kronecker delta. 

3.4. Approaches to Determine Elasticity at HP/HT 
 

The outstanding importance of knowing the HP-HT elastic behaviour of minerals for our 

anding of the deep Earth has 

shear and bulk 

odulus) can be related to one-dimensional seismic profiles (e.g. PREM) (Marquardt et al. 

servations (Marquardt et 

 

underst motivated a number of different experimental approaches 

to study both bulk and single-crystal elasticity. Aggregate elastic properties (

m

2009c) and are usually easier to obtain compared to single-crystal constants. However, single-

rystal measurements are needed to understand seismic anisotropy obc

al. 2009d) and can also be used to compute aggregate elastic properties (3.2). Detailed 

reviews about elasticity measurements are given by Bass 2007 and Angel et al. 2009. 
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3.4.1. Single-Crystal Elastic Properties 

 
Brillouin Scattering (see also experimental techniques) is the most commonly used 

experimental method to determine the complete elastic tensor of materials at high pressures 

and it has been applied to a variety of Earth materials (e.g. Weidner et al. 1982; Bass 1989; 

Duffy et al. 1995b; Sinogeikin and Bass 2000; Schilling et al. 2001; Speziale and Duffy 2004; 

Jackson et al. 2006; Marquardt et al. 2007; Marquardt et al. 2009d). Single-crystal Brillouin 

 up to ~20 GPa (see Polian 2003 for an 

verview), however, the highest pressure yet reached is 81.2 GPa (Marquardt et al. 2009c). 

ted 

to Brillouin scattering, but base

up to pressures of 39 GPa (A

measurements are usually conducted at pressures

o

Single-crystal Brillouin scattering has also been performed at high temperatures, both by 

resistive- and laser-heating (Sinogeikin and Bass 2002b; Sinogeikin et al. 2004a). Recently, 

first results have been reported on single-crystal Brillouin scattering experiments at 

simultaneously high pressure and high temperature (Sinogeikin et al. 2006; this thesis). 

Transparent samples (for the wavelength of the probing laser beam) are usually required for 

Brillouin scattering experiments, even thought it has been shown that it is, in principle, 

possible to probe opaque materials by surface Brillouin scattering (Crowhurst et al. 1999). 

Impulsive Stimulated Light Scattering (ISLS) (Abramson et al. 1999) is another 

optic technique to determine the elastic tensor at high pressures. In this technique, two laser 

spots are used to induce counter-propagating acoustic waves that behave as acoustic grating, 

which is probed by a third laser. Single-crystal ISLS measurements have recently been 

reported on ferropericlase to 63 GPa (Crowhurst et al. 2008). ISLS can routinely be 

performed on optically opaque samples (Crowhurst et al. 2003; Crowhurst and Zaug 2004). 

Momentum-resolved inelastic X-ray scattering (IXS) is a technique closely rela

d on X-rays instead of visible light to probe the material 

(details in Burkel 2000; Burkel 2001). The shorter wavelength of x-rays compared to visible 

light allows access to larger segments of the dispersion curve and the sound wave velocities 

can be directly determined from the slope of the dispersion curve close to the Brillouin zone 

centre. The major advantage of using X-rays is there ability of penetrating opaque materials, 

such as iron or iron-alloys (Fiquet et al. 2004). Single-crystal IXS has been reported on Cobalt 

ntonangeli et al. 2004a).  

Gigahertz Interferometry is a method based on the creation and detection of high-

frequency sound waves by piezoelectric transducers. The travel times of the sound waves 

through the sample are determined from the interference between waves that are reflected 

from both ends of the sample. The wave velocities are then calculated from the travel time 
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and the sample thickness. Gigahertz Interferometry was used to measure single-crystal elastic 

properties of a variety of compounds at pressures below 10 GPa and relatively low 

temper

empts to describe iron containing systems, using 

extende

 than single-crystal 

measurements. Recently, first attempts have been reported to perform Brillouin scattering 

and high temperature 

rystalline materials might cause significant 

 a shock wave experiment, a flyer plate hits a target material and produces a 

region 

atures (Reichmann et al. 2000; Jacobsen et al. 2002; Jacobsen et al. 2004) and can be 

used to study optically opaque materials. 

Computational (ab-initio) approaches have also been used to compute the elastic 

tensor of Earth materials at high pressure and high temperature (Karki et al. 1997; Karki et al. 

1999; Karki et al. 2001; Stackhouse et al. 2005; Stackhouse et al. 2006; Wentzcovitch et al. 

2006), but are mostly limited to iron free endmember compositions, due to difficulties in 

describing transition metals and large assemblies. However, computational methods are 

evolving rapidly and first successful att

d density functional theory calculations (DFT+U), have been reported (Persson et al. 

2006; Tsuchiya et al. 2006b; Da Silva et al. 2008; Umemoto et al. 2008).  

 

3.4.2. Elastic Properties of Aggregates 
 
Brillouin scattering was also used to measure bulk elastic properties on polycrystalline 

materials (Sinogeikin and Bass 2002a; Murakami et al. 2007a; Murakami et al. 2007b; 

Murakami et al. 2009), allowing for higher pressures (up to 172 GPa)

experiments on polycrystalline MgO at simultaneously high pressure 

Murakami et al. 2008). However, the use of polyc(

problems, which have not yet been adequately adressed (see chapter 4.3.2). 

Impulsive Stimulated Light Scattering (ISLS) has also been used with 

polycrystalline samples to pressures above 100 GPa (e.g. Goncharov et al. 2004; Crowhurst et 

al. 2005).  

Momentum-resolved inelastic X-ray scattering (IXS) has been reported on 

polycrystalline materials to pressures up to ~110 GPa (Fiquet et al. 2001; Antonangeli et al. 

2004b) and also at moderately high temperatures (Kantor et al. 2007). 

Shock waves can be used to constrain sound wave velocities at extreme pressures and 

temperatures (several hundred GPa and thousands of K), which are inaccessible by all other 

methods. In

of compression, which then propagates through the sample material at supersonic 

velocity. Among other physical properties, sound wave velocities can be extracted from shock 
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wave e

r higher pressures and high temperatures (e.g. Mueller et al. 2002; Mueller et 

al. 200

 et al. 

2003). 

Brillou

xperiments (e.g. Brown and McQueen 1986; Duffy and Ahrens 1995; Nguyen and 

Holmes 2004). 

Ultrasonic methods in High-Pressure Devices are based on the direct creation and 

detection of sound waves in a sample via ultrasonic transducers (details in Bass 2007). The 

sample is placed in a high-pressure device, such as a piston-cylinder apparatus for relatively 

low pressures (e.g. Jackson et al. 1981; Jackson et al. 1990; Mueller et al. 2002) or a Multi-

Anvil Device fo

5; Bass 2007). Ultrasonic measurements in Multi Anvil Devices have been reported at 

pressures and temperatures corresponding to Earth’s transition zone (Higo et al. 2008). 

Nuclear Resonant Inelastic X-ray Scattering (NRIXS) (Sturhahn 2004) allows to 

determine the phonon density of states (PDOS) by the response of a nucleus to excitation by 

X-rays at a specific resonant energy. A nuclear resonant isotope, such as 57Fe, is therefore 

required in NRIXS experiments. Theoretical assumptions, i.e. the Debye model, have to be 

applied to determine aggregate sound wave velocities from the measured PDOS (Hu

NRIXS has been reported to pressures corresponding to the Earth’s core (Mao et al. 

2001; Lin et al. 2006) and also to simultaneously high temperatures (Lin et al. 2005b). 

However, it appears that there are still unsolved problems in the interpretation of the obtained 

data at least for some iron containing compounds (McCammon et al. 2008b), which are 

possibly caused by only probing a partial PDOS related to the resonant isotope. 

X-ray diffraction data at high pressures can be used to extract the isothermal bulk 

modulus KT = -V·dP/dV from the P(V) data and it has been measured to extremely high 

pressures (Mao et al. 1989) and temperatures (Dubrovinsky et al. 2007). No accurate 

information about shear properties can be derived. 

 

in scattering in conjunction with x-ray diffraction was the technique of choice for the 

purpose of this thesis as it is capable of determining the complete elastic tensor, including the 

shear constants, with high accuracy up to the high pressures of Earth’s lower mantle. 
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4. Methods 

 

4.1. Diamond-Anvil Cell (DAC) 

 

To date, diamond-anvil cells (DAC) are the only pressure devices that are capable of 

generating static pressures corresponding to Earth’s lower mantle and core (Mao et al. 1989; 

Mao et al. 1990). In a DAC (fig. 4.1), static pressure is applied to a small sample (e.g. ~50 µm 

diameter, ~20 µm thickness) via two opposing diamond anvils with their tips (culets) pointing 

towards each other and the sample sandwiched in between (e.g. Jayaraman 1983). The applied 

force F is converged to a very small area a, allowing for extremely high pressures P (>300 

GPa) with a moderate force because P = F/a. A metal ring (gasket), often made of stainless 

steel, rhenium, or beryllium, is used to keep the pressure within the sample chamber.  

 

 
Fig. 4.1: Working principle of a diamond-anvil cell with illustration of laser heating and Brillouin 

scattering. Very high pressures are generated by applying a moderate force on a very small area. The 

photo on the right shows a view through one diamond anvil into the sample chamber. The sample 

chamber is loaded with neon, which serves as pressure-transmitting medium.  

 

A pressure-transmitting medium is employed to convert the applied uniaxial stress to a quasi- 

hydrostatic pressure. The most commonly used pressure-transmitting media in cold 

compression experiments are a methanol-ethanol(-water)-mixture, argon, neon, or helium. 
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Recent single-crystal x-ray diffraction results suggest that argon already supports considerable 

shear stresses at low pressures, which is indicative of a low hydrostatic limit (Angel et al. 

2007). It is widely accepted that neon and helium are today’s best pressure-transmitting media 

(e.g. Kenichi 2001 and references therein), but relatively few experiments are carried out 

using these media, due to the experimental difficultes in loading them into the DAC 

(Kurnosov et al. 2008). Neon and helium must be loaded as gases under high pressure (~2 

kbar). All pressure-transmitting media are solid under pressures corresponding to the lower 

mantle, neon for instance, crystallizes at 4.6 GPa (at 300 K) (Shimizu et al. 2005).  

Different methods can be used to monitor pressure in the DAC. Most commonly, ruby 

is used as a pressure calibrant. The shift of the ruby fluorescence line R1 is measured (fig. 4.2) 

and related to pressure, where different calibrations can be used (e.g. Mao et al. 1978; Mao et 

al. 1986; Zha et al. 2000; Holzapfel 2003; Dorogokupets and Oganov 2007). When 

performing x-ray diffraction experiments at high-pressures, it is also possible to load a 

reference material, such as gold, with known Equation of State and compute pressure from the 

measured unit cell volume (e.g. Fei et al. 2007a). Diamond anvil cells can be used in 

combination with a large number of experimental techniques to determine various physical 

properties in-situ, a detailed review is given by Mao and Mao 2007. 
 

 

Fig. 4.2: Ruby fluorescence spectra at 

different pressures in neon pressure-

transmitting medium. A slight broadening 

of the ruby lines is observable with 

increasing pressure, which can be 

related to non-hydrostatic pressures in 

the sample chamber. The shift of the 

ruby R1 line is used to calculate pressure 

by using the ruby pressure calibration of 

Mao et al. 1986. 
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4.1.1. High-temperature DAC 

 

In addition to pressure, high temperatures can be realized in the DAC by either external 

resistance or internal laser heating (Boehler 1992; Boehler 2000).  

When using an external resistance heating system, the sample chamber is 

homogenously heated, but temperatures are limited to about 800°C. An externally heated 

DAC as used in this thesis (chapter 5.3) to perform Brillouin scattering at simultaneously 

high-pressures and high-temperatures at the Advanced Photon Source is shown in figure 4.3. 

In this setup, Pt90Rh10 alloy served as heating wire and both type K (Ni/NiCr) and S (Pt/PtRh) 

thermocouples were used to monitor temperature and control a temperature feedback system 

to maintain a constant temperature for several hours.  

Laser  (e.g. YLF, CO2)  heating allows for much higher temperatures (several 

thousands of Kelvin), but creates an enormous temperature gradient, some thousands of 

degrees within a tenth of a millimetre, in the sample chamber (Boehler 2000). The 

temperature is measured by analysing the thermal radiation emitted from the sample 

according to Planck’s radiation function (Boehler 2000).  

Simulating the P-T-conditions of Earth’s lower mantle (Dubrovinsky et al. 2000; 

Murakami et al. 2004) and core (Dubrovinsky et al. 2007) in the DAC is experimentally 

possible. However, a precise determination of pressure and especially temperature at these 

conditions is very difficult (e.g. Irifune et al. 2005). When using a heated DAC, the choice of 

pressure-transmitting medium is less critical due to temperature-induced stress annealing.  

 
 

 

 

 

 

Fig. 4.3: Setup of an externally heated 

diamond anvil cell (S. Sinogeikin’s design) 

as it is used to conduct Brillouin scattering 

at combined high-pressure and high-

temperature at Sector 13 of the Advanced 

Photon Source.  
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4.2. Brillouin Scattering 
 

4.2.1. Introduction 

 

In any given material at a temperature >0 K, atoms are in thermal motion and oscillate around 

their equilibrium positions. The particle displacements are coupled and correspond to 

travelling (or standing) waves (phonons), which introduce local periodic perturbations of the 

dielectric constant. These periodic differences in optical density elastically scatter light 

following Bragg’s Law (in the classical picture). In the case of sound waves (acoustic 

phonons), the periodic perturbations travel with the speed of sound, which causes inelastic 

scattering contributions according to the Doppler effect that depend on the acoustic velocities 

(a quantum mechanical equivalent is shown in fig. 4.4). In Brillouin scattering experiments, 

the resulting frequency shift of the probing laser light is analysed and related to the 

propagation speed of the acoustic phonons. A theoretical prediction of this phenomenon was 

presented in the 1920s (Brillouin 1922; Mandelstam 1926), the first experimental observation 

was reported in 1930 (Gross 1930). Detailed reviews of Brillouin scattering are given by e.g. 

Cummins and Schoen 1972; Grimsditch 2001. 

 

 
Fig. 4.4: Quantum mechanical picture of the Brillouin scattering process. The incident laser light is 

inelastically scattered by acoustic phonons in the sample where a phonon is either created (Stokes 

event) or annihilated (Anti-Stokes event). Conservation of energy (ћω) and momentum (ћk) is 

required. The acoustic velocity va can be calculated from the difference in frequency between incident 

and scattered light. Symbols in the figure are Planck’s constant ћ, angular frequency ω, wave vector of 

incident and scattered light ki and ks, phonon wave vector q and refractive index n. 
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4.2.2. Experimental Setup 

 

Brillouin scattering experiments are often carried out in symmetric platelet forward scattering 

geometry (fig. 4.5), where - in an optically isotropic medium and with the assumption that the 

wavelength of incident and scattered light are equal - the relation between measured 

frequency shift n  and interacting phonon velocity V is given by (Whitfield et al. 1976): 

 

2
sin2

0

ext
V

σ
λν

⋅

⋅
=   (4.1) 

 

where σext is the external scattering angle and λ0 is the wavelength of the laser (in air). 

Brillouin scattering experiments at ambient pressure are commonly carried out with an 

external scattering angle of 90°, whereas high-pressure experiments demand smaller 

scattering angles (e.g. 60°) due to the limited optical access to the DAC. The wave vector of 

the scattering phonon is parallel to the platelet surface (fig. 4.5) and a rotation of the sample 

allows for probing different phonon directions. If the density of the material is known, the 

measured velocities can be inverted for the elastic constants via the Christoffel equation 

(Every 1980, see also chapter 3.1). Brillouin scattering of materials of high symmetry also 

allows to determine the crystallographic orientation of the sample with high accuracy (e.g. 

Every 1980; Duffy et al. 1995b; Sinogeikin and Bass 2000; Speziale and Duffy 2004). 

 
 

 

 

 

Fig. 4.5: Symmetric platelet scattering geometry      

(θext = 90°). ki is the wave vector of the incident laser 

(out of the sample). ki and ks refer to the wave vectors 

of the incident and scattered light in the sample, q 

refers to the scattering phonon wave vector. In the 

special case of symmetric platelet scattering geometry, 

knowledge of the refractive index is not required to 

relate the measured frequency shifts to the acoustic 

velocities (e.g. Whitfield et al. 1976; Sinogeikin and 

Bass 2000). 
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The Brillouin system at Deutsches GeoForschungsZentrum Potsdam is shown in figure 4.6. It 

consists of a Nd:YVO4 
solid state laser, operating at a wavelength (λ0) of 532 nm, as light 

source and a Sandercock-type tandem six-pass Fabry-Perot (FP) interferometer (Sandercock 

1982) equipped with a photomultiplier tube for signal detection (Speziale et al. 2007b).  

The vast majority of light that is scattered towards the Interferometer did not exchange 

energy with the acoustic phonons and thus the peaks corresponding to the inelastically 

scattered component of the analysed light are very weak compared to the peak corresponding 

to the elastic scattering events (Rayleigh peak). In addition, the Brillouin frequency shifts are 

very small (in the order of 1 cm-1). The close proximity of the Brillouin peaks to the elastic 

peak, combined with the enormous contrast in amplitude, requires the use of an interferometer 

with very high resolution and contrast. Usually, a Sandercock-type tandem multipass Fabry-

Perot interferometer (Sandercock 1982) is used. Two parallel semireflecting plane mirrors are 

used in a FP interferometer and their distance is periodically scanned over a distance roughly 

corresponding to the wavelength of the incident laser light, so that constructive interference 

and thus transmission only occurs for a specific wavelength at any time. In a tandem FP 

interferometer, two pairs of mirrors are installed in series and their distance is slightly 

different to suppress higher orders of the interference pattern. In a tandem multipass FP 

interferometer, the scattered laser light is guided a number of times through the pairs of 

mirrors (six times in the FP at GFZ Potsdam).  

 

 
Fig. 4.6: Brillouin system at GFZ Potsdam (courtesy of Sergio Speziale). A green Nd:YVO4 solid state 

laser serves as light source. The monochromatic light (λ = 532nm) is focused on the sample, which is 

mounted to a goniometer. The scattered light is analysed for frequency in a six-pass tandem FP 

interferometer. Turning of the sample in the goniometer allows to probe different phonon directions. 

The red HeNe laser is needed as a reference to calibrate sample position and scattering geometry. 
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4.2.3. Brillouin Scattering in Earth Sciences 

 
Brillouin spectroscopy is a widely used technique to determine the elastic tensor of both 

natural and synthetic Earth materials. It has been applied to a number of relevant crystalline 

solids, glasses, and liquids. Most commonly, Brillouin scattering is performed on single-

crystals where the outcome is the complete elastic tensor of the sample material (e.g. Duffy et 

al. 1995b). Because Brillouin scattering is an optical method, it can be carried out at high-

pressures (and also high-temperatures) in a diamond-anvil cell. One major drawback of 

Brillouin scattering experiments is the need for transparent, or at least semitransparent, 

samples in order to determine body wave velocities. Previous studies of mantle phases, which 

are typically solid solution series between Mg- and Fe-endmember, have therefore been 

limited to compositions very close to the Mg-endmember (e.g. Zha et al. 2000; Jackson et al. 

2004; Jackson et al. 2006). However, contrary to what has been reported earlier (Mao and 

Bell 1972), it turned out in the past few years that the major components of the Earth’s mantle 

(Mg,Fe)2SiO4, (Mg,Fe)SiO3 and (Mg,Fe)O remain transparent in their stability field, even 

when they contain realistic amounts of iron (~10 at.%) (Keppler and Smyth 2005; Keppler et 

al. 2007; Keppler et al. 2008). These new findings further emphasize the importance of 

Brillouin scattering for high-pressure (and high-temperature) research in Earth sciences. 

 

Brillouin scattering of polycrystalline materials 

Brillouin scattering has also been measured from polycrystalline materials. A good agreement 

for bulk properties (shear and bulk modulus) between Brillouin scattering measurements 

performed on polycrystalline and single-crystal perovskite has been demonstrated at ambient 

conditions (Sinogeikin et al. 2004b). Hence, Brillouin scattering on polycrystalline materials 

promises to be an easy and direct way to obtain aggregate (bulk and shear) moduli of 

candidate minerals which can be related to seismological observables.  

Recently, Brillouin experiments on polycrystals have been performed to very high 

pressures (Murakami et al. 2007a; Murakami et al. 2007b; Murakami et al. 2009). However, 

the quality and reliability of bulk properties determined by Brillouin scattering on 

polycrystalline materials at high pressures is not completely understood. As the stress 

distribution in a diamond-anvil cell at high pressures will not be uniform, a major 

complication might arise from the development of a lattice-preferred orientation (LPO) in the 

polycrystalline sample that would no longer represent an isotropic aggregate. In this case, the 

measured aggregate velocity will be an average weighted by the grains’ orientation 
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distribution function and could strongly deviate from the isotropic average velocity. 

Furthermore, the anisotropic deformation behaviour of the constituents leads to intergranular 

stresses, which may bias the measured velocity. 

 

Brillouin scattering at high-pressure 

Being an optical, contact-free method, Brillouin scattering measurements can be conducted on 

samples that are pressurized in a diamond-anvil cell (Whitfield et al. 1976). Figure 4.7 shows 

a diamond-anvil cell containing (Mg0.9Fe0.1)O at a pressure of 81.2 GPa mounted to the 

Brillouin System at GFZ Potsdam. A detailed analysis of possible sources of errors and 

difficulties when performing Brillouin scattering in a DAC is given in Zha et al. 1996 and 

Sinogeikin and Bass 2000. Due to experimental complexity, most studies have been limited to 

pressures of the upper mantle below ~25 GPa (e.g. Duffy et al. 1995b; Zha et al. 1996; Zha et 

al. 1997; Sinogeikin and Bass 2000; Sinogeikin and Bass 2002a; Sinogeikin et al. 2003; 

Speziale and Duffy 2004; Speziale et al. 2006; Jackson et al. 2006; Wang et al. 2006; 

Reichmann et al. 2008), and only very few studies have reached pressures corresponding to 

the lower mantle (Zha et al. 1998; Zha et al. 2000; Murakami et al. 2007b; Murakami et al. 

2009). To date, the maximum pressure reached in single-crystal Brillouin studies is 81.2 GPa 

(Marquardt et al. 2009c), measurements of polycrystalline samples achieved 172 GPa 

(Murakami et al. 2007a). 

 
Fig. 4.7: Goniometer with DAC for high-pressure 

Brillouin scattering experiments. The sample in the 

DAC is at a static pressure of 81.2 GPa. Brillouin 

scattering measurements in different phonon 

directions, i.e. azimuthal angles within the 

goniometer, facilitate the determination of the 

elastic tensor along with the sample orientation.  

 

 

 

 

 

Brillouin scattering at high-temperature 

Both external heating (Askarpour et al. 1993; Sinogeikin et al. 2000; Jackson et al. 2000; 

Sinogeikin and Bass 2002b; Sinogeikin et al. 2003; Jackson et al. 2007) and laser heating 
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systems (Sinogeikin et al. 2004a) have been successfully employed to perform Brillouin 

scattering experiments at high-temperature and ambient pressure. 

 

Brillouin scattering at simultaneously high-pressure and high-temperature 

First results on successful single-crystal Brillouin scattering in an externally heated DAC at 

simultaneously high-pressure (30 GPa) and high-temperature (500 °C) (Sinogeikin et al. 

2006; Sinogeikin et al. 2007) have been published. As part of this thesis, Brillouin scattering 

experiments of ferropericlase were performed in an externally heated DAC (chapter 4.1.1). 

Very recently, Murakami et al. 2008 reported first preliminary Brillouin scattering results on 

the elasticity of polycrystalline MgO at 49 GPa and 2000 °C laser-heated in a DAC.   

 

 

4.3. X-ray Diffraction 

 

In any x-ray diffraction experiment (fig. 4.8), x-ray photons with wavelength λ are elastically 

scattered by a set of lattice planes with spacing dhkl, while trespassing a sample material 

following Bragg’s law: 

 

( )θλ sin2 ⋅⋅= hkld   (4.2) 

 

where 2θ is the scattering angle. If the wavelength of the incident x-ray photons is known and 

the diffraction angle is measured, the d-spacing can be determined. The d-spacings are related 

to the lattice parameters and the unit-cell volume of the probed material. 

Both single-crystals and powders are studied by x-ray diffraction. The use of powders 

has the advantage that several different lattice planes simultaneously satisfy Bragg’s Law at a 

given scattering angle. This is a reason why powders are usually preferred for high-pressure 

experiments in the diamond anvil cell, where the angular access to the sample is very limited, 

because the diamond seats are usually not x-ray transparent (fig. 4.8). 
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4.3.1. Synchrotron X-ray Powder diffraction at HP 

 

X-ray powder diffraction at high-pressures in the diamond anvil cell is a standard technique to 

put constraints on phase stability fields and determine equations of state of materials (e.g. 

Mao et al. 1989; Duffy et al. 1995a). Because the space for sample material in the pressure 

chamber is very limited, there is need for high-intensity radiation to obtain diffraction data in 

reasonable time. Therefore, high-pressure x-ray powder diffraction studies are usually carried 

out at synchrotron sources. Powder diffraction experiments at HP have been conducted as part 

of this thesis at the Diamond Light Source in the UK (Marquardt et al. 2009c; Marquardt et al. 

2009d). 

 

 
 
Fig. 4.8: Illustration of the experimental setup for angle-dispersive high-pressure powder x-ray 

diffraction in a diamond-anvil cell. A monochromatic x-ray beam is focused in the sample, which is 

loaded in a diamond-anvil cell. A part of the incident radiation is elastically scattered following Bragg’s 

law. The scattering angles 2θ can be determined from the collected diffraction rings, if the distance 

between sample and image plate is known. According to eq. 4.2, the scattering angles and 

corresponding d-spacings are related by the wavelength of the probing beam. 
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4.3.2. Single-Crystal Synchrotron X-ray Diffraction at HP/HT in 
Combination with Brillouin Scattering 

 

The experimental setup at Sector 13 (GSECARS) of the Advanced Photon Source (APS) 

allows for simultaneously measuring x-ray diffraction and Brillouin scattering. The capability 

of collecting sound velocity and density in parallel makes it possible to derive the elastic 

constants even if the density of the material can not be obtained from the Brillouin data. An 

example is the density of ferropericlase across the spin transition in Fe2+ (Marquardt et al. 

2009c; Marquardt et al. 2009d). Additionally, the phonon direction selected for Brillouin 

scattering can be determined from the x-ray diffraction pattern, which, in principle, allows for 

reducing the number of measurements that are required to determine the elastic tensor to very 

few phonon directions - one direction can be sufficient for materials with cubic symmetry. A 

combined measurement of x-ray diffraction and sound wave velocities also has the potential 

to set up an independent pressure scale (e.g. Zha et al. 2000; Mueller et al. 2003; Sinogeikin et 

al. 2007). 

However, to date there are only two laboratories around the world (APS in USA, 

SPring-8 in Japan) where Brillouin scattering and X-ray diffraction can be performed at the 

same time (Sinogeikin et al. 2006; Murakami et al. 2008). As part of this thesis, Brillouin 

scattering and x-ray diffraction were conducted simultaneously on ferropericlase at high-

pressure and high-temperature at the APS (chapter 5.1.3). 

 

4.4. Multi Anvil Device 

 

Multi anvil presses (detailed review in Ito 2007) are also called large volume presses, because 

they allow to load significantly larger samples (up to 2 cm³) (Frost et al. 2004) than it is 

possible in DACs. To date, the maximum P-T-conditions that can be achieved in a multi anvil 

press are corresponding to the upper part of the lower mantle. However, the use of sintered 

diamond anvils (instead of commonly used WC) allows for higher pressures ~60 GPa (Utsumi 

et al. 1986; Ito 2006; Tange et al. 2009) and promises to achieve even higher pressures (Ito et 

al. 2008). Multi anvil presses can be used to synthesise material at certain P-T-conditions, 

either to study phase-equilibria (e.g. Katsura and Ito 1989) or to produce samples that are then 

studied using other techniques (e.g. Marquardt et al. 2009c; Marquardt et al. 2009d). Several 
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techniques (such as ultrasonic interferometry, electrical conductivity measurements, or x-ray 

diffraction) for in-situ studies of physical properties can be combined with large volume 

presses (e.g. Yagi and Akimoto 1976; Katsura et al. 1998; Katsura et al. 2004; Ito 2007; Higo 

et al. 2008). The ferropericlase samples that were studied for this thesis were grown in a 

multi-anvil apparatus at the Bayerisches Geoinstitut at P-T-conditions corresponding to the 

uppermost regions of Earth’s lower mantle (details in Marquardt et al. 2009d). 
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5. Results and Discussion – Extended Abstracts 
 
This chapter summarizes the results that emerged from my PhD-research. The outcomes are 

presented in the following chapters 5.1 to 5.. The three major parts of this thesis (chapter 5.1, 

5.2, and 5.4) are published or submitted for publication in international scientific journals and 

are summarized here. The complete manuscripts, including supplementary materials, can be 

found in chapter 6. 

 

5.1. Single-Crystal Elastic Properties of Ferropericlase to 81 GPa 
 

(This abstract is based on the following article: Marquardt, H., S. Speziale, H. J. Reichmann, 

D. J. Frost and F. R. Schilling (2009). Single-Crystal Elastic Properties of (Mg0.9Fe0.1)O to 81 

GPa. Earth Planet. Sci. Lett. submitted.) 

 

To date, the most complete picture of the structure, evolution and present-day dynamics of the 

Earth’s lower mantle emerges from seismological observations. An interpretation of seismic 

wave velocities in terms of mineralogy and temperature requires detailed knowledge of the 

physical properties of candidate phases at PT-conditions relevant to the Earth’s deep interior. 

In this paper, the elastic properties of (Mg0.9Fe0.1)O ferropericlase, presumably the 

second most abundant mineral in the lower mantle (e.g. Bina et al. 2003), are presented. The 

elastic behaviour was studied by Brillouin scattering and x-ray diffraction in a diamond-anvil 

cell to 81 GPa. The HS-LS transition has sensitive effects on the longitudinal and off-diagonal 

elastic stiffness constants, but does not clearly affect the shear constants. This mechanism 

leads to a considerable “softening” of the compressional and bulk velocity but does not lower 

shear wave velocities (fig. 5.1). At high temperatures, the decrease in vp will likely spread 

over a large depth range, which would result in a decreased vp/vs ratio throughout most or all 

of the lower mantle. 

The HS-LS transition strongly affects the temperature derivative of the longitudinal 

and bulk velocities at pressures where the elastic behaviour is influenced by the spin 

transition. At specific pressure-temperature combinations (relevant for the mid-lower mantle), 

the spin transition can also lead to an anti-correlated temperature dependence of shear and 

compressional (and bulk) velocity, where a lower temperature will be accompanied by higher 
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shear velocities, but decreased longitudinal and bulk velocities. Based on our modelling, this 

mechanism is expected to occur only in some parts of the lower mantle between roughly 1300 

and 1800 km depth.  

Seismologists have not yet reported clear evidences of effects directly caused by the 

ocurrence of the spin transition in the lower mantle. This might be due to the broad depth 

interval over which the spin transition likely occurs at P-T-conditions of the deep Earth and 

the resulting absence of seismic wave reflections, combined with the minor volume 

contribution of ferropericlase in a typical lower mantle assemblage (~20 Vol.%), which masks 

its anomalous elastic behaviour across the transition.  

The broadness and magnitude of the perturbation in velocity ratios associated with the 

transition change with both temperature and iron-content. However, our current knowledge 

indicates that the variation with temperature and composition is different, where temperature 

broadens the spin transition (Sturhahn et al. 2005; Tsuchiya et al. 2006b; Lin et al. 2007) and 

iron increases the magnitude of perturbation (Lin and Tsuchiya 2008, this study). Increasing 

the iron content eventually also broadens and pressure-shifts (Speziale et al. 2005; Persson et 

al. 2006) the transition, but possibly not significantly for iron contents below ~25 at.% 

(Speziale et al. 2007a). If these mechanisms are well understood and if specially designed 

future seismological studies succeed to resolve its elastic signature, the spin transition could 

provide important constraints on both temperature and iron distribution in Earth’s mid-lower 

mantle. 

 
Fig. 5.1: Average velocities as a function of 

pressure and temperature. The bulk 

velocity vbulk = (Ks/ρ)0.5 is strongly affected 

by the spin transition due to its close 

relation to the bulk modulus. Also the 

longitudinal wave velocity is significantly 

lowered, even though they depend on both 

bulk and shear modulus (vp = 

[(Ks+4/3G)/ρ]0.5). Almost no change is 

observable for the shear wave velocity. The 

spin transition of Fe2+ in ferropericlase 

might cause an anti-correlated temperature 

dependence of p- and s-wave velocities. A 

temperature decrease of 500 K at a 

pressure of 60 GPa could, for instance, decrease p-wave velocities of  (Mg0.9Fe0.1)O by 1.3% (bulk 

velocities would even be decreased by 4%) and at the same time increase s-wave velocity by 1.8%. 
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The inset shows the ratio of compressional and shear wave velocities, which is markedly depressed 

by the HS-LS transition. The temperature effect was modelled using the thermoelastic parameters 

reported for MgO (Karki et al. 1999) and estimating the change of spin transition pressure region with 

temperature from a computational study (Tsuchiya et al. 2006a). 

 

5.2. Elastic Shear Anisotropy of Ferropericlase in Earth’s Lower Mantle  

 

(This abstract is based on the following article: Marquardt, H., S. Speziale, H. J. Reichmann, 

D. J. Frost, F. R. Schilling and E. J. Garnero (2009). Elastic Shear Anisotropy of 

Ferropericlase in Earth's Lower Mantle. Science 324(5924): 224-226.) 

 

Seismic shear anisotropy is a key feature within many regions of the lowermost mantle (the 

D’’ layer) (Kendall and Silver 1996; Lay et al. 1998; McNamara et al. 2002; Garnero et al. 

2004; Panning and Romanowicz 2004; Wookey et al. 2005), which likely results from lattice 

preferred orientation (LPO) caused by plastic deformation coupled with strong elastic 

anisotropy of lower mantle minerals (Karki et al. 1999; McNamara et al. 2002; Yamazaki and 

Karato 2002; Wookey et al. 2005; Wenk et al. 2006). An understanding of the mineral 

properties and their deformation behaviour that lead to seismic anisotropy can provide 

important information on mantle flow in these regions (McNamara et al. 2002; Panning and 

Romanowicz 2004; Wookey et al. 2005). Even though (Mg,Fe)O ferropericlase constitutes 

only ~20 Vol.% of the lower mantle, it is supposed to contribute significantly to the observed 

seismic shear anisotropy (McNamara et al. 2002; Yamazaki and Karato 2002; Wenk et al. 

2006). The elastic shear anisotropy of ferropericlase in the lower mantle, however, remains 

largely unknown, especially across the spin transition of iron, restricting the interpretation of 

seismic shear anisotropy observations in terms of evolution and dynamics of Earth’s lower 

mantle (Yamazaki and Karato 2002; Wenk et al. 2006).  

In this study, the elastic shear anisotropy of single-crystal (Mg0.9Fe0.1)O, a 

composition likely close to a typical lower mantle ferropericlase, is presented up to 69 GPa 

measured by Brillouin scattering in a diamond anvil cell. The results show that the elastic 

shear anisotropy of (Mg,Fe)O increases significantly across the pressure-induced spin 

transition of iron (Badro et al. 2003) between 40 and 60 GPa, the increase of iron content 

further enhances the anisotropy. The effect of the spin transition, together with the effect of 

Fe-Mg substitution, leads to at least 50% stronger elastic shear anisotropy of (Mg,Fe)O at the 

base of the lower mantle than reported for MgO (Karki et al. 1999), which was previously 
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used for geodynamic modelling (Yamazaki and Karato 2002; Wenk et al. 2006). The 

contribution of the unexpected high elastic shear anisotropy of ferropericlase to the maximum 

potential aggregate anisotropy of a typical lower mantle assemblage rivals that of the more 

abundant silicate perovskite or post-perovskite (fig. 5.2). As ferropericlase is rheologically 

weaker (Karato 1989) than silicate minerals it will be the dominant cause of seismic shear 

anisotropy in the lower mantle (Kendall and Silver 1996; Lay et al. 1998; McNamara et al. 

2002; Garnero et al. 2004; Panning and Romanowicz 2004; Wookey et al. 2005).  

The picture emerging from these new results is that ferropericlase is probably 

dominating the elastic anisotropy of the lower mantle in all the environments where the 

deformation of mantle rock takes place by dislocation creep, which favours the development 

of lattice preferred orientation, and the strain level is elevated (McNamara et al. 2002). The 

apparent absence of seismic anisotropy in large sectors of the lower mantle (as put forth in 

Panning and Romanowicz 2006) might suggest that the bulk lower mantle is dominated by 

conditions at which deformation is controlled by diffusion creep that does not enhance lattice 

preferred orientation (Karato et al. 1995; Yamazaki and Karato 2001).  

However, there are large uncertainties on the depth distribution of seismic anisotropy 

in the deep lower mantle (Wenk et al. 2006) and even if the lower mantle above D" is 

moderately (or even strongly) anisotropic, and if the mixing and convection scales in the 

lower mantle are such that the anisotropy signatures are not uniform over significant lateral 

scales, it is possible that seismic waves cannot properly depict the anisotropy, and it is instead 

mapped as isotropy. 

 

 

Fig. 5.2: Maximum shear anisotropy of major lower mantle phases and MgO for comparison along a 

model geotherm (Stacey 1992). The shear polarization anisotropy is defined as (vs,max-

vs,min)/((vs,max+vs,min)/2), where vs,max and vs,min are maximum and minimum shear velocity in a given 

direction. (a) shows the maximum single-crystal polarization anisotropy of the two major components 

of Earth’s lower mantle. The shear anisotropy of MgO (gold) and MgSiO3 (blue) were calculated using 
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available computational data at high pressure and temperature (Karki et al. 1999; Wentzcovitch et al. 

2004). The elastic anisotropy of (Mg0.8Fe0.2)O (red), a model mantle composition, was linearly scaled 

from the data of MgO (Karki et al. 1999) and (Mg0.9Fe0.1)O, corrected for temperature effects. The 

expected broadening of the spin transition region (dashed lines) with temperature was estimated from 

experimental data on (Mg0.75Fe0.25)O (Lin et al. 2007). (b) The anisotropies of the single phases were 

weighted by their volume abundance in the lower mantle (Lee et al. 2004), where the shaded areas 

illustrate the maximum possible contributions of perovskite (blue) and ferropericlase (red), a situation 

where all the crystals of the same mineral phase have the same orientation. As (Mg,Fe)O is a much 

weaker phase (Karato 1989), it will accommodate most of the strain (Madi et al. 2005); it should, 

therefore, develop a much stronger texture than (Mg,Fe)SiO3 (Wentzcovitch et al. 2006).  

 

5.3. Effect of Temperature on the Single-Crystal Elasticity of 
Ferropericlase 

 
(article in preparation) 

 

Elastic properties do not only change with pressures but also with temperature, even though 

the pressure-effect is usually more pronounced along a geotherm in Earth’s interior. In 

Marquardt et al. 2009c and Marquardt et al. 2009d, the effect of temperature on elasticity is 

modelled based on available computational data for MgO (Karki et al. 1999). To place 

experimental constraints on the temperature dependence of elastic properties in (Mg,Fe)O, 

Brillouin scattering experiments on single-crystal ferropericlase (Mg0.9Fe0.1)O were 

performed at combined high-pressures and high-temperatures at Sector 13 of the Advanced 

Photon Source. The studied sample was taken from the same HP/HT-synthesis as the ones 

used in previous experiments (Marquardt et al. 2009c; Marquardt et al. 2009d). The 

experiments were carried out in an externally heated diamond-anvil cell (see chapter 4.1.1) 

and the Brillouin scattering experiments were complemented by simultaneous measurements 

of x-ray diffraction from the single-crystal sample to obtain density and orientation. Figure 

5.3 shows a Brillouin spectrum collected at 10 GPa and 700 K along with the x-ray diffraction 

spectrum, which was collected under identical conditions. The results show that increasing 

temperature decreases c11, c44, cs, K and G, but increases c12 (fig. 5.4, fig. 5.5), which is in 

qualitative agreement with findings for MgO (Sumino et al. 1983; Isaak et al. 1989; Chen et 

al. 1998; Sinogeikin et al. 2000) and analogous to the effect of adding iron to MgO (Jacobsen 

et al. 2002; Jackson et al. 2006; Marquardt et al. 2009c; Marquardt et al. 2009d).  
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These first results indicate that the slowest shear wave propagating in [011], polarized along 

[1-10], which is determined by the shear constant cs, is significantly lowered when 

temperature is increased (even if it is only increased by 400 K). The fastest shear wave 

propagating in [001], which is given by the constant c44, is much less sensitive to temperature 

[as it is to pressure (Marquardt et al. 2009c; Marquardt et al. 2009d)]. This results in an 

increase of shear wave anisotropy of ferropericlase with increasing temperature. However, it 

is known that the anisotropy of ferropericlase changes sign at around 20 GPa (Karki et al. 

1999; Marquardt et al. 2009d), meaning that the previously slowest shear wave propagation 

direction becomes the fastest. The shear anisotropy of ferropericlase in the lower mantle 

would than be lower along a geotherm than determined from high pressure measurements 

performed at ambient temperature, as it has been predicted for iron-free MgO (Karki et al. 

1999). However, temperature might also affect the pressure derivative of the shear wave 

velocities, similar to what does the substitution of magnesium with iron (Marquardt et al. 

2009d). 

Bulk and shear modulus both decrease with increasing temperature and this leads to 

lower average velocities at high temperature (fig. 5.6) as commonly expected (e.g. Sinogeikin 

et al. 2004a), where the shear wave velocity is most affected by variations in temperature.  

 

  
Fig. 5.3: Brillouin spectrum 

collected at simultaneously 

high-pressure and high-

temperature in an 

externally heated 

diamond-anvil cell. The 

black circles represent the 

raw data and the red line 

(filtered) is shown for 

illustration. The experiment 

was performed at sector 

13 (GSECARS) of the 

Advanced Photon Source. 

Single-crystal x-ray diffraction (inset) was collected simultaneously to determine the sample density 

and orientation at the same experimental conditions where Brillouin scattering was carried out. 
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Fig. 5.4: Dependence of the elastic 

constants on temperature at ~10 GPa, 

error bars represent 1s uncertainty. The 

change in normalized density is also 

shown. The values were determined at 500 

K and 700 K and normalized to the room 

temperature value (at the same pressure), 

which was previously measured (Marquardt 

et al. 2009c). Except for the off-diagonal 

constant c12, all constants decrease with 

increasing temperature. The different 

sensitivities of the shear constants c44 and cs, which determine maximum and minimum shear velocity 

at ~10 GPa, to changes in temperature leads to stronger elastic shear anisotropy of ferropericlase at 

higher temperatures. Lines are weighted linear least-square fits to the experimental data. 

 

 

 

Fig. 5.5: Change of bulk and shear modulus 

with temperature at ~10 GPa, error bars 

represent 1s uncertainty. The shear 

modulus is more sensitive to changes in 

temperature than the bulk modulus. Lines 

are weighted linear least-square fits to the 

experimental data. 

 

 

 

 

 

 

 

Fig. 5.6: Average velocities as a function of 

temperature at ~10 GPa, error bars 

represent 1s uncertainty. A higher 

temperature leads to lower velocities and 

has the strongest effect on the shear 

velocity. Lines are weighted linear least-

square fits to the experimental data. 
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5.4. Single-Crystal Elastic Properties of (Y,Yb)3Al5O12 

 

(This abstract is based on the following article: Marquardt, H., S. Speziale, S. Jahn, S. 

Ganschow and F. R. Schilling (2009). Single-Crystal Elastic Properties of (Y,Yb)3Al5O12. J. 

Appl. Phys. submitted.) 

 

This project aimed at a systematic understanding of the effect of chemical substitution on the 

elastic properties in garnet solid solution series, which are of interest for both materials 

science and geosciences. The studied system YAG-YbAG is of relevance for materials 

science, as these crystals are widely-used for solid state lasers (e.g. Patel et al., 2001; Gaumé 

et al., 2003), where elastic properties of the laser material are key parameters. The importance 

for Earth sciences arises from the fact that isostructural silicate garnets exist with varying 

chemical composition in the Earth’s crust and mantle. Hence, a quantitative understanding of 

the effect of chemical variations on the physical properties, particularly elasticity, of such a 

closely related system can help to understand the behaviour of silicate garnets. This is needed 

to adequately relate geophysical observations to the properties of the constituent minerals. 

Garnets are ideal candidates for studying substitution-effects on elastic properties as both 

natural and synthetic garnets form a variety of solid solution series (see also chapter 5.1.5). In 

this project, the experimental Brillouin data were complemented by computations using both 

classical interatomic potentials and density functional theory to improve our understanding of 

the limitations and advantages of computational approaches for the study of single-crystal 

elastic properties of Earth materials.  

The experimental data show that both the longitudinal and the off-diagonal constants 

c11 and c12 increase with increasing ytterbium content, whereas the shear constants c44 and cs = 

(c11-c12)/2 are unaffected within uncertainties (fig. 5.7). Accordingly, the bulk modulus 

increases with increasing ytterbium-content, but shear and Young’s modulus remain constant 

within the experimental resolution. The observed slight increase of c11, c12, and Ks along the 

YAG-YbAG series is likely caused by the lowered oxygen-oxygen distance in YbAG 

compared to YAG. The substitution of the larger yttrium (ionic radius of 1.019 Å) (Shannon 

1976) by the smaller ytterbium (ionic radius of 0.985 Å) (Shannon 1976) decreases the cell 

parameter (fig. 5.7) and the closer packing of the oxygen anions makes the material stiffer, 

but it does not significantly affect its shear moduli.  

The experimental results indicate that changes in elastic properties along the YAG-

YbAG series are of second order importance in solid sate laser design, especially in light of 
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the fact that other physical properties, such as thermal transport properties (Marquardt et al. 

2009a) or density, change dramatically, and sometimes non-linearly (Marquardt et al. 2009a), 

with Y/Yb-substitution. 

Interatomic potential calculations on YAG and YbAG (Schuh et al. 1991; Bush et al. 

1994; Kuklja and Pandey 1999; Papagelis and Ves 2003) strongly differ from our Brillouin 

data. However, the more accurate and predictive DFT calculations that we performed on YAG 

in the present study are in good agreement with our experimental results (<10% deviation for 

all elastic constants, <6% deviation for aggregate elastic properties). Table 5.1 shows our 

experimental and computational results along with published computational data. 

 
Table 5.1: Elastic constants cij, bulk modulus K, Young’s modulus E, shear modulus G (Voigt-Reuss-

Hill average) and refractive index n532nm of the investigated garnets. Numbers in parenthesis indicate 

experimental uncertainties (1σ) in the last given digit. 

Compound c11 
[GPa] 

c12 
[GPa] 

c44 
[GPa] K E G n532nm Method Reference 

YAG 323(3) 108(2) 115(1) 179(2) 278(3) 112(1) 1.846 Brillouin This work 

Y1.83Yb1.17AG 327(1) 109(1) 115(1) 182(1) 280(2) 113(1) 1.844 Brillouin This work 

Y0.55Yb2.45AG 328(1) 112(1) 115(1) 184(1) 280(2) 112(1) 1.859 Brillouin This work 

YbAG 332(1) 114(1) 115(1) 186(1) 282(2) 113(1) 1.858 Brillouin This work 

YAG 314 105 105 175 262 105 - DFT (LDA) This work 

YAG 317 114 109 182 266 106 - DFT (GGA) This work 

YbAG 312 167 102 215 235 89 - Pair 
potential 

This work, adopted from 
Bush et al. 1994 

YAG 395 135 117 222 309 122 - Pair 
potential Schuh et al. 1991 

YAG 330.3 164.7 131.2 220 281 109 - Pair 
potential Bush et al. 1994 

YAG 340 127 112 198 278 110 - Pair 
potential Kuklja and Pandey 1999 

YAG 263.3 102.4 60 156 177 67 - Pair 
potential Papagelis and Ves 2003 

YbAG 263.8 98.4 63.3 154 183 70 - Pair 
potential Papagelis and Ves 2003 

 

A better description of the elastic properties of these garnets in the framework of pair 

potential calculations may be obtained by using advanced interatomic potentials, as e.g. the 

polarizable ion model used for the simulation of melts in the Al2O3-Y2O3 system (Wilson and 

McMillan 2004). However, the parameters of such a model still need to be optimized, 

preferentially by reference to electronic structure calculations to obtain at least semi-

quantitative predictions for the elastic properties, as has been shown for silicate garnets (Jahn 

and Madden 2007). Unfortunately, electronic structure calculations on the YbAG system are 
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still very challenging due to the strong electronic correlation effects arising from partially 

filled f-orbitals.  

 

 

 

 

 

 

 
Fig. 5.7: Elastic moduli of (Y,Yb)3Al5O12 as a 

function of ytterbium content and cell 

parameter. Error bars represent 1s-

uncertainty. Lines are weighted linear fits to 

the experimental data. 
 

 

 

5.5. Brillouin Scattering of Natural Garnet Solid Solution Series 

 
(article in preparation) 

 

Minerals of the garnet group exist in a wide temperature and pressure range. This makes them 

one of the most abundant phases in the Earth’s lower crust and upper mantle. Garnets form a 

variety of solid solution series and they are therefore perfect candidates to study the relation 

between physical properties and chemical composition (e.g. Marquardt et al. 2009a). The 

elastic properties of synthetic YAG-YbAG garnets are reported in Marquardt et al. 2009b. To 

complement the Brillouin measurements on solid solution series of synthetic garnets and to 

link the results to garnet systems of geophysical interest, Brillouin Scattering experiments 

were performed on members of the natural garnet solid solution series pyralspite (pyrope-

almandine-spessartine). The chemical composition of the studied garnets as calculated from 

Electron Microprobe Analysis is given in table 5.2. 
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Table 5.2: Electron microprobe analysis of the studied natural samples reported in terms of garnet end-members 

(mol.%) (taken from Marquardt et al. 2009a). 

Sample 
Pyrope 

Mg3Al2Si3O12

Almandine 

Fe3Al2Si3O12

Spessartine 

Mn3Al2Si3O12

Uvarovite 

Ca3Cr2Si3O12

Grossular 

Ca3Al2Si3O12

Andradite 

Ca3Fe2Si3O12

AlmSpes1 0.05 45.67 53.42 0.03 0.83 0.00 

GrPyrAlm1 25.66 55.99 2.91 0.04 14.18 1.23 

GrAlmPyr1 50.73 37.18 1.54 0.07 10.34 0.13 

 

Double-sided polished samples (average diameter ~1 cm, thickness ~1mm) were prepared for 

Brillouin scattering experiments in symmetric platelet geometry with 90° scattering angle. 

Velocities were collected over a 180° angular range (increments between 5° and 10°) and 

inverted for the three cubic elastic constants, the results are summarized in tab. 5.3. 

Table 5.3: Elastic constants of three natural garnets along with adiabatic bulk modulus Ks and Voigt-Reuss-Hill 

averaged shear modulus Gvrh. The numbers in brackets represent the estimated uncertainty in the last reported 

digit. The density is taken from Marquardt et al. 2009a. 

Sample ρ (g/cm³) c11 (GPa) c12 (GPa) c44 (GPa) Ks (GPa) Gvrh (GPa) 

AlmSpes1  4.25 306(2) 112(2) 94(2) 177(2) 95(2) 

GrPyrAlm1  3.84 300(2) 107(2) 94(2) 171(2) 95(2) 

GrAlmPyr1  4.00 304(2) 109(2) 95(2) 174(2) 96(2) 

 

In order to simplify this natural system and make it comparable to the binary solid solution 

series of the synthetic garnets, a fictive solid solution series between pyrope and almandine + 

spessartine is introduced (Marquardt et al. 2009a). This assumption is based on the similar 

atomic masses of Mn and Fe. Figure 5.8 shows the dependence of elastic constants on the 

chemical composition, which is represented as pyrope-content. The shear constants c44, cs and 

Gvrh are independent of composition within uncertainties, whereas the constants c11, c12, and 

Ks slightly change with Fe(Mn)/Mg-substitution; this is comparable to the observations for 

synthetic garnets. This behaviour is likely caused by either the mass-difference or the size 

difference of the exchanging ions (see also Marquardt et al. 2009b). Comparison of the results 

on pyralspite garnets with the data collected on the YAG-YbAG series can help to understand 

the dominating cause for the change of elastic constants. In the case of Fe(Mn)-Mg-exchange, 

both atomic mass and ionic radius increase (Fe and Mn are larger and heavier than Mg), 

whereas for Y/Yb-substitution size and mass are inversely correlated, i.e. Yb is smaller and 

heavier than Y. The bulk modulus decreases when Fe (or Mn) and Yb are substituted by Mg 
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and Y, respectively (the lighter atoms) (fig. 5.9). Based on figure 5.9, one may conclude that 

the primary cause for changes in elastic properties along the studied garnet solid series is most 

likely the difference of atomic mass and the ionic radius is only a second order effect. This is 

contrary to the interpretation in Marquardt et al. 2009b, which was based on the results of the 

synthetic garnets only. However, in both systems the relative mass difference between the 

exchanged ions is much larger than the difference in ionic radius – this could also explain the 

apparent dominance of mass over size. The results emphasize the potential of combining data 

sets on different chemical systems within the same structural mineral group, but also indicate 

the need for additional systematic data sets, particularly on high-quality synthetic solution 

series. It could, for instance, be of interest to substitute ytterbium with different lanthanoids, 

where the associated relative changes in atomic mass and ionic radius are comparable in 

magnitude. 

 

 
 

Fig. 5.8: Dependence of the elastic 

properties on pyrope (i.e. Mg) content and 

cell parameter (from Marquardt et al. 

2009a). The constants c11, c12 (and Ks) 

decrease with increasing pyrope content. 

The shear constants c44, cs (and Gvrh) are 

unaffected. Error bars represent 1s 

uncertainty. Lines are weighted linear least-

square fits to the experimental data. 

 

 

 
 

 

 

 

Fig. 5.9: Normalized bulk modulus of garnets as 

a function of pyrope (i.e. Mg) content (red) or 

YAG content (blue). The bulk modulus 

decreases when Fe and Yb are substituted by 

Mg and Y, respectively. Lines are linear least-

square fits to the experimental data. 
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According to earlier studies (Bass 1986; Duffy and Anderson 1989; Wang and Ji 2001), the 

bulk sound velocity VΦ = (K/ρ)0.5 is in a simple way related to the mean atomic weight of 

garnets M and can be described by VΦMn = k where n and k are constants. Fitting the data of 

the natural pyralspite garnets to the above equation yields k = 18.7(±3.5) km g0.33/s, n = 

0.33(±0.06) (fig. 5.10), in agreement with the fit parameters k = 20.26 km g0.36/s and n = 0.36 

reported previously (Wang and Ji 2001). For the YAG-YbAG system, k = 31.6(±2) km g0.48/s 

and n = 0.48(±0.02) are derived, which is in between the values that were reported for 

pyralspite and ugrandite (uvarovite-grossulare-andradite) silicate garnets (Wang and Ji 2001).  

These findings suggest that elasticity systematics of garnets are, at least to some 

extent, transferable between different chemical systems. Future studies on other garnet 

solution series, both synthetic and natural, at high-pressures and high-temperatures can reveal 

more details about elasticity systematics and sound wave velocity relations in isostructural 

compounds at conditions relevant to the Earth’s deep interior. 

 
 

 

Fig 5.10: bulk sound velocity as a function 

of mean atomic weight. The slope in the 

diagram is different for aluminium garnets 

(blue circles) and silicate (red circles) 

garnets. Curves are least-square fits to the 

empirical equation VΦMn = k (Bass 1986; 

Duffy and Anderson 1989; Wang and Ji 

2001). 
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Appendix 

 

AI. Zusammenfassung 
 
Elastische Eigenschaften bestimmen die Reaktion von Materialen auf Verformungen 

innerhalb des elastischen Bereichs. Sie spiegeln die Natur der atomaren Bindungen (Stärke) 

wider und geben Auskunft über die physikalischen und chemischen Eigenschaften von 

Materialien - das begründet das große Interesse an Elastizität von zahlreichen 

wissenschaftlichen Disziplinen, unter anderem Materialwissenschaften, Festkörperphysik, 

Geowissenschaften und Chemie. In den Geowissenschaften gibt es ein besonderes Interesse 

am Verständnis der elastischen Eigenschaften der Minerale die im Erdinneren vorkommen, 

weil sie das Ausbreitungsverhalten von seismischen Wellen in unserem Planeten bestimmen. 

Ein quantitatives Verständnis von elastischen Wellengeschwindigkeiten in Mineralen unter 

den extremen Bedingungen des Erdinneren ermöglicht die Interpretation von seismologischen 

Beobachtungen und wird für ein besseres Verständnis der Zusammensetzung, Entwicklung, 

Dynamik und Temperaturverteilung im tiefen Erdinneren benötigt. Die vorliegende Arbeit 

trägt zu diesem Ziel bei, indem sie sich mit der Abhängigkeit elastischer Eigenschaften von 

der chemischen Zusammensetzung, dem Druck und der Temperatur befasst. 

 

Kapitel 2 stellt eine kurze Einführung in die Struktur, Mineralogie, Dynamik und den 

Wärmehaushalt des tiefen Erdinneren dar und erläutert die Motivation für diese Arbeit. 

Kapitel 3 beschäftigt sich mit der Elastizitätstheorie und fasst wichtige Zusammenhänge 

zwischen elastischen Eigenschaften und der Ausbreitung von Schallwellen in Einkristallen 

und Mineralaggregaten zusammen. Die Beschreibung von elastischen Eigenschaften im 

Rahmen der finiten Verformungstheorie wird ebenfalls kurz erläutert. Dieses Kapitel schließt 

mit einer Kurzdarstellung der Methoden ab, die am Häufigsten zur Elastizitätsbestimmung bei 

hohem Druck und hoher Temperatur verwendet werden. Kapitel 4 stellt die experimentellen 

Methoden vor, die in dieser Arbeit verwendet wurden. Zunächst wird das Wirkungsprinzip 

von Diamantstempelzellen zur Erzeugung der hohen Drücke des Erdinneren erläutert. 

Anschließend werden die beiden Meßmethoden erklärt, die in dieser Arbeit vorrangig benutzt 

wurden: Brillouin Streuung und Röntgendiffraktion. 
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Die Ergebnisse dieser Arbeit werden in Kapitel 5 und 6 diskutiert. Die wichtigsten Resultate 

und Implikationen sind in Form von erweiterten Zusammenfassungen dargelegt (Kapitel 5) 

und werden dabei durch die kompletten Manuskripte ergänzt (Kapitel 6).    

 

Der erste Teil (5.1, 5.2, 5.3) der Diskussion beschäftigt sich mit der Druck-, Temperatur- und 

Zusammensetzungsabhängigkeit der elastischen Eigenschaften von einkristallinem (Mg,Fe)O 

Ferroperiklas, dem zweithäufigsten Mineral des unteren Erdmantels. Es konnte kürzlich 

gezeigt werden, dass das sechsfach koordinierte zweiwertige Eisen im Ferroperiklas bei 

Drücken des unteren Mantels einen Spin-Übergang durchläuft, welcher von Änderungen in 

zahlreichen physikalischen Eigenschaften, einschließlich Elastizität, begleitet ist.  

 Kapitel 5.1 diskutiert den Effekt dieses druck-induzierten Spin-Übergangs auf die 

elastischen Eigenschaften von Ferroperiklas und die Bedeutung für die Interpretation von 

sowohl eindimensionalen als auch dreidimensionalen seismologischen Modellen. Das 

wichtigste Ergebnis ist, dass der Spin-Übergang die Geschwindigkeiten der 

Kompressionswellen stark verringert, aber keinen Einfluss auf die Scherwellen hat. Das führt 

zu einer ausgeprägten Veränderung der Geschwindigkeitsverhältnisse und deren 

Abhängigkeit von Druck, Temperatur und Eisengehalt. Wenn diese Mechanismen gut 

verstanden sind, und wenn zukünftige, zielgerichtete seismologische Studien die elastische 

Signatur des Spin-Übergangs erfolgreich auflösen, dann kann der Spin-Übergang wichtige 

Informationen über die Temperatur- und Eisenverteilung im mittleren unteren Mantel liefern 

(Marquardt et al. 2009b). 

 Kapitel 5.2 erläutert die Bedeutung von (Mg,Fe)O für die Interpretation von 

seismischen Anisotropie-Beobachtungen im tiefen unteren Mantel. Das wichtigste Resultat 

ist, dass (Mg,Fe)O Ferroperiklas wahrscheinlich die elastische Anisotropie im unteren Mantel 

dominiert, obwohl es nur etwa 20 Vol. % dieser Region ausmacht. Diese Daten implizieren, 

dass seismische Anisotropie auch oberhalb der D’’ Diskontinuität, wo Seismologen sie 

beobachten, vorhanden sein könnte - in Regionen, in denen die Deformation durch 

Dislokationskriechen bei sehr hohen Verformungsraten gekennzeichnet ist. Diese 

Erkenntnisse können von großer Bedeutung für unser Verständnis von Mantelkonvektion und 

die Dynamik der Erde sein (Marquardt et al. 2009c).  

 Kapitel 5.3 diskutiert den Temperatureffekt auf die elastischen Konstanten von 

(Mg,Fe)O bei hohen Drücken. Die Ergebnisse zeigen, dass eine Erhöhung der Temperatur im 

Allgemeinen zu geringeren elastischen Geschwindigkeiten führt, aber auch deutlich die 

elastische Scherwellen-Anisotropie beeinflusst. Eine Erhöhung der Temperatur führt zu einer 
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stärkeren elastischen Anisotropie bei Drücken unter ~20 GPa, verringert aber die Anisotropie 

bei den Drücken des unteren Mantels. Diese ersten Ergebnisse zu den  elastischen 

Eigenschaften von Ferroperiklas bei hohem Druck und hoher Temperatur stellen eine 

Grundlage für zukünftige Arbeiten zur experimentellen Quantifizierung der elastischen 

Eigenschaften unter den Bedingungen des Erdmantels dar. 

 

Der zweite Teil dieser Arbeit (5.4, 5.5) beschäftigt sich mit dem Einfluss von chemischer 

Substitution auf den elastischen Tensor von synthetischen und natürlichen Granatmischreihen. 

Silikatgranate sind Hauptbestandteile in der Erdkruste und dem oberen Erdmantel, vor allem 

in der Übergangszone. Außerdem sind Kristalle der Granatgruppe wichtige Verbindungen in 

die Materialwissenschaften, da sie für eine Reihe von technischen Anwendungen geeignet 

sind, beispielsweise als Festkörperlaser. 

 Kapitel 5.4 diskutiert die elastischen Eigenschaften von synthetischen Granaten der 

Mischreihe Y3Al5O12-Yb3Al5O12, die sowohl mit Brillouin Spektroskopie als auch mit 

Computersimulationen bestimmt wurden. Die Daten zeigen, dass die Substitution von Yttrium 

mit dem kleineren und schwereren Ytterbium das Material steifer macht (die 

Inkompressibilität nimmt zu), aber keinen Effekt auf die Schereigenschaften hat. Diese 

Erkenntnisse können zu einem besseren Verständnis von Elastizitäts-Zusammensetzungs-

Systematiken in natürlichen Granaten und den Potentialen und Grenzen von 

Computersimulationen beitragen (Marquardt et al. 2009a).  

 Kapitel 5.5 beschäftigt sich mit den elastischen Eigenschaften von natürlichen 

Granaten und vergleicht sie zu der Systematik, die für die synthetischen Mischkristallreihen 

beobachte wurde. Das Hauptergebnis ist, dass die untersuchten natürlichen Granate analog auf 

die Substitution von Kationen reagieren – die Inkompressibilität ändert sich, aber die 

Schereigenschaften bleiben unverändert. Diese Beobachtungen legen nahe, dass die 

Elastizitäts-Systematik, zumindest bis zu einem gewissen Grad, übertragbar ist auf 

verschiedene  Granatmischreihen und möglicherweise auch auf Majorit-Pyrop Granat, der 

wahrscheinlich häufigsten einzelnen Mineralphase in der Übergangszone, zutrifft. 
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