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INTRODUCTION

Knowledge of the electronic structure of crystalline and non-crystalline earth materials at
ambient and high pressure are essential in order to understand the atomic origins of electronic,
thermodynamic, and mechanical properties of these materials in the Earth’s crust as well as Earth
and planetary interiors (Hemley 1998; Laudernet et al. 2004; Stixrude and Karki 2005; Mao and
Mao 2007; Price 2007; Stixrude 2007). Pressure-induced changes in the electronic structure of
crystalline and amorphous silicates and oxides (glasses and melts) with low-z elements (e.g.,
Si, O, B, Li, C, etc.) have implications for diverse geophysical and magmatic processes relevant
to the evolution and differentiation of the earth (e.g., mantle convection and mantle melting)
(Stebbins 1995; Wolf and McMillan 1995; Lee 2005, 2011; Mysen and Richet 2005; Murakami
and Bass 2010). Despite this importance, the analysis of the effect of pressure on the electronic
structure and the nature of bonding in the crystalline and, particularly, non-crystalline oxides
has remained one of the challenging problems in mineral physics and geochemistry, as well as,
condensed matter physics. This is mostly because of the lack of suitable experimental probes of
electronic bonding around these light elements in the earth materials under pressure.

Advances in in situ high pressure technologies, together with progress in X-ray optics in
synchrotron radiation and first principle calculations have revealed structural details of bonding
transitions of crystalline earth materials at high pressure (Hemley 1998; Mao and Mao 2007;
Price 2007; Stixrude 2007). The non-resonant synchrotron inelastic X-ray scattering (NRIXS,
also known as X-ray Raman, XRS) is one of the relatively new synchrotron X-ray probes of
local structures with element-specificity. It explores the electronic bonding transitions in soft
X-ray absorption edges using hard X-rays (e.g., ~ 10 keV) by tuning the energy loss (energy
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of incident X-rays — energy of scattered X-rays) to the binding energy of electrons in elements
of interest (Mao et al. 2003, 2006, 2010; Schulke 2007; Lee et al. 2008b; Rueff and Shukla
2010). Progress in XRS has been combined with advances in in situ high pressure technology
and consequently, in the last 6-7 years it has been possible to examine the detailed pressure-
induced electronic bonding transitions in low-z oxide glasses, molecules, and crystals by tuning
the K-edges of elements in the 2™ row of the periodic table and/or to the L-M edges of heavier
elements both at ambient and at high pressure (e.g., Schulke 2007; Rueff and Shukla 2010). The
observed XRS results for amorphous oxides under compression contribute to the understanding
of the atomistic origins of anomalous changes in melt properties in the Earth’s interiors.

While the following list is by no means complete, important classes of materials studied
by XRS at ambient pressure include Li, LiCq LiF, Li;N, Li-borate glass, phases used for Li-
batteries, and Li-peroxide (with Li K-edge) (Schulke et al. 1991, 1986; Krisch et al. 1997;
Nagasawa et al. 1997; Hamalainen et al. 2002; Fister et al. 2008a, 2011b; Chan et al. 2011;
Karan et al. 2012), Be crystals and BeO (with Be K-edge) (Schulke et al. 1986; Nagasawa et
al. 1989). The C K-edge was used to explore bonding details of graphite (Tohji and Udagawa
1987; Schulke et al. 1988; Nagasawa et al. 1989), carbon in diverse aromatic rings, Cgo (Rueff
et al. 2002; Gordon et al. 2003), and hydrocarbons (Feng et al. 2008; Fister et al. 2008b; Sakko
etal. 2011). B K-edge XRS has provided structural details of BN (Watanabe et al. 1996), B,0;,
Na-, and Li-borate glasses (Lee et al. 2005, 2007, 2008a). The utility of O-K edge XRS has
been demonstrated in the study of H,O and its polymorphs (Bowron et al. 2000; Bergmann et
al. 2002b; Wernet et al. 2004, 2005; Cai et al. 2005; Tse et al. 2008; Fister et al. 2009). Oxygen
environments of oxide glasses (SiO,, B,0s, GeO,, alkali borate glasses, and MgSiOs;) and
silicate crystals (SiO,, MgSiO;) have also been investigated using XRS (Lin 2007; Lee et al.
2008a, 2005, 2007, 2008b; Fukui et al. 2009a; Lelong et al. 2012; Yi and Lee 2012). Recently,
Na K-edge XRS provided the core-electron excitation spectra for NaF and NaCl (Nagle et al.
2009). Application of XRS has been extended to the characterization of oxide thin films (Fister
et al. 2011a).

XRS can be particularly effective in studying the electronic structure at high pressure
and has been used to yield the electronic structure of helium (He K-edge) (Mao et al. 2010),
carbon polymorphs (graphite, diamond, amorphous carbon, C K-edge) (Mao et al. 2003; Lin
et al. 2011), BN (with boron K-edge) (Meng et al. 2004), dense oxygens (Meng et al. 2008),
H,0 polymorphs (O K-edge) (Cai et al. 2005; Tse et al. 2008), and oxide glasses under static
compression (see the “Pressure-Induced Structural Changes in Crystalline and Amorphous
Earth Materials: Insights from X-ray Raman Scattering” section below). Because the features
in XRS spectra are sensitive to local “short-range” structure, the technique has been particularly
useful in revealing structural changes in non-crystalline oxides at high pressure (Lee et al. 2005;
Lin 2007; Fukui et al. 2009a; Lelong et al. 2012). For instance, B K-edge XRS studies of borate
glasses at high pressure showed the first unambiguous experimental evidence for the formation
of highly coordinated boron (i.e., “/B) at high pressure (Lee et al. 2005, 2007, 2008a). O K-edge
XRS studies of diverse low-z oxide glasses suggested the pressure-induced increases in the
fraction of triply coordinated oxygen associated with cation coordination changes (Lin 2007,
Lee et al. 2008b, 2012; Lelong et al. 2012). Topological disorder also tends to increase with
pressure as shown by the increase in the width of the O K-edge feature with pressure (Lee et al.
2008b). The O K-edge XRS of shock compressed multi-component quaternary oxide glasses
showed evidence for the topologically driven densification in model basaltic glasses. This has
strong geochemical implications for impact processes (Lee et al. 2012). Atomic configurations
around network modifying cations in alkali silicate glasses were explored using Li K-edge XRS
(Lee et al. 2007).

In addition to K-edges of low-z elements, XRS technique has also been useful to probe
the edge features for loosely bound electrons in earth materials (e.g., L- and M- and higher
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edges) (see the “Remaining Challenges and Outlook: Applications of New K-, L-, M-edge
XRS, XRS with Momentum Transfer, In Situ High Temperature and Pressure XRS Study for
Multi-Components Glasses” section for further details). These examples showed that XRS is
beneficial for revealing the rich information of electron bonding transitions surrounding low-z
elements in diverse crystalline and non-crystalline solids at 1 atm that are traditionally difficult
to explore using other conventional techniques.

In this chapter, we provide an overview of the recent progress and insights provided by
XRS on the electronic structure of key earth materials. Particular emphasis will be placed on
the pressure-induced bonding transitions in dense molecules and non-crystalline oxides. We
note that excellent accounts of earlier studies on fundamentals of XRS can be found in the
previous review (Schulke 2007). The general application of IXS technique at high pressure
(including that of XRS) can also be found in the previous reviews (Schulke 2007; Rueff and
Shukla 2010). Short but helpful reviews of XRS techniques with experimental setups can also
be found in (Bergmann et al. 2002a, 2004; Fister et al. 2006). There are also extensive reviews
and discussion of O K-edge studies of H,O polymorphs and thus these will not be discussed
in detail here (e.g., Bowron et al. 2000; Bergmann et al. 2002b; Wernet et al. 2004; Cai et al.
2005; Tse et al. 2005, 2008; Fister et al. 2009). In the current chapter, we first outline the brief
theoretical principles of X-ray Raman spectroscopy and experimental setups required for XRS
measurement at high pressure. We then present the recent XRS results of the electronic bonding
transitions in earth materials. A brief account of theoretical calculations of XRS spectra for
mantle minerals is also presented. We also present several new XRS spectra for CaSiO; glass
at ambient and high pressure in order to demonstrate the utility of XRS. Finally, we discuss the
future challenges in exploring the structure of diverse earth materials at high pressure using
XRS spectroscopy.

BRIEF REMARKS ON THEORETICAL BACKGROUNDS AND
XRS EXPERIMENTS AT HIGH PRESSURE

Brief theoretical backgrounds

Recent advances in synchrotron X-ray optics, multi-element IXS analyzers specifically
for XRS experiments, and improved diamond anvil cells (DACs) have revealed previously
unknown details of the atomic configurations of crystalline materials at high pressure. Although
detailed theoretical backgrounds and principles of inelastic X-ray scattering (IXS) can be found
in recent reviews and textbooks (Schulke 2007; Rueff and Shukla 2010), brief theoretical
background of non-resonant (NR) IXS is presented to provide the necessary information to
understand the advantages (and disadvantages) of the method.

In the XRS process, the intensity of inelastically scattered photons is estimated with varying
scattering angle (20) (and thus momentum transfer, ¢ = k—k,) (Fig. 1). Energy loss (AE) in the
process is achieved from the difference between energy of incident X-ray photon (E;,;) and
scattered X-ray photon (E.). Spectra are collected by varying E;,; (with a monochrometer)
at a fixed analyzer energy of E,.. The experimental measurable in the above process is the
non-resonant double differential scattering cross section (DDSCS) of X-ray and is defined as
a change in number of scattered photons (o) with respect to changes in solid angle (€,) and
frequency of scattered photon (®,) as shown below (Fourier transform of the DDSCS results in
electron density as a function of time and spatial coordinates):

d’c L[ @, 2
dQ,dow, o (co] le] gz' S(q, ) @

where r is classical electron radius (= e%/mc?) and S(g, ®) is dynamic structure factor, which
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X-ray Raman Scattering Process in Diamond Anvil Cell
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Figure 1. X-ray Raman scattering processes in a diamond anvil cell. E, k|, ®,, and g, are energy, wave vec-
tor, frequency, and polarization vector of the incident photon, respectively. Ei.., k», ®,, and &, are those for
the scattered photon. Ig> and fI> are the initial and final electronic states. Ef. is the Fermi energy.

can be expressed as shown below:
=S [(r1e1g)] 8(E, ~ E, + ho) )
&f

where g and f denote ground and final states and E, and E; are electronic energy levels of the
ground and final states, respectively (Fig. 1) and thus < fle 1 > is the transition matrix that
shows the correlation between the ground and excited states. The non-resonant scattering cross
section is thus shown below:

a0 do . , .
m:[dgzlh§|<f|e" |g)| 8(E, ~ E, + o) @

where Thomson scattering by a free electron is defined below:

do ®, 2
=15 —||g,-€ 4
[dgzjm 0((01]' l 2| @

In the non-resonant IXS process relevant to X-ray Raman Scattering (XRS), the incident energy
(~10 keV) is much larger than the binding energy (less than 1 keV for low-z elements) of core
electrons. At small scattering angle, g-r is much smaller than 1 (<<1), and the transition matrix
can thus be approximately described by:

(F1e7 1g)=(f1g)+i(f1g-rig)=1/2(f1(q-r) 1g)+... )

Assuming orthogonality of initial and final state wave functions (( S g) = 0), the first order
term is dominant and the resulting double differential scattering cross section can be described
below:

_dQ__(do S|(rir1g) 8(E, ~E, +ho) 6)
dQ,dw, sz

Th &S

As shown in Equation (6) above, under the dipole transition selection rule, the transition
matrix for the XRS cross section at low scattering vector (i.e., ( flrl g)) is identical to that
of XAS, thus providing identical spectra to X-ray absorption near-edge structure (XANES)
spectra (see Schulke 2007; Rueff and Shukla 2010; Henderson et al. 2014, this volume for
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a review). In addition, with increasing momentum transfer, g (and thus scattering angle),
transitions from non-dipole contributions can also be observed. Higher order terms in Equation
©6) (e.g.,{ fI (q . r)2 | g> can be prevalent and the bonding nature relevant to momentum transfer
(g-dependence) during the IXS process can be examined (Mizuno and Ohmura 1967; Suzuki
1967; Tohji and Udagawa 1987, 1989; Bergmann et al. 2000) (see the section “Comparison
with other core-electron excitation spectroscopy and traditional experimental probes at high
pressure” below for brief remarks on previous studies of g-dependence in XRS spectrum). With
high brilliance synchrotron hard X-rays (~10 keV), XRS allows us to probe the configurations
around low-z element (typically from He to Na K-edges) of diverse materials (as well as high
L and M edges of third and fourth elements) without using an ultrahigh vacuum environment,
yielding bulk sensitivity with resolution of XAS.

Comparison with other core-electron excitation spectroscopy and traditional
experimental probes at high pressure

Comparison with other core-electron excitation spectroscopy. Local electronic bonding
structure with the transition matrix, ( flrl g) in Equation (6) can be obtained using several ex-
perimental techniques that probe the energy-loss near-edge structure (ELNES) of the elements
of interest stemming from an excitation of core (or valence) electron to unbound states (Fig. 1).
These techniques unveil element-specific electronic bonding environments (i.e., local atomic
structures, bonding nature, coordination number, and chemical environments) around atoms of
interest. One of the popular techniques is X-ray absorption spectroscopy [XAS, either X-ray ab-
sorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS)]
(see Newville 2014, this volume; Henderson et al. 2014, this volume). Additionally, electron
scattering techniques using transmission electron microscopy (TEM) offer electron energy loss
spectroscopy (EELS), yielding spectral response function with identical transition matrix ele-
ments (e.g., see Brown et al. 1995; de Groot 2001; Wilke et al. 2001; Stohr 2003; Brydson et
al. 2014, this volume and references therein). XRS compliments these established techniques
involving excitation of core and/or valence electrons into unoccupied electronic states.

Whereas the local electronic bonding natures of low-z glasses and crystals at ambient pres-
sures have been extensively studied using soft X-ray XANES spectroscopy (e.g., Seifert et al.
1996; Wu et al. 1996; Garvie et al. 2000; Henderson et al. 2009), application of XAS is often
more suitable for high-z elements using hard X-ray because its application to soft X-ray region
requires vacuum conditions (used to minimize the scattering from air molecules). Furthermore,
conventional synchrotron XAS may not be suitable for probing low-z oxides at high pressures
due to the inability of the soft X-rays to penetrate the sample environments to sustain its high
pressure condition (e.g., Be gasket of a diamond anvil cell). Due to limited penetration depth of
the soft X-ray photon for low-z element XAS, XAS of these elements is often more suitable for
probing of surface structure. While the EELS technique can be potentially useful for studying
quenched materials (compressed and decompressed within a DAC) and to probe electronic ex-
citations of low-z elements, it suffers limitations in its in situ investigation of electronic bonding
transitions in oxide materials at high pressure as in situ high pressure techniques cannot be com-
bined with TEM. Furthermore, the electron beam during sample preparation and measurement
may alter the sample. In summary, X-ray Raman scattering (XRS) is one of the non-resonant
inelastic X-ray techniques and is obtained using hard X-rays. XRS is thus an element-specific
(tuning with electron binding energy), in situ experimental probe of bulk oxides with low-z ele-
ments at extreme conditions (and at ambient pressure) using hard X-rays. It provides sensitivity
similar to that of soft X-rays (similar transition matrix for scattering cross section); therefore, it
allows us to probe the detailed local bonding nature of low-z elements in crystalline and amor-
phous oxides, molecular solids, and liquids in sifu at high pressures (Bergmann et al. 2002a;
Mao et al. 2003; Wernet et al. 2004; Cai et al. 2005; Lee et al. 2005b, 2007, 2008b, 2008b; Lin
et al. 2007; Schulke 2007; Meng et al. 2008, 2004; Fukui et al. 2009; Rueff and Shukla 2010).
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As an example of the utility and uniqueness of XRS at 1 atm, Figure 2 shows typical
IXS spectra for CaSiO; glass at 1 atm. The elastic X-ray signal is dominant at an energy
loss (i.e., energy difference between incident energy and elastic energy) of 0 eV. The broad
feature at ~10-140 eV is due to the Compton scattering peak. The Compton scattering
peak position moves to higher energy and the Compton peak width also gets broader with
increasing scattering angle (20). The spectra also show the first experimental results for Ca
M-edge features [Ca M,_; (from Ca 3p state to an unbound state) at energy loss of ~28 eV and
Ca M, (Ca 3s state to an unbound state) edge at ~45 eV] of non-crystalline solids. The spectral
features at an energy loss at ~100-120 eV are due to the Si L-edge (corresponding to electron
excitation form Si 2p to unbound state) XRS spectra for the glass (background due to Compton
scattering is not subtracted here) (Fig. 2B). Figure 2C shows O K-edge XRS spectrum for the
CaSiO; glass where typical and broad O K-edge features for oxide glasses at 538-540 eV are
presented: the O K-edge feature is due to an excitation of a core electron from the oxygen
1s-state into unoccupied oxygen 2p-states that are hybridized with the silicon 3s- and 3p-states
of four-coordinated Si atoms in corner-sharing SiO, (see section “Remaining Challenges and
Outlook: Applications of New K-, L-, M-edge XRS, XRS with Momentum Transfer, In Situ
High Temperature and Pressure XRS Study for Multi-Components Glasses” for further details
of O K-edge XRS spectra for oxide glasses). Note that these multi-element and multiple-edge
XRS spectra were collected without need of a vacuum chamber that is necessary for soft-x ray
XAS studies of low-z elements. As previously mentioned, while the transition matrix in the
XRS scattering cross section (Eqn. 6) is identical to that of XAS, multipole transitions can be
probed by exploring the momentum transfer (when ¢ r becomes larger). The ¢ dependence on
XRS spectra for diverse materials has been explored in order to study the nature of the bonding
processes in such phenomena as the indirect band gap of dielectrics, the nature of excitons,
and orbital symmetry (Caliebe et al. 2000; Hamalainen et al. 2002; Soininen et al. 2006) (see
Schulke 2007 and references therein).
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Figure 2. XRS spectra for CaSiO; glass with varying scattering angle (20) as labeled. The spectrum is plot-
ted as normalized scattered intensity versus energy loss (incident energy — elastic energy). Elastic energy
is 9.694 keV. (A) Ca M, ;, Ca M, edges, Si L-edge X-ray Raman scattering (XRS) spectra and Compton
scattering peak for CaSiO; glass. (B) Si L-edge XRS spectra for CaSiO; glass at scattering angle of 20°. (C)
O K-edge XRS spectra for CaSiOs glass at scattering angle of 20°.



X-Ray Raman Scattering at High Pressure 145

Comparison with other high pressure probes of structure of non-crystalline oxides. XRS
compliments other established spectroscopic and scattering techniques that give unique data
on the structure of materials under compression. As we provide extensive discussion on the
application of XRS techniques to explore the structure and bonding nature of glasses or non-
crystalline solids, here we briefly mention the advantages of XRS techniques over other high-
pressure probes of glass structure.

Elastic X-ray scattering techniques provide essential information of the electron density
of materials (and its structure factor) and average lattice structure, making it mostly suitable
for studying crystalline materials under compression. Applications of synchrotron elastic X-
ray scattering to low-z glass, including oxide glasses (silicates, borates) at high pressure has
been limited due to the highly attenuating sample environment and small atomic scattering fac-
tors of low-z elements (e.g., oxygen, silicon, boron). While neutron scattering experiments for
low-z glasses can overcome this problem and are potentially promising, they require relatively
large sample volumes, which limits the current pressure range of study to below 10-20 GPa
(e.g., Salmon et al. 2013). Additionally, with an increasing number of components, the over-
lap among structure factors or pair-correlation functions from both elastic X-ray and neutron
scattering becomes problematic. The detailed pair correlation functions for cation-anion (or
cation-cation, anion-anion) pairs are thus difficult to obtain as the number of components in
oxide glasses increases.

Vibrational spectroscopy (such as Raman and IR) has been effective in providing vibrational
density of states of materials (mostly for crystalline and molecules) at high pressure and can
be performed in situ. The spectra for amorphous oxides are often quite broad even at 1 atm and
due to an increase in topological disorder with pressure, the modes (or peaks) gets even further
broadened, often yielding ambiguous results at high pressure.

This trend in an increase in overlap among modes or structure factors is inherent in any
experimental measurement for amorphous materials under compression. This problem can be
partly resolved using element-specific experimental probes, such as XRS and multi-nuclear
solid-state nuclear magnetic resonance (NMR). Previous solid-state NMR studies of oxide
glasses have provided improved resolution among the detailed atomic structures in the glasses
and thus their pressure-induced structural changes (see Allwardt et al. 2005a,b; Kelsey et al.
2009a,b; Lee 2010, 2011). For example, it has been shown that the pressure-induced structural
changes are characterized by the formation of bridging oxygen (BO) linking “ISi and highly
coordinated Si and Al at the expense of nonbridging oxygen (NBO) at high pressure (Xue et
al. 1994; Yarger et al. 1995; Lee 2010, 2011). However, solid-state NMR studies require 10-20
mg samples, limiting the maximum quench pressure for oxide glasses to 10-12 GPa (Xue et
al. 1989; Yarger et al. 1995; Lee et al. 2003; Allwardt et al. 2004). Therefore the structure of
glasses for the NMR experiments represents that of super-cooled liquids at the glass transition
temperature, below which the melt structures are frozen at high pressure. In situ high-pressure
NMR spectroscopy of solids is currently not possible. The inherent difficulties of the current
technologies pose major challenges for probing structural changes of low-z glasses over a
wide pressure ranges. The XRS technique can resolve most of the aforementioned problems
of conventional experimental probes, as well as yield a new opportunity to study the bonding
changes in low-z systems at high pressure.

Current limitations of XRS technique. We also note that there are several disadvantages
of XRS spectroscopy. Because XRS utilizes inelastically scattered X-ray photons, the intensity
of the X-ray Raman signal is several orders of magnitude smaller than that of an elastic X-ray
signal. The XRS process is thus intrinsically inefficient, requiring relatively long collection
times to provide statistically meaningful experimental results with sufficient signal/background
ratios: as for the spectra presented in the current review, collection time varies from several
hours to ~ a day depending on the atoms of interest, as well as, the type and dimension of the
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sample (see below for further details). The stability (and drift) of the synchrotron X-ray beam
should thus be regularly checked during collection of the XRS signal. Furthermore, XRS has
only been applied to a limited number of elements from He up to Na K-edge. This is largely
because the X-ray Raman signal intensity decreases with atomic number.

Practical glitches involving XRS experiments under static compression. XRS studies
involving low-z elements enable us to unveil structural details of densification in oxide glasses
at pressures up to ~ 50 GPa. Application of XRS to oxide glasses synthesized at higher pressure
above 50-70 GPa remains to be explored. This has been limited due mostly to the following
experimental technical difficulties. First, as the gap between diamond anvils decreases with
increasing pressure, unless a beam size of a few pm with significantly improved photon flux
could be used, it is difficult to get sufficient g-ranges for the IXS experiment with radial X-ray
radiation through the Be gasket. Taking into consideration the ranges of pressure in the Earth’s
and planetary interiors (up to 360 GPa to the Earth’s inner core) and variations in composition
in the diverse earth and planetary materials, a considerable amounts of future studies spanning
much higher pressure conditions are necessary. Additionally, as previously mentioned, X-ray
attenuation depth of the many oxides (including iron oxides) is rather small (~ 10 pm for 10
keV X-rays). The limited sample volume due to small X-ray attenuation length makes it difficult
to get sufficient signal from the sample at high pressure: sample volume of oxides interacting
with incident X-rays can decrease significantly because of the small X-ray attenuation length
of many transition metal bearing crystalline and amorphous oxides. The combination of sample
dimension for high pressure research and X-ray attenuation lengths needs to be taken into
consideration to optimize sample size for XRS with a DAC. Third, the pressure gradient in
the DAC increases with increasing pressure. Depending on the size (FWHM) of the X-ray
beam, the IXS signals from a sample with varying pressure range (instead of a single pressure
condition) can be collected with a typical size of 60 pm (H) x 20 um (V). It should also be
mentioned that, with the possible exceptions of B and C K-edge XRS studies, currently it
takes ~day(s) of beamtime to achieve a signal to noise (and/or background) ratio in the oxygen
and other K- and L- edge XRS spectra under typical experimental conditions for the current
XRS beam lines with ~ 1 eV resolution. This makes it difficult to check reproducibility of the
experimental results. New cell design with enhanced X-ray flux and reduced beam size would
thus be necessary. Better X-ray optics with focusing and enhancing signals from a few pm beam
are being developed for XRS techniques and will be eventually overcome the aforementioned
limitations.

XRS experiments

Hard X-rays at 3™ generation synchrotron radiation sources with flux densities of
approximately 10'3-10' photons/s/eV are used to collect XRS spectra. While most of the
experimental XRS data shown here were obtained from sector 16 ID-D (HPCAT) and 13-
IDC (GSECARS) at the Advanced Photon Source (APS), NRIXS spectra can be collected at
other 3 generational synchrotron radiation facilities including SPring-8 (BL12-XU), and the
European Synchrotron Radiation Facility (ESRF) (e.g., Bergmann et al. 2002a; Fister et al.
2006, 2007; Lelong et al. 2012).

The experimental conditions for XRS studies at high pressure using a DAC have been
reported previously (Mao et al. 2003; Schulke 2007; Rueff and Shukla 2010). The detailed
information of instrumentation and X-ray optics can be found in recent manuscripts (Bergmann
et al. 2002a; Fister et al. 2006, 2007). Current progress and review of DAC techniques can also
be found elsewhere (Mao and Mao 2007; Shen and Wang 2014, this volume). In the typical
XRS experiment, samples are loaded into the sample chamber of a gasket (typically made from
Be or BN) in a DAC with a few ruby spheres as the pressure calibrant (Mao and Mao 2007).
A pressure medium is not often used in the typical XRS study for materials at high pressure.
This is in order to minimize scattering and/or absorption from the medium. The stress condition
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in the DAC is therefore uniaxial without the pressure medium, although the orientation effect
in glass is less important that in the crystals. Future experiments with hydrostatic conditions
(with the pressure medium) are certainly necessary to explore the effect of stress conditions on
the pressure-induced changes in electronic bonding environment. Diamonds with varying flat
culets have been used for high-pressure X-ray Raman experiments up to 74 GPa (Fukui et al.
2008).

XRS spectra are collected by scanning the energy of the incident beam relative to the
analyzer with a fixed elastic energy (E,) that varies depending on analyzer setting (e.g., 9.886
keV at the BL12XU, 9.692 at the GSECARS, and 9.686 keV at the HPCAT). A linear array
of multiple spherical Si(660) analyzers operating in a backscattering geometry were used
for the study at the APS and an array of multiple Si(555) analyzers are used for experiments
performed at BL12-XU (see Lee 2008 and references therein). The backscattered X-rays are
focused into a single detector with the typical instrument energy resolution of 1.0 eV. While
the resolution can be further enhanced (~ meV) for verification of detailed edge features (or
probing of phonon dynamics of solids) (e.g., by implementing spectrometer optics utilizing
the higher-order asymmetric Bragg back scattering optics; Shvyd’ko et al. 2006; Stetsko et
al. 2011), the ~1 eV resolution is adequate for revealing many major K-edge features in the
XRS spectra for crystalline and amorphous oxides and their shifts as a function of pressure and
momentum transfer.

The X-ray Raman scattering signals are collected at varying scattering angles, but typically
~15-30° for high pressure experiments. The X-ray beam size (FWHM) varies but is typically
~60 pm (W) x 20 um (H) at the GSECARS and HPCAT and 20 pm (W) x 20 um (H) at the
BL12-XU. Raw XRS spectra are background-subtracted, and most spectra are normalized to
the continuum energy tail (see section “Pressure-Induced Structural Changes in Crystalline
and Amorphous Earth Materials: Insights from X-Ray Raman Scattering” below). In addition,
by comparing the spectra from different beam lines, the uncertainty in the edge energy of the
spectra can be identified and is usually less than 0.4 eV: this aspect has been discussed in the
recent manuscript (Lee et al. 2008b, supplementary information). The pressure uncertainties
and the pressure gradient across the sample can be obtained from multiple measurements from
the ruby spheres before and after the X-ray measurements.

PRESSURE-INDUCED STRUCTURAL CHANGES IN
CRYSTALLINE AND AMORPHOUS EARTH MATERIALS:
INSIGHTS FROM X-RAY RAMAN SCATTERING

Recent experimental results utilizing multi-edge, multi-element XRS spectroscopy are
summarized in this section. We first present previous XRS studies involving the boron K-edge
(~190 eV), carbon K-edge (~280 eV), and oxygen K-edge (~530 eV), which are often suitable
for XRS measurements at high pressure (yielding moderate quality of signal/background ratios
with ~100-300 pm X-ray attenuation length, depending on sample density). These prominent
element edges are thus relatively well-understood. We then provide an overview of previous
XRS studies involving other lesser known or/and poorly studied edges (and thus more difficult
to probe), such as helium K-edge (~23 eV), lithium K-edge (~60 eV), and nitrogen K-edge
(~410 eV). We also briefly mention the previous (and the new) XRS studies involving L and
M-edges of Ca and Si in glasses. We have not attempted to provide an extensive review of all
the experimental results using IXS as excellent accounts of these diverse IXS measurements of
materials under compression can also be found in the reviews of Rueff and Shukla (2010) and
Schulke (2007).
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Application of K-edge XRS to materials under high pressure

Boron K-edge XRS study of earth materials under compression. Boron K-edge XRS (as
well as XANES) has been one of the most effective probes for B coordination environments
(BB, and B) because these two distinct B coordination environments are relatively well-
distinguished in the XRS spectrum: as for boron containing phases at 1 atm, previous XAS
studies showed that these ®'B (characterized with ©* bonding at ~ 194 eV), and B (with
features at ~ 197-200 eV) environments are well-resolved (see Fleet and Muthupari 1999,
2000 and references therein). XRS has been utilized to explore the structural details (direct
and quantitative measurements of B coordination transition) of crystalline boron nitride and
archetypal amorphous borates and alkali borate glasses with varying pressure up to ~ 30 GPa.

Pressure-induced bonding transitions in crystalline boron nitride (BN). BN was one of
the first crystals explored using XRS at high pressure. Hexagonal boron nitride (A-BN) and
hard cubic phase (c-BN) have diverse technological applications (Meng et al. 2004). Boron K-
edge XRS spectroscopy revealed pressure-induced bonding transitions of boron and nitrogen
in 71-BN to a hexagonal close-packed wurtzite type structure (w-BN). The sp?- and p-bonding
in h-BN is transformed into sp3-bonding stemming from the formation of a three-dimensional
tetrahedron framework in w-BN (Meng et al. 2004). Figure 3 shows boron (B) K-edge XRS
spectra for BN with varying pressure. The XRS spectra at 1 atm show the © and ¢ bonds char-
acteristics of 4-BN (as labeled). Pressure-induced changes in intensities of m* and o* bonds
(indicating the presence of m and ¢ bonds) were apparent. These changes show an orientation
dependence, leading to the preferred orientation of #-BN where its ¢ axis is parallel to the DAC
axis. After further increase in pressure up to 14 GPa, the w-BN phase was formed as indicated

* — O —
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3
N
m horizontal
E
6 8 GPa
2
14 GPa
18 GPa
c-BN
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Energy Loss (eV)

Figure 3. Boron K-edge XRS spectra of BN with varying pressure. The spectra are plotted as normalized
scattered intensity versus energy loss (incident energy — elastic energy). The spectra were collected in both
vertical and horizontal geometries to probe bonds in directions parallel and perpendicular to the ¢ axis of BN
(modified from Meng et al. 2004).
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by the appearance of the new feature at ~ 196 eV in the B K-edge XRS spectrum. While the
XRS features for w-BN and c¢-BN are rather similar, their relative intensities of XRS features
(in the range from 194 to 200 eV and at 215 eV) are slightly distinct, indicating the difference

in the distribution of electronic densities of
state for each phase (Meng et al. 2004).

Pressure-induced changes _in _bo-
ron__coordination _environments _in__pure
borate (B,0;) glasses at high pressure.
While the structure of borate glasses at 1
atm is relatively well known mainly from
"B NMR (see Eckert 1992 and the refer-
ences therein), pressure-induced changes
in coordination for low-z glasses, including
borates, remain unsolved in modern physi-
cal chemistry, condensed matter physics,
glass sciences, and earth science due to the
lack of suitable experimental probes. Pure
borate glasses have fundamental impor-
tance as prototypical glass formers (along
with silica). Pressure-induced coordination
transformation of the B cations can provide
insights into structural evolution of multi-
component covalent oxide glasses with
pressure (Wolf and McMillan 1995; Yarger
et al. 1995; Poe et al. 1997).

Figure 4 (top) shows the boron K-edge
XRS spectra for B,0O3 and Na,B,0; glasses
at 1 atm: Note that at 1 atm all boron at-
oms in the B,O5 glass are *'B and Na,B,0,
glass consists of ~ 45% of “B) and thus
we show the XRS spectrum for Na,B,0,
glass to show the spectral features for “/B.
The feature at 194 eV corresponds to the
transition of a core boron 1s election to an
unoccupied boron antibonding 2p. orbital
(labeled 7*) and is due to three-coordinat-
ed boron (®'B) in the glasses. The broader
features centered at ~203 eV corresponds
predominantly to a transition from a B 1s
to unoccupied B-O o* antibonding or-
bital (labeled o*) and is also associated
with BB (Schwarz et al. 1983). The XRS
spectrum for Na,B,O; glass (with ~ 45%
of “B) show another c* feature around
at 198-200 eV that corresponds to a 1Is to
2p/2s c* antibonding orbital transition in
four-coordinated boron (/B) (Fleet and
Muthupari 1999, 2000). The decrease in *
intensity for Na,B,0- glass (compared with
that of B,0; glass) indicates an increase in
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Figure 4. (top) Boron K-edge XRS spectra for B,O;
(black) and Na,B,0O (blue) glass at 1 atm [plotted as
Normalized scattered intensity vs. Energy loss (inci-
dent energy — elastic energy of 9.692 keV)] (modified
from Lee et al. 2005). (bottom) Boron K-edge XRS
spectra for B,O; glass at pressures ranging from 1 bar
to 22.5 GPa. Some pressure uncertainty exists due to
the slow equilibration of v-B,0O; after each pressure
change. The experiment was repeated with different
DAC:s and observed similar pressure response was ob-
served, suggesting that this behavior is intrinsic to the
sample, as reported previously (modified from Lee et
al. 2005).
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[“IB bonds and is consistent with NMR measurements and XANES study of v-B,O5 (Fleet and
Muthupari 1999, 2000).

Figure 4 (bottom) shows boron K-edge XRS spectra for B,O; glass under varying pressures
(Lee 2005). XRS spectra show negligible changes at pressures up to ~4.1 GPa. At 7.3 GPa,
7* intensity (due to */B) drops drastically and the 6* component due to /B (~198-200 eV)
increases. With a further increase in pressure up to 22.5 GPa, most of the P'B is transformed
into the “/B. While the coordination transformation is reversible, the energy shift of the m*
peak remains upon decompression, implying permanent densification associated with boron
topology due to a decrease in boroxol ring fraction (tri-membered planar borate ring) (see Lee
2005, 2010 and references therein). The XRS results for B,O; glass provided the first ‘in situ’
and unambiguous experimental evidence of a reversible coordination transformation along with
an irreversible topological densification in borate glasses.

Pressure-induced changes in boron coordination environments in alkali borate glasses at
high pressure: implications for densification mechanisms of oxide glasses. The cation field
strength (i.e., charge/ionic radii) of network-modifying cations (e.g., Li*, Na*) affects the
thermodynamic properties and viscosity of silicates melts at both ambient and high pressure
(e.g., Navrotsky 1995). The effect of cation field strength on the densification in oxide glasses
has been recently explored using the XRS technique. The XRS results revealed the marked
difference in densification behavior in borate glasses with varying cation field strength:
B K-edge XRS spectra for borate and alkali borate glasses (Li,B4O; and Na,B,0;) were
probed at high pressure up to 30 GPa with an aim to provide pressure-induced coordination
transformation from /B to [“IB (Lee et al. 2007, 2008a). Figure 5A presents the B K-edge XRS
spectra for Li,B,0; glasses with varying pressures up to 30 GPa. With increasing pressure,
the o* (“IB) feature near 198-200 eV increases while # intensity (°B) gradually decreases.
Figure 5B present the XRS spectra of Na,B,0, glasses with varying pressure. A ©* feature
at approximately 194 eV (BIB) decreases while the o* feature associated with “IB increases,
consistent with the trends reported for pure borate and Li-borate glasses (Lee et al. 2005, 2007).

Quantification of boron coordination environments. The quantitative fractions of boron
coordination states provide information necessary to establish effect of pressure on the bonding
transitions. As the quantification of the spectra can be of practical importance, the procedure of
yielding quantitative B fraction is given below (Fig. 6): the raw XRS spectra were background-
subtracted and then were normalized to the continuum energy tail above approximately 210 eV,
leading to spectra with a plateau above approximately 205 eV (Fig. 6, blue spectrum). Then,
linear backgrounds extending from a m* peak (around 193-194 eV) to 210 eV were subtracted
as suggested by previous B K-edge XANES studies (e.g., Fleet and Muthupari 1999, 2000) to
obtain quantitative fraction of boron coordination environments. Figure 6 presents the XRS
spectra before and after linear background subtraction for the quantification of X("*'Bgppe)
in the borate glasses studied here. The total intensity of the spectra [J(total)] from 192 eV
to 210 eV was subsequently obtained. Then, the spectral intensity for n* feature [J(t*)] was
obtained by fitting it with a single Gaussian function. The ratio between [J(t*)] and [J(total)]
was then calculated [i.e., J(m*)/J(total)]. The ratio was further normalized to the ratio of spectral
intensity in the B K-edge of reference material with 100% P'B, i.e., pure B,O; glass at 1 atm
[[J(m*)/J(total) | pure B,0; elass]- Its estimated value is 0.354, which is in excellent agreement with
the average value predicted from the borate crystals with only BIB (0.354, Garvie et al. 1995).
The mole fraction of 1B in sample borate glass [X('B)] is thus calculated from the following
relation:

~ [J(m*) / I (total)]
[J(*) 1 I (total)]

sample (7)

pure B,O5 glass

X(" By )
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Figure 5. (A) Boron K-edge XRS spectra for Li,B,0; glass and B,O; glass (bottom) at pressures ranging
from 1 bar to 30 GPa as labeled. Thin line refers to XRS spectra for Li,B,0 glass decompressed to 1 atm
from 30 GPa. The spectra are plotted as normalized scattered intensity vs. energy loss (incident energy —
elastic energy (9.687 keV) (Modified from Lee et al. 2007). The inelastic X-rays were collected with a linear
array of six spherical Si(660) analyzers operating in a backscattering geometry, and at an angle of 30° (for
ambient condition) and 18° (for high-pressure experiment) off the incident beam direction. The monochro-
matic X-rays produced by a cryogenically cooled double crystal Si(111) monochromator were focused to 20
x 20 pm (H x V) with a large KB mirror pair. While previous studies of B,Oj; glasses high pressure reported
that pressure response of cold pressed glass appeared to be slow, necessitating the equilibration time of about
several hours (Wright et al. 2000; Lee et al. 2005), this slow pressure equilibration was not observed for
Li-borate glasses. (B) Boron K-edge X-ray Raman scattering spectra of Na-diborate (Na,B,0-) glasses with
varying pressure, as labeled. The spectra are plotted as the normalized scattered intensity vs. the energy loss
(incident energy—elastic energy) (modified from Lee et al. 2008).
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Figure 6. Quantification of boron K-edge XRS spectrum for Na-diborate (Na,B,0,) glass at 1 atm (blue
spectrum). Linear background subtracted spectrum for the Na-borate glasses for quantification of m* was
also shown (red spectrum).
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The robustness of the above method has been tested in previous studies (e.g., Garvie et al.
1993; Sauer et al. 1993), although it could somewhat overestimate !B at low concentrations
and may underestimate it at high concentrations. Furthermore, the BB fractions in Na- and
Li-diborate glasses at 1 atm (approximately 50%) are rather consistent with predicted fraction
from B-11 NMR (about 55%). Whereas slightly better agreement (3-4 % deviation from NMR)
can be reached by extending the spectral range above 210 eV as suggested by the earlier
quantification of P'B fraction in borosilicate glasses for larger Na,O/B,0; ratio (> 1) (Fleet
and Muthupari 1999), the [J ()1 J (total)]pm B,0, glass decreases with extension of spectral
range and it further deviates from 0.354. This suggests that the spectral intensity up to 210 eV
is reasonable approximation for the quantification of P'B fraction (X*'B). We note that upon
calibration of *'B fraction based on the above procedure, B fraction (X!*/B) is simultaneously
calibrated as a function of concentration and pressure because of constraints in the mole
fractions of these two species (i.e., X!*IB = 1 — X®B). Uncertainty in the current method may
result from the absence of a high pressure borate standard with known *IB fraction.

Figure 7 shows the variation in the PIB fraction in alkali borate glasses with pressure (Lee
et al. 2007, 2008a). The pressure-induced boron coordination transformation from BB to [“IB in
Na-diborate glass (blue line) is linear with pressure: BIB proportion in Na-borate glasses (blue
line) decreases with pressure from ~ 47 + 4% (at 1 atm) to 16% % 4% at 25 GPa. The results
for Li-borate glasses (red line) show a nonlinear coordination transformation with multiple
(6"1B/0P);. Pure borate and Li-borate glasses show three distinct regions of (6°°'B/0P); val-
ues: in low-pressure ranges (I) (0'*/B/OP);is the smallest. In the intermediate-pressure range
(II) a dramatic coordination changes (and thus largest (6"¥'B/OP);) are observed. With further
increases in pressure [range (III)], a considerably smaller (8'“'B/6P); were observed (Lee et
al. 2007, 2008a). The observed trends dem-
onstrate the effect of cation field strength

(in particular, ionic radii) on the densifica- "H
tion behavior of borates (Lee et al. 2008a).
While the small ionic radii of Li* (0.76 A) 09
may not alter the densification mechanisms
observed for pure borate glasses, the larger 08
jonic radii of Na* (1.02 A) in borates signifi- 07
cantly affect the structural transition with )
pressure. (0¥'B/0P); may be regarded as the 0 g
measure of an energy barrier for the boron 2 -
coordination transformation. On the basis g 05
of this premise, pure and Li-borate glasses B
have at least three distinct energy barriers 8 o4
for coordination transformation and thus i
multiple densification mechanisms. For Na- 03
borate glasses, the change is more gradual
with a single transformation energy barrier 0.2
for boron coordination transformation (Lee
et al. 2008a). 01
A conceptual model was introduced to 00 bertiieeitesii el
account for the observed trends, utilizing 0 4 8 12 16 20 24 28 32
pressure flexibility (the resistance to struc- Pressure (GPa)
tural changes with increased pressurization)
defined by the variance of the ratio of energy Figure 7. Pressure dependence of the /B frac-

. . tion for Na,B,O; glass and Li,B,O; glass. The
difference between hlgh and low pressure black dashed lines for I, II, and III represent dis-

states to its pressure gradient (see Lee et al. tinct pressure ranges with varying (O9B/OP)y
2008a and references therein). It should also values (modified from Lee et al. 2008).
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be mentioned that before the first application of X-ray Raman scattering technique, little was
known about the structure of borate glasses at high pressure. However, the progress in these
techniques make borate glasses one of only a few model oxide glasses in which detailed den-
sification mechanisms have been established (Lee et al. 2008a). We believe that the aforemen-
tioned model can be applied to diverse glass forming liquids with varying degree of fragility.

Oxygen K-edge XRS studies of earth materials under pressure. The O K-edge XRS (and
thus XAS) features of oxides provide the electronic structure around oxygen from the informa-
tion of the unoccupied oxygen 2p-state, and thus detailed oxygen coordination environments
(de Groot 2001). Previous O-K edge XANES studies have shown that the O K-edge features
(~0.5-1 eV) depend on local structures and chemical compositions, and overall topology of cat-
ions around the oxygen (e.g., Si-O and O-O bond lengths, oxygen coordination environments,
and Si-O-Si bond angles) (Ching and Rulis 2008 and references therein). The previous studies
have also shown that the O K-edge is useful for probing the pressure-induced changes in lo-
cal electronic structures in crystalline oxides at high pressure (Lee et al. 2008b). For example,
oxygen K-edge X-ray Raman spectra for SiO, and MgSiO; polymorphs and amorphous phases
show characteristic K-edge features stemming from their local atomic configurations (corner
sharing, edge-sharing, and Si coordination number) and topology (bond angle and length)
around oxygen (Lin 2007; Lee et al. 2008b; Fukui et al. 2009a; Yi and Lee 2012).

Oxygen K-edge XRS has also been applied to the study of fluids and non-crystalline ma-
terials, revealing the pressure-induced changes in the electron bonding transitions in glasses
(Si0,, B,03, GeO,, MgSi0;), H,0, and O, phases at high pressures (Wernet et al. 2004; Lee et
al. 2008b; Meng et al. 2008; Fister et al. 2009). In particular, revealing the bonding nature of
H,O polymorphs with varying pressure and temperature conditions is essential to understand
their characteristic properties. Earlier XRS studies of water and related phases with varying
pressure, first unveiled the utility, as well as, the capability of the technique by probing the
intermediate-range structure of liquid water (Wernet et al. 2004). Additionally, O K-edge XRS
experiments for ice phases have revealed charac-
teristic O K-edge features due to their distinctive
local configurations (Bergmann et al. 2002a; Cai Gas-0
et al. 2005; Meng et al. 2008; Fister et al. 2009): L :
the features are also dependent on the proton po- i
sitions as well as oxygen topologies. As a review
of previous O K-edge XRS study of H,O poly-
morphs can be found elsewhere (e.g., Fister et al.
2009), these phases will not be discussed here.
Other phases are discussed in the following sec-
tion. Additionally, the X-ray induced dissociation
of H,O phase under pressure is briefly mentioned
(Mao et al. 2006).

Normalized Intensity

Pressure-induced electron bonding transi-
tions in dense oxygen. O K-edge XRS studies of
O, polymorphs at high pressure showed the pres-
sure-induced bonding mechanisms in the dense
fluid (i.e., intermolecular bonding) and molecu- ‘ .
lar solids (i.e., intercluster bonding) (Meng et al. 530 540 550 560
2008). Figure 8 presents O K-edge XRS spectra Energy Loss (eV)

for oxygen in dense fluid and solid -, 8-, and .
Figure 8. Oxygen K-edge XRS spectra for
g-phases up to 38 GPa at room temperature. The oxygen in dense fluid and solid B, 5-, and

peak position of gas-phase O, is schematically il- e-phases up to 38 GPa at room temperature
lustrated (a m* peak at 530.8 eV and two weak (modified from Meng et al. 2009).
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o,* peaks at 539.2 eV and 541.7 eV). Additionally, the intensity of the second c* feature of
fluid-O, at 3.6 GPa is smaller than those of the gas phase. The peak width of the second peak
(arrow) is also broadened upon pressurization, indicating a broadening of the Rydberg states
in the condensed fluid phase. The XRS spectra for high-pressure oxygen phases show similar
spectral features (n* and o*). Below 10 GPa, the 6* edge peak position of the dense fluid
phase gradually moves to higher energy while the m* peak energy remains constant up to 10
GPa. Upon transition to the e-phase at 10 GPa, a ~1 eV shift in the n* peak is observed. With
further increase in pressure from 10 to 38 GPa, both ©* and c* transition energies show slight
but gradual increases (and then decrease) with pressure. The relative intensity of the n* feature
decreases with pressure for low pressure phases while it does not change much for the e-phase
(see Meng et al. 2008 for further discussion). At low pressure, below 10 GPa, the results in-
dicate that densification of O, molecules enhances intermolecular interactions, leading to «
orbital delocalization. The e-phase consists of (O,), clusters and an increase in interactions
between (0O,), clusters in the e-phase leads to stronger intercluster bonding with increasing
pressure (Meng et al. 2008).

X-ray—induced dissociation of H,O and formation of an O,-H, alloy at high pressure. The
XRS technique requires long exposure to moderately high energy (~10-keV) X-ray radiation
(up to several days). X-ray radiation of a sample at high pressure, if the absorption conditions
are met, can often induce the dissociation of molecules. Recent O K-edge XRS spectra of H,O
have revealed the X-ray radiation- and pressure-induced dissociation of H,O polymorphs: ice
VII was converted into a molecular alloy of O, and H, (Fig. 9) (Mao et al. 2006). The O K-
edge XRS spectra for dense water below 0.9 GPa, ice VI between 1 and 2 GPa, and ice VII just
above 2 GPa show characteristic peaks at ~ 540 eV. At higher pressures above 2.5 GPa, a sharp
peak at 530 eV is observed. The peaks are due to O—O n* bonding in O, molecule, indicating
X-ray-induced dissociation of H,O molecules. The peak intensity grew with increasing time of
exposure to the incident X-ray beam of ~10 keV and the change is apparently irreversible. The
authors pointed out that the X-ray-induced dissociation in ice VII was most effective with X-ray
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radiation energy of ~ 10 keV with a low absorbance Be gasket while at higher energy radiation
(e.g., 30 keV) through the diamond anvil did not induce the dissociation (Mao et al. 2006).

Oxygen K-edge XRS study of archetypal oxide glasses (SiO,, GeQ,, and B,Q3) at high pres-
sure. The oxygen configurations in amorphous oxides at high pressure can be directly probed us-
ing O K-edge XRS. The formation of highly coordinated framework cations (e.g., 5°1Si, B9Ge,
[4IB ) in the fully polymerized prototypical single component oxide glasses such as SiO,, GeO,,
and B,0; glasses should be accompanied by the formation of the triply coordinated oxygen (*10)

(here we used the term “oxygen tricluster” for the triply coordinated oxygen as expected from
the compositions, Lee et al. 2008b). Formation of oxygen triclusters has been suggested to be a
dominant factor affecting the melt properties at ambient and high pressure (Angell et al. 1982;
Diefenbacher et al. 1998; Stebbins and Xu 1997).

e SiO,. O K-edge XRS feature at 543 eV for SiO, glass at 39 GPa has been interpreted
as the formation of stishovite-like ¥Si in SiO, glass at high pressures (Lin et al.
2007). The coordination transformation of Si in the fully polymerized SiO, glass is
inevitably resulting in the formation of oxygen atoms that are triply coordinated by
[561Si, The edge feature at 543 eV could thus result from the formation of the triply
coordinated oxygen.

e B,0; The change in pressure-in- A RN RN RN RARRN AR LR
duced boron coordination also leads |— G*—I
to a variation of oxygen environ-
ments with pressure (Lee et al. 2005).
Figure 10 shows the oxygen K-edge
XRS spectra for v-B,05 at 1 atm and
8.4 GPa where a decrease in sharp
features at 536 eV and an increase in
o* (543 eV) with broadening of the
feature were observed. This change is
due to the fact that unpaired p orbit-
als in oxygen contribute to form “IB 1atm
by forming a ¢ bond with p, in the
[3IB with increasing pressure. Forma-
tion of B at high pressure leads to
decrease in the fraction of boroxol Come b o e e e e ) o
rings content and it is likely due to be 530 535 540 545 550 555 560 565
accompanied by the formation of pe- Energy Loss [eV]
culiar oxygen environment, with ox-

8.4GPa

Normalized Intensity

P : [4] Figure 10. Oxygen K-edge XRS spectra for B,O;
ygen triply coordinated by three B glasses at 1 atm and 8.4 GPa. (Modified from Lee

(Lee et al. 2005). et al. 2004). The spectra are plotted as the normal-
. Ge0,. GeO, glass at high pressure has ized scattered int(?nsity vs. the energy loss (inci-
been recently studied with O K-edge dent energy—elastic energy).
XRS (current study and Lelong et al.
2012). While GeO,isisochemical to SiO, glass, the GeO, glass is more compressible (i.e.,
alarger compressibility) than SiO, glass and thus it show changes in short-range structure
at much lower pressure ranges (see Micoulaut et al. 2006 and references therein). The
previous XRS spectra exhibit characteristic pressure-induced changes in the O K-edge
feature with double peaks (similar to that of rutile- type GeO, phase) (Lelong etal. 2012).
On the basis of XRS studies of crystalline polymorphs with various Ge coordination
states, the authors were able to obtain detailed Ge coordination environments (*391Ge)
in GeO, glasses with pressure. Figure 11 shows the oxygen K-edge XRS spectra for
GeO, glasses at 1 atm and 15 GPa An increase in the o* region at ~544 eV is observed
with pressure, consistent with those for SiO, glass under pressure at ~40 GPa. The fea-
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ture could stem from the formation of
highly coordinated Ge in the glasses
and thus triply coordinated oxygen
(which results from the formation of
[5A6]Ge).

Oxygen K-edge XRS study of crystalline
MgSiO; polymorphs and MgSiO; glasses at
high pressure. Crystalline and non-crystalline
MgSiO; at high pressure have strong
geophysical and geochemical implications
for the mantle minerals and melts in earth and
planetary interiors Knowledge of the electronic
and atomic structure of amorphous and
crystalline MgSiO; polymorphs is essential
to understand their elasticity, thermodynamic
and transport properties in the mantle (e.g.,
Hemley 1998; Price 2007 and references
therein). The potential presence of silicate
melts at the top of the transition zone and in
the core-mantle boundary has been suggested
and it could have significant influences on the
dynamics and properties of Earth’s interior
(Revenaugh and Sipkin 1994; Song et al.
2004; Caracas and Cohen 2006; Sakamaki et
al. 2006; Agee 2008). MgSiOs-rich silicate
melts were among the primary components
of the early magma ocean. Despite essential
roles of silicate melts in many geophysical and
geochemical problems, little is known about
the nature of bonding transitions in MgSiO;
melts under the conditions of Earth’s interior.
O K-edge XRS studies of MgSiO; glass at high
pressure up to 40 GPa suggested the formation
of oxygen triclusters (oxygen coordinated
with three Si frameworks; *!O) above 20 GPa
in MgSiO; glass (Lee et al. 2008b).

Figure 12 shows the O K-edge spectra of
MgSiO; glass with a dominant feature at 538-
539 eV which show negligible changes in the
pressure range between 1 atm and ~ 12 GPa
(Lee et al. 2008b). Above 20 GPa, the spectra
show a distinct feature at around 544-545 eV,
wherein the spectral features gradually shift to
higher energies with increasing pressure. The
occurrence of the spectral feature near 545 eV
at high pressures could arise from a variety of
complex pressure-induced structural changes
in the MgSiO; glass, such as the formation of
the PO triclusters, an increase (or decrease) in
the Mg-O distance, reduction in non-bridging
oxygens, and formation of oxygen linking
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Figure 11. Oxygen K-edge XRS spectra for GeO,
glasses at 1 atm and 15 GPa. The spectra are plot-
ted as the normalized scattered intensity vs. the
energy loss (incident energy—elastic energy).
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Figure 12. Oxygen K-edge XRS spectra for Mg-
SiO; glasses at high pressures [plotted as normal-
ized scattered intensity vs. energy loss (incident
energy — elastic energy). Points refer to the step
size of the energy scan of the experiments (modi-
fied from Lee et al. 2008).
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[4ISi and highly coordinated silicon such as “ISi-O-ISi and °!Si-O-I°Si. However, the exact
atomistic origin for the feature is not clear (see section “Insights from quantum chemical
calculations” below). Therefore, the authors studied the oxygen K-edge XRS for model
crystalline MgSiO; and SiO, phases with known short-range local structures (Fig. 13). Detailed
comparison of the O K-edge features for amorphous SiO, glass at 1 atm and MgSiO; glass, as
well as polymorphs at high pressure, indicate that both NBO (Mg-O-%Si) and BO (*!Si-O-*ISi)
have similar oxygen K-edge features (Lee et al. 2008b). Although recent ab initio calculations
of O K-edge features of crystalline chain silicates reported that bridging oxygen (BO) and
nonbridging oxygen (NBO) in crystalline chain silicates show distinct oxygen K-edge features
(Yi and Lee 2012) and see section “Insights from quantum chemical calculations” below for
detailed analysis of an XRS spectrum with first principle calculations and references therein),
a similar distinction was not observed in the oxygen K-edge spectra for the silicate glasses
due to their inherent topological disorder (Lin et al. 2007; Lee et al. 2008b). The spectrum
for ilmenite-type MgSiO; shows distinctive features at 537 and 541 eV. This peculiar feature
for the edge-sharing oxygen configuration is similar to that of stishovite (Lin et al. 2007),
indicating close proximity of oxygen with its second nearest neighbors. The oxygen K-edge
spectrum of perovskite with all corner-sharing [¥1Si-O-[61Si shows an increase in the intensity at
approximately 543 eV, indicating pressure-induced Si coordination transformation. The feature
in the quartz spectrum at around 546 eV apparently originates from its long-range periodicity
(Davoli 1992).
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Figure 13. (A) Oxygen K-edge XRS spectra for crystalline and amorphous SiO, and MgSiOs; at 1 atm and
their high-pressure polymorphs. (B) Oxygen K-edge spectra for amorphous SiO, and MgSiOj; at 1 atm. (C)
Oxygen K-edge spectra for pyroxene (enstatite) and quartz. (D) Oxygen K-edge X-ray Raman scattering
spectra for MgSiOs glass at 1 atm and perovskite (modified from Lee et al. 2008).
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The significantly different oxygen coordination environments for perovskite and glass at 1
atm (i.e., [°1Si-O-1ISi for perovskite vs. 1Si-O-#ISi and Mg-O-4Si for MgSiO; glass at 1 atm)
cannot explain the significant changes observed for the glasses at high pressures (Lee et al.
2008b). However, as similar K-edge features at ~ 544 eV in fully polymerized glasses have been
observed and indicated that the features are due to the formation of oxygen tricluster associ-
ated with the formation of highly coordinated Si (see section “XRS experiments”), the oxygen
K-edge feature at ~544 eV in the MgSiO; glass at pressures above 20 GPa may be attributed
to the formation of the triply coordinated oxygen and changes in the short- to medium-range
structures that are associated with the formation of the triclusters. The continuous increase in
the fraction of the triclustered MgSiO; melt at high pressures and temperatures thus needs to
be taken into account in future modeling of properties of mantle melts in order to improve our
understanding of the microscopic origins of the anomalous pressure dependence of solubility
of elements (noble gases and volatiles) into silicate melts with pressure relevant to the Earth’s
deep mantle and the geochemical and geophysical processes in the Earth’s interior (Lee et al.
2008b). Note that there are number of other possibilities that lead to the formation of the peak
at ~ 545 eV (Yi and Lee 2012): the theoretical confirmation of this proposal for the formation
of oxygen tricluster in the glasses remains to be explored (see section “Insights from quantum
chemical calculations™ for further details).

Carbon K-edge XRS study

Bonding changes in compressed graphite. Carbon is one of the most important elements in
the Earth system. The carbon atoms in crystalline diamond are characterized by sp*-hybridized
orbitals with all four valence electrons, forming “C atoms. The carbon atoms in crystalline
graphite are characterized by sp*-hybrid-
ized orbitals forming “C atoms. Amor-
phous carbon consists of 100% sp? bonding e e} o |
at 1 atm and shows high thermal stability ;
and chemical durability. Carbon K-edge
XRS has been used to explore the pressure-
induced bonding transitions in graphite un-

der compression (Mao et al. 2003). Figure g
14 shows the C K-edge X-ray Raman scat- 2
tering spectra for graphite in horizontal and % 24.GPa
vertical directions with varying pressure s o g:
where detailed characterization of carbon E i42GPa
in sp? and sp® bonding under compression 2 16.7 GPa
are revealed. The peaks labeled n* and c* 20.6 GPa
correspond to the 1s-m,* and ls-o,* tran- voricar] 232¢Pa
sitions, respectively. The C K-edge XRS
spectrum for the a-plane showed only
carbon atoms with c-bonding regardless bortaor ] &
of pressures. The c-axis spectrum showed L . L

280 290 300 310 320

n-bonding but its intensity decreases ~50%
at pressure above ~17 GPa. After the transi-
tion, the o* bond intensity apparently in-

Energy Loss (eV)

Figure 14. Carbon K-edge XRS spectra for graphite

creases at the expense of the *. The results
confirm that the m-bonds between graphite
layers convert to c-bonds with increasing
pressure. Combined with XRD results, the
results showed that at high pressure above
17 GPa, bridging carbon between graphite
layers form o-bonds, while the nonbridging

in horizontal and vertical directions with varying
pressure. The spectrum is plotted as normalized
scattered intensity vs. energy loss (incident energy
— analyzer energy). The top seven spectra were
collected by orienting the DAC to probe the bonds in
the ¢ plane (vertical direction, ¢ axis parallel to the
DAC axis) and the bottom spectra to probe bonds in
the a plane (modified from Mao et al. 2003).
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carbon remains unpaired. It was also reported that the high-pressure graphite phase is super
hard, leading to a formation of indentations on the surface of diamond anvils (Mao et al. 2003).

Pressure-induced bonding changes in amorphous carbon allotrope. The pressure-induced

bonding transitions in amorphous carbon forming diamond-like amorphous carbon were
probed using XRS (Lin et al. 2011). Figure 15 shows C K-edge XRS spectra for amorphous
carbon with varying pressure (compression and decompression as labeled). The peak at ~285
eV corresponds to the 1s to antibonding 7* transition, and the broad band at higher energy
features the * bonding (from 1s to 6*). Upon compression, the XRS spectra show a gradual
decrease in the 7* intensity and an increases in the o* peak. The C K-edge XRS spectrum
for the amorphous carbon at ~44 GPa shows complete o* bonding, forming “C (and thus
formation of a 100% sp*-bonded carbon). Upon decompression, the n* peak (sp*> bonding)
intensity gradually increases, indicating reversible sp’-sp? bonding transitions (Lin et al. 2011).

Nitrogen K-edge XRS study. Nitrogen K-edge XRS has been utilized to probe pressure-
induced bonding changes in BN polymorphs (Meng et al. 2004): please note that boron K-edge
XRS study of the same materials has been discussed previously (see section “Pressure-induced
bonding transitions in crystalline boron nitride (BN)”). Here, we discuss the pressure-induced
structural transitions in the BN polymorphs using nitrogen K-edge. Figure 16 shows N K-edge
XRS spectra for BN with varying pressure. The XRS spectrum at 1 atm shows the & and ¢ bonds,
characteristic of #-BN. The  and ¢ bonds show pressure-induced changes in edge features and
intensities. After further compression to 14 GPa, formation of the new features at approximately
410 eV is indicative of a phase transition to a hexagonal close-packed wurtzite structure
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Figure 15. Carbon K-edge XRS spectra for amor-
phous carbon with varying pressure (as labeled com-
pression and decompression). The spectra are plotted
as normalized scattered intensity vs. energy loss (in-
cident energy—analyzer elastic energy of 9.887 keV).
Scattering angle of 30° was used (modified from Lin
etal. 2011).

Energy Loss (eV)

Figure 16. Nitrogen K-edge XRS spectra of BN
with varying pressure. The spectra are plotted as
normalized scattered intensity versus energy loss
(incident energy — elastic energy) (modified from
Meng et al. 2004).
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(w-BN) (Meng et al. 2004). The overall similarity between the two electronic structures shown
in the XRS spectra suggests that the bonding in w-BN is similar to that in c-BN: both w-BN and
c-BN consist of sp? bonding between B and N. Whereas detailed interpretation of XRS features
necessitates the first principle calculations of the BN polymorphs, slight difference in XRS
features for w-BN and c-BN phases indicates differences in their electronic density of states:
the c-axis bond of w-BN has a more ionic nature than other bonds, while all bonds in c-BN are
identical (Meng et al. 2004).

Helium K-edge XRS study: electronic structure of crystalline *He at high pressures.
It is challenging to obtain an XRS signal for He due to overlap with other excitations and the
backgrounds in the XRS spectra. However, a recent He K-edge study revealed the pressure-
induced bonding transition in He (Mao et al. 2010): background from Be gasket spectrum and
diamond spectrum were subtracted to yield the spectra shown in the figure (Mao et al. 2010).
Figure 17 shows the He K-edge XRS spectrum for “He with varying pressure. The edge features
include an exciton peak at ~23-26 eV, a series of additional excitations and a continuum tail
at 26 to 45 eV. At 11 GPa the He was compressed to form a hexagonal close-packed (hcp) He
single crystal. The XRS spectrum of “He at 13.4 GPa reveals a steep edge at ~ 23.7 eV, a sharp
exciton peak at ~24.4 eV, a broad series of unresolved peaks at ~27.5 eV, and a continuum
at higher energy. The presence of the broad peaks at 26-45 eV suggests the existence of the
Wannier exciton (weekly bound electron-hole pair), in addition to the presence of the Frenkel
exciton (tightly bound electron-hole pair) (Marder 2000; Mao et al. 2010).

Lithium K-edge XRS study: Pressure-induced structural transitions in Li in silicate
glasses. In addition to intrinsic disorder associated with the distribution of network formers
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Figure 17. Helium K-edge XRS spectra for “He sample with varying pressure (as labeled). The spectra are
plotted as normalized scattered intensity vs. energy loss (incident energy—analyzer elastic energy). To get
sufficient counting statistics, the authors were able to accumulate the signal and background from *He for
one month of beam time at 13ID-C of the GSECARS and 16ID-D [21] of the High Pressure Collaborative
Access Team (HPCAT) at the Advanced Photon Source (APS), and the Taiwan Beamline BL12XU [20] at
SPring-8, Japan. A scattering angle of 40° was used, which corresponds to momentum transfer g of 0.992,
0.998, and 0.972 for 11.9, 13.4, and 17, respectively. A panoramic DAC with large diamond anvils of 630
pum culet diameter was used. The exciton peak position with molar volume is also shown (inset) (modified
from Mao et al. 2010).
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(e.g., Si, Al, B, and Ti etc.), inherent structural disorder in the oxide glasses and melts includes
topological disorder due to the distribution of cation-oxygen distance and bond angle variations
involving network modifying cations (e.g., alkali and alkaline earth elements, such as Li, Na,
Ca, Mg). The atomic environment of network modifying cations in oxide glasses is important
for understanding transport properties including electric conductivity (Greaves and Ngai
1995; Jund et al. 2001; Lee and Stebbins 2003). Li K-edge studies have been utilized to probe
electronic structures around Li in the crystalline oxides at 1 atm (Krisch et al. 1997; Sandi et al.
1998; Bergmann et al. 2002a; Tsuji et al. 2002). The coordination environment for Li in borate
glasses has been recently studied using Li K-edge XRS up to 5 GPa (Lee et al. 2007).

Figure 18 presents Li K-edge XRS spectrum for Li-borate glasses at 5 GPa (Lee et al.
2007). The result shows XRS features similar to that at 1 atm. Note that the broad Be plas-
mon feature (inset), due to Be gasket
used in the DAC, complicates Li K-
edge spectrum. Nevertheless, the Be
plasmon was effectively subtracted.
Two weak features around 60 and 63
eV were observed. The features are
similar to those reported for crystal-
line Li-halides and Li-silicates and
are due to a transition from 1s core
electrons to valence band free orbit-
als (Bergmann et al. 2002b; Tsuji et
al. 2002). The Li K-edge XRS spectra
at 1 atm and 5 GPa are rather simi-
lar as expected from the similarity in
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the B K-edge XRS spectra measured 50 60 70 g0
at similar pressure ranges (Lee et al. Energy Loss (Kev)
2007).

Figure 18. Lithium K-edge XRS spectra for Li-B,0; glasses
Insights from quantum chemical at 1 atm and 5 GPa. The inset shows the Be plasmon back-
ground subtraction methods for XRS spectra at 5 GPa: a con-
tribution from the Be plasmon was fitted using a complex
Experimental XRS studies have polynomial function and then subtracted from the spectrum
(modified from Lee et al. 2007).

calculations

provided detailed information on
pressure-induced bonding transitions
in crystalline and amorphous earth materials at pressures up to ~70 GPa [e.g., 50 GPa for the O
K-edge of SiO, glass (Lin et al. 2007), ~39 GPa for the O K-edge of MgSiO; glass (Lee et al.
2008b), ~74 GPa for the Si L-edge of SiO, glass (Fukui et al. 2008)]. The current pressure limit
of ~40-70 GPa for XRS experiment (mostly limited by X-ray beam size and scattering geometry
with the diamond anvil cell) poses a challenge to probing the detailed bonding environments in
diverse silicate polymorphs stable above ~70 GPa. For example, because one of the important
oxide phases in the Earth’s mantle, MgSiO; post-perovskite (PPv) is stable near the core-mantle
boundary at a pressure of ~120-135 GPa. The electronic bonding nature of the phase cannot be
experimentally probed using current in sifu high-pressure XRS experimental techniques.

For the analysis of XRS features, inputs from ab initio calculations (cf., Jahn and Kowalski
2014, this volume) are often necessary to establish the relationship between atomic configura-
tions and edge features. Theoretical calculations (e.g., ab initio calculations) allow us to predict
XRS spectra (or any core electron excitation spectroscopy, energy loss near edge spectroscopy)
for crystalline oxides at high pressure, overcoming the current difficulties of in sifu high-pres-
sure experiments (Lin et al. 2007; Aryal et al. 2008; Meng et al. 2008; Fukui et al. 2009). Typical
core electron excitation spectra (e.g., XAS, XRS, and EELS) for earth materials with low-z ele-
ment have traditionally been calculated using multiple scattering theory. The method has been
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useful for reproducing the core-electron excitation spectrum for high-z elements (Wu et al. 1997;
Cabaret et al. 1998; Rehr and Albers 2000; Krayzman et al. 2006; Eustace et al. 2010; Jorissen
and Rehr 2010; Rehr et al. 2010) but it has met with limited success for calculations of spectra
involving low-z elements (e.g., see Rehr and Albers 2000, de Groot 2001 and references therein
for detailed discussion as well as the previous theoretical efforts on oxides). Ab initio DFT theory
has been effective in calculation of core-electron excitation spectrum for low-z elements such as
silicate oxides (Rez et al. 1999; Mizoguchi et al. 2000; Mo and Ching 2000; Schwarz et al. 2002;
Tanaka et al. 2002; Ikeno et al. 2004; Kim et al. 2005; Cabaret et al. 2007; Sakko et al. 2007,
2010; Fukui et al. 2009; McLeod et al. 2010). The core-hole effect from the 1s-orbital of oxygen
needs to be taken into consideration for the calculations of XRS spectra involving low-z elements
(Tamura et al. 1995; Prewitt and Downs 1998; Mizoguchi et al. 2000; Luitz et al. 2001; Hebert
et al. 2003; Hebert 2007). For example, O K-edge XRS experiments for SiO, polymorphs were
well-reproduced by the oxygen 2p-projected electronic PDOS (e.g., Fukui et al. 2009 and refer-
ences therein). The theoretical implementation of full-potential linearized augmented plane wave
(FP-LAPW) methods have been effective in reproducing experimental XAS (and thus XRS)
spectra for metal and simple phases (Blaha 2001; Hebert et al. 2003; Hebert 2007; Jorissen 2007;
Fukui et al. 2009): Note again that XAS and XRS provide similar spectra under the dipole ap-
proximation (see “Comparison with other core-electron excitation spectroscopy and traditional
experimental probes at high pressure” section above). The O K-edge XAS spectra of crystalline
GeO, was successfully reproduced by the calculated theoretical spectra (Cabaret et al. 2007).
Recent theoretical calculations of the O K-edge XRS features of SiO, glass at high pressure give
insights into its densification mechanisms (Wu et al. 2012). These advances have recently been
applied to calculate O K-edge XRS spectra for MgSiOj; perovskite and post-perovskite) and
those for dense oxygen crystals. The relevant results are briefly summarized below.

The electronic origins of XRS features in the g-phase of oxygen with pressure were
explored using ab initio calculations (Meng et al. 2008). Figure 19 shows the calculated O
K-edge XRS spectra with increasing pressures from 10 to 47 GPa (Meng et al. 2008). With
increasing pressure, both n* and c* peaks moves to higher energy, consistent with the XRS
experiments (Meng et al. 2008). A continuous decrease in m* intensity in the e-phase with
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Figure 19. Calculated oxygen K-edge XRS spectra of the e-phase with varying pressure as labeled. Peaks
labeled as ‘17, 2’, and ‘3’ correspond to contribution from electronic transitions of 1s electron to n*, 6*, and
the continuum states, respectively (modified from Meng et al. 2009).
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pressure indicates an increase in the 7 orbital delocalization. The results suggest an increase
in the intercluster interaction with pressure in the e-phase. With further increase in pressure
the broad feature at ~550 eV stemming from the 6*-like continuum state increases, suggesting
prevalence of intercluster interaction in the e-phase. We also note that similar ab initio methods
have been applied to reproduce oxygen K-edge XRS spectra for SiO, glass with varying
pressure. The results revealed that the pressure-induced structural transitions in Si coordination
number can also affect the energy shift in the O K-edge XRS features (Wu et al. 2012).

Direct probing of the local electronic structure of mantle minerals, such as MgSiO;
perovskite and post-perovskite, is challenging. The O K-edge XRS spectra for SiO, and
MgSiOj; polymorphs (i.e., ai-quartz, stishovite, ortho-enstatite, ilmenite-type MgSiO;, MgSiO;
perovskite, and post-perovskite) were calculated based on the FP-LAPW method to achieve
improved insight into the origins of distinctive O K-edge features for MgSiO; polymorphs
from their short-range structures and topology using the Wien2k code (Blaha 2001) (see Yi
and Lee 2012 for computational details). Figure 20A shows the calculated O K-edge XRS
spectrum for MgSiO; PPv. Two crystallographically distinct oxygen sites of MgSiO; PPv are
a corner-sharing oxygen atom, [¢1Si-O1-°ISi [O1 site], and an edge-sharing oxygen atom, [©
Si-02-1°1Si [O2 site], as shown in Figure 20B. The full spectrum was calculated by combining
the results from these two sites. Both the O1 and O2 sites of MgSiO; PPv yield characteristic O
K-edge features as shown in Figure 20C. Figure 20D shows the calculated PDOS for oxygen,
confirming that the oxygen 2p-state component contributes to the overall shape of the total O
K-edge XRS spectrum (Yi and Lee 2012).

Figure 21 shows the calculated O K-edge XRS spectra for SiO, and MgSiO; polymorphs
(Yi and Lee 2012). The calculated spectra are consistent with the experimental O K-edge XRS
(red) spectra (Lin et al. 2007; Lee et al. 2008b) (see section “X-ray—induced dissociation of
H,0 and formation of an O,-H, alloy at high pressure” above). While future XRS experimental
confirmation for MgSiO; PPv with improved X-ray optics and photon flux remains to be
explored, the spectrum is expected to be similar to the calculated O K-edge XRS spectrum for
MgSiO; PPv shown here.

The ab initio calculations provide crystallographic site-specific analysis of O K-edge
features (Yi and Lee 2012). Figure 22 presents the calculated O K-edge XRS spectra for MgSiO;
polymorphs (Yi and Lee 2012). It is clear that the O K-edge spectrum shift to higher energy
(~3-4 eV) with increasing degree of densification in atomic arrangement in MgSiO; polymorphs
(from enstatite to PPv) (Fig. 22A). O K-edge features for the corner-sharing oxygen moves to
higher energy from enstatite to PPv (121 GPa) (Fig. 22B). The features are mainly affected by
the silicon coordination environment, O-O proximity, and Si-O bond lengths. A peak shift for
edge-sharing oxygens in ilmenite-MgSiO; and PPv is also observed (Fig. 22C). A similar trend
in pressure-induced edge energy shift has been reported for simple elements (e.g., O, Ne, and
Cl), solid oxygen, as well as archetypal single component oxide glasses (see section “Oxygen
K-edge XRS study of archetypal oxide glasses (SiO,, GeO,, and B,0;) at high pressure” above)
(Cruz et al. 2005; Lin 2007).

Figure 23 shows the O K-edge XRS spectra for MgSiO; glass at 1 atm and 39 GPa
compared with the calculated O K-edge features for MgSiO; Pv and PPv. The O K-edge feature
for MgSiO; glass at ~39 GPa is comparable to the changes in the O K-edge features of MgSiOs
Pv and PPv. The spectral differences between the local oxygen configurations of MgSiO; Pv
and PPv and the changes in the O K-edge features imply that a densification of crystalline
silicates (via formation of highly coordinated Si and enhanced proximity between oxygen
atoms) leads to a shift of edge features into higher energy region.
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Figure 20. (A) Calculated oxygen K-edge XRS spectra for MgSiO; Post-Perovskite (PPv); the spectrometer
broadening parameters (g) for Gaussian broadening FWHM are 0.0 eV (thin black solid), 0.5 eV (black
solid), and 1.0 eV (black dashed). (B) The crystal structure of MgSiO; PPv and the crystallographically
distinct oxygen sites (O1, corner-sharing oxygen; O2, edge-sharing oxygen). (C) O K-edge XRS spectra for
MgSiO; PPy for each oxygen site and total O K-edge XRS spectrum (black solid), corner-sharing oxygen
(01, red solid), and edge-sharing oxygen (02, blue solid). The Gaussian broadening (g) FWHM of 0.5 eV
is used. (D) PDOS for each orbital of MgSiO; PPv. The Gaussian broadening FWHM for PDOS is 0.04 Ry
(red solid, oxygen s-state; blue solid, oxygen p-state; green solid, oxygen d-state; black solid, total DOS
of oxygen); the crystal structure of MgSiO; PPv is shown in the inset (Modified from Yi and Lee 2012).
Quantum chemical calculations were performed using the Wien2k code, which utilizes a full-potential linear
augmented plane wave plus local orbital methods (FP-LAPW+lo) (Blaha 2001). For computational details
see Yi and Lee (2012).

REMAINING CHALLENGES AND OUTLOOK: APPLICATIONS OF
NEW K-, L-, M-EDGE XRS, XRS WITH MOMENTUM TRANSFER,
IN SITU HIGH-TEMPERATURE AND HIGH-PRESSURE XRS STUDY
FOR MULTI-COMPONENTS GLASSES

In the previous sections, we have provided a summary of previous XRS studies on several
popular K-edges (e.g., carbon, nitrogen, boron, oxygen) as well as less utilized K-edges (e.g.,
helium and lithium). Here, we briefly discuss additional XRS studies utilizing L- and M-edges
for loosely bound electrons, XRS studies with momentum transfer, and XRS experiment
involving multi-component oxide glasses. We then discuss other current and challenges and
future studies.
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Application of L- and M-edge XRS techniques to oxides and silicates under pressure

While the application of XRS can be effective for providing element specific information
on atomic configurations, its application has focused on the low-z elements in the 2" row of
periodic table. Furthermore, the XRS features in the 10-100 eV region can be complicated by
diverse sources of background signals (e.g., Compton scattering peak, Be plasmon) that overlap
with the IXS features in these region. Be plasmon due to Be gasket can be effectively removed
as shown in the previous Li K-edge study (Lee et al. 2007). As the Compton peak position
moves to higher energy and its peak width gets broader with increasing scattering angle (20),
the inelastic X-ray scattering spectrum within 10-100 eV region can be probed by carefully
adjusting scattering angle and geometry (Lee et al. unpubl data). In Figure 2, we also showed
Ca M-edges (20-40 eV) for Ca-silicate glasses. Similar approaches can be applied to diverse
Ca-bearing silicates and oxide under extreme pressure. However, L-, M-, and N-edge XRS
spectra for high-z elements have also provided useful information on electronic structures by
probing excitations of electron from p and d orbitals to unbound states. The edges studied using
XRS at 1 atm are the L-edges (from 2p to virtual states) of Na, Si, and Ba, M-edges (from 3p to
virtual states) of 3d metals, N-edges (from 4d to unbound states) features of barium, lanthanum
and cerium materials, and O-edges (from 5d to unbound states) features from compounds
consisting of actinides (see Sternemann et al. 2007a,b and Gordon et al. 2011 and references
therein). The application of theses edges focused on the structure of simple systems at 1 atm.
With a possible exception of a recent Si L-edge (~120 eV) study of SiO, glasses under pressure
above 70 GPa (Fukui et al. 2008), these edges have not been explored for the silicates and
oxides at high pressure.

In order to explore the pressure-induced changes in the structure of network modifying
cations in silicate glasses at high pressure, Ca L-edge XRS spectrum for CaSiO; glass at 1
atm and 21 GPa are presented (Fig. 24). The two features at ~349 and 353 eV are due to an
excitation of an electron from the Ca 2p-state with total angular momentum of 3/2 and 1/2
into unoccupied states (labeled as, L;, L, transitions), respectively (cf., Henderson et al. 2013).
The Ls/L, ratio at high pressure is somewhat smaller than that at 1 atm: because the signal
to background (S/B) ratio is low for the spectrum at high pressure, the change in Ls/L, ratio
may result from spectral uncertainty. However, the change could also imply structural changes
(e.g., average coordination number) around Ca in the glasses at high pressure. Furthermore, it
may suggest the presence of a potential spin transition (from high spin (Ls) to low spin (L,)) at
pressure. Further experimental and theoretical efforts are necessary to provide atomistic origins
of the change.

v-CasSiO; Ly L, CaL-edge XRS
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Figure 24. Calcium L-edge XRS spectrum for CaSiOj; glass with varying pressure. The features at ~349 and
353 eV are due to an excitation of a core electron from the Ca 2p-state with total angular momentum of 3/2
and 1/2 into unoccupied states (labeled as., L3, L, transitions), respectively.
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Application of XRS technique to multi-component oxide glasses under pressure

While materials with relatively simple compositions (pure elements, single component
and binary earth materials) have been thus far studied, further efforts to reveal the structures of
multi-component earth materials are necessary to account for the variations in the properties of
natural earth materials. Intrinsic disorder inherent in multicomponent (i.e., beyond quaternary)
oxide glasses, however, makes it difficult to resolve their atomic structures at both ambient and
elevated pressure conditions as peak overlap (or double differential scattering cross section)
increases with increasing numbers of components. While this aspect could also pose a serious
problem for any spectroscopic and scattering technique, an element specific like XRS could be
potentially useful in revealing the densification mechanisms of these multi-component oxide
glasses.

Indeed, XRS has been applied to probe local atomic configuration around oxygen in
multi-component model basaltic glasses (Ca-Mg aluminosilicate melt of diopside-anorthite
eutectic composition, DigyAnse) at 1 atm and the glass under shock compression (Lee et al.
2012). The structures of shock compressed glasses are essential to understand the changes in
the corresponding melt properties under dynamic compression and magmatic processes in
the Earth’s interior (Ahrens 1996; Okuno et al. 1999; Reynard et al. 1999; Akins et al. 2004;
Shimoda et al. 2004; Tschauner et al. 2009). O K-edge XRS provides an opportunity to reveal
the shock-induced transitions in atomic environments around oxygen in unshocked and shocked
model basaltic glasses (Lee et al. 2012). Figure 25 shows the O K-edge X-ray Raman spectra
for unshocked (black) and shocked DigyAnsg glass (red spectrum) (Lee et al. 2012). A dominant
peak at 538-540 eV is prevalent for both unshocked and shocked glass and is due to an excitation
of a core electron from the oxygen 1s-state into unoccupied oxygen 2p-states stemming from
four-coordinated Si atoms, similar to features in other silicate glasses at 1 atm (Lin et al. 2007;
Lee et al. 2008b). Shock compression apparently leads to a slight edge energy shift (~1 eV). O
K-edge features move to higher energy with an increasing degree of densification in Mg-silicate
polymorphs due to an increase in the energy of unoccupied oxygen 2p-states (Yi and Lee 2012).

1 atm Shock compressed
/ model basaltic glass
(An-Diop Eutectic

composition)

Normalized Intensity

530 540 550 560
Energy Loss [eV]

Figure 25. Oxygen K-edge XRS spectra for glass with a diopside—anorthite eutectic composition (DigAnsg)
quenched from melts at 1 atm and recovered after shock compression. The spectra were plotted as nor-
malized scattered intensity vs. energy loss (incident energy — elastic energy). The X-ray Raman scattering
spectra for the unshocked and shocked Dig,Ans glass were collected at HPCAT sector 16ID-D of the APS.
X-ray Raman spectra were collected for the samples (~200 pum) attached to 100-pm glass fibers mounted
directly on the goniometer. The spectra were collected by scanning the energy of the incident beam relative
to the analyzer with a fixed elastic energy (E,) of ~9.886 keV at a scattering angle of 20°. A linear array of
17 spherical Si(555) analyzers operating in a backscattering geometry was used. The X-ray beam size was
approximately 50 pm(H) x 30 um(V) (modified from Lee et al. 2012).
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The current result thus suggests a densification of the DigAnsg glass upon shock compression.
We note that due to the pronounced uncertainty in spectral features (stemming from low signal/
background ratio of the spectrum and insufficient signal averaging), the observed shift should
not be regarded as strong evidence for noticeable structural transitions (e.g., coordination
number of Si) after shock-compression but may result from mostly topological changes (bond
angle and lengths and medium-range structure) (Lee et al. 2012).

Application of new K-edges (elements in the 37 row of the periodic table) and momentum
transfer XRS to crystals under pressure

The XRS signal intensity tends to decrease with increasing atomic number of elements
(e.g., Na, Mg) and thus it is still a challenge to collect sufficiently high quality XRS spectra for
Na and Mg in silicates and oxides. Note that Na K-edge XRS has probed the electronic structures
of NaCl and NaF (Nagle et al. 2009). These edges have not been utilized for oxides and silicates
at 1 atm so far but the edge features will be potentially useful to probe the local structure of
other Na compounds as well as Na-bearing silicate glasses and minerals. Its application to
diverse glasses and crystals at high pressure also remains to be explored. Additionally, revealing
the momentum-transfer dependent edge feature can provide studies of non-dipole transitions
in materials (Caliebe et al. 2000; Hamalainen et al. 2002; Soininen et al. 2006; Gordon et al.
2011). This aspect has not been fully utilized for the study of earth materials under pressure but
is potentially useful in resolving the detailed nature of bonding in iron bearing oxide glasses
and/or transition metal sites in the earth materials.

In situ high-temperature and high-pressure XRS studies

Further study of effect of high temperature is another target of future research. Current
experiments are mostly for room temperature applications. The future development of
measurement techniques (involving laser heating) operating at higher temperature ranges seems
necessary to explore the effect of temperature on electronic bonding transitions in oxides under
pressure. Conventional external heating and/or laser heating technique can be implemented with
DAC, allowing us explore the effect of both temperature and pressure on electronic bonding
simultaneously (Mao and Mao 2007)

Outlook and prospects

As XRS beamlines have been experiencing major experimental improvements and
upgrades during the last couple of years in several synchrotron radiation sources, and technical
advances with X-ray optics and DAC cell design are likely to be continued, development of
efficient XRS protocols with improved DAC cell design and X-ray optics with better photon
flux is certainly expected. These notable advances may also hold some promise for studying
the structure of diverse earth materials under pressure. Additionally, because the application of
XRS to earth materials at high pressure is relatively new and has only been applied to a limited
number of earth materials, current XRS methods with ~ 1 eV resolution and with fluxes of ~10'3
photons/s/eV can still be extremely useful to probe structural transitions in oxide glasses and
crystals under compression. While many challenges remain, the XRS technique is a promising
tool for probing pressure-induced changes in detailed atomic structures at elevated pressures.
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