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ABSTRACT

As oxygen occupies a major volume of oxides, a densification of amorphous
oxides under extreme compression is dominated by reorganization of oxygen during
compression. Here, X-ray Raman scattering spectra (XRS) for SiO; glass up to 1.6
megabar reveal the evolution of heavily contracted oxygen environments characterized
by a decrease in average O-O distance and the prevalence of quadruply coordinated
oxygen (oxygen quadcluster). Our results also reveal that the edge energies at the
centers of gravity of the XRS features increase linearly with bulk density, yielding the
first predictive relationship between the density and partial density of state of oxides
above megabar pressures. The extreme densification paths with oxygen quadcluster in
amorphous oxides shed light upon possible existence of stable melts in the planetary

interiors.

Compressed melts and glasses that undergo densification far above megabar
pressures (i.e., pressures above 100 GPa) may consist of heavily entangled amorphous
structures that are different from those at lower pressures, as well as from those observed
in crystalline analogues. While the structures of most major crystals in the Earth’s lower
mantle at pressures greater than 100 GPa are relatively well understood, the atomic
configurations of non-crystalline silicate melts at the bottom of the mantle at pressures of
~130 GPa remain unclear due to experimental difficulties [1,2]. Furthermore, considering
much larger radii of the super-Earths, the silicate parts in those planetary bodies are
expected to be extended into much higher pressure conditions. The detailed structures of
potential silicate melts at the pressure conditions much higher than that of Earth’s lower

mantle remains elusive.



Known as the prototypical amorphous oxide, SiO» glass (a-5i0,) may give rise to an
incredibly diverse roster of bonding configurations when compressed beyond megabar
pressures. a-SiO; is also a major component of technologically important oxide glasses and
yields atomistic insights into the differentiation of the primitive mantle from the Hadean
magma ocean and the evolution of super-Earths [3]. The structural changes in a-5iO» at
high pressure provide simplified yet essential densification paths for diverse complex
silicates, including SiO»-rich melts at the bottom of the Earth’s mantle and that of other
Super-Earth bodies [2-6] and are responsible for the anomalous pressure dependence of

the elastic properties of 4-5i0O> under extreme compression [7].

The densification in silicates has traditionally been described in terms of how
cations are rearranged under compression (e.g., the Si coordination number) [8-10].
However, considering its much larger ionic radius, oxygen (with an ionic radius of ~1.4 A,
compared with that of 0.28 A for Si) - the most abundant element in bulk silicate Earth -
occupies a major volume of oxides. The degree of oxide densification at high pressure is
likely to be dominated by the reorganization of oxygen during compression (see
supporting information, S1). While the nature of oxygen in a-5i0, undergoing
densification is enigmatic, the average Si coordination number of 4-SiO; increases
gradually with increasing pressure and forms highly coordinated Si species [[5¢15i] [3,7,10-
13] (S2). The formation of [>4ISi in 4-5i0> may be accompanied by the formation of triply
coordinated oxygen (IO, oxygen triclusters) [14] from doubly coordinated bridging oxygen
(MISi-210-141Si) (S1). Elastic X-ray scattering measurements of 4-SiO; have indicated that the
average coordination number of Si is larger than 6 near 100 GPa, reaching up to ~6.9 at 170
GPa [12] (Figure S1), consistent with earlier ab initio calculations [3]. This implies that in
addition to BlO, other highly coordinated oxygen may form in the dense silicate glasses
above 1.2 megabar pressures. The potential presence and the electronic structures of
oxygen beyond PlO in amorphous oxides need to be confirmed. Information regarding
oxygen-specific changes occurring under compression will resolve the puzzle of the glass
structure under well beyond-megabar pressure conditions and constrain the unknown

densification mechanisms of archetypal amorphous oxides.

Despite the importance, previous efforts in conventional scattering and
spectroscopic experiments to identify the direct oxygen-specific configurations of a-5iO, and
silicate glasses well above megabar pressures have remained challenging (52). X-ray
Raman scattering (XRS) has revealed local electronic structures [the partial electronic
density of states (PDOS)] and bonding environments around oxygen in diverse oxides [14-
20]. Key to the successful application of XRS studies under megabar pressure conditions is
the efficient capture of inelastically scattered photons from tightly compressed samples

while minimizing the background signals from the gaskets and diamonds used to sustain



the high-pressure conditions [21,22]. However, the XRS process is inefficient, as it often
yields signal intensity that is 3-6 orders of magnitude smaller than that of elastic X-rays
(S3). Recent advances in the post-collimation of inelastically scattered X-rays shed light on
an opportunity to collect high-resolution XRS signals under extreme compression [17],
while the inherent inefficiency limits the maximum pressure conditions for the collection
of inelastic scattering x-rays of any condensed matter to ~120 GPa. In the current study,
the experimental breakthrough allows us to collect the XRS signal of contracted oxygens in
archetypal a-SiO; well above megabar pressures up to 160 GPa, revealing the elusive
bonding environments around compressed oxygen. We provide spectroscopic proxies
based on O K-edge XRS from which to infer the densification of silicate melts at high

pressures far beyond megabar pressure conditions.

The a-5iO, sample from the Corning glass (FS7980) was loaded into a modified
panoramic diamond anvil cell (DAC) using a beryllium gasket (54 for detailed
experimental conditions [17]). The diamond culet for the experiment up to 124 GPa is 150
pm and that at higher pressure up to 160 GPa is 110 um. The Be gasket was pre-indented
with a hole diameter of ~60 pm (and 40 um for higher pressure experiment). Oxygen K-
edge XRS spectra for the compressed a-S5iO, were collected at the High Pressure
Collaborative Access Team beamline 16-ID-D at the Advanced Photon Source. The XRS
spectra were collected by scanning the incident photon energy relative to the analyzer
energy of 9.908 keV. The incident X-ray photons were produced by a double-crystal
Si(111) monochromator. KB mirrors and a clean-up pin-hole upstream of the sample were
used to further focus a beam with a beam size of 8 (horizontal) x5 (vertical) um?2 with a
scattering angle was 25° operating in a backscattering geometry. A poly-capillary (PC)
post-collimation optics was combined with a single spherical Si(555) analyzer, with an
Amptek silicon detector. A PC with a 7 mm working distance and collection cone angle of
12° was employed [17,21], making the scattering angle (and thus the scattering vector)
vary from 19° to 31°. The PC setup effectively removes the unwanted scattered photons
from the confining materials. We collected the Raman signal from the diamond culet, to
estimate the pressure [23]. The pressure variation within the sample chamber at high
pressure conditions is up to approximately 10 GPa. The oxygen K-edge spectra were
collected with varying pressures from 1 atm to 160 GPa. The spectra were normalized to
the continuum energy tail. The step size is 0.5 eV and the scans were obtained with

varying energy loss (incident energy - elastic energy of 9.908 keV) from 530 to 565 eV.



The oxygen K-edge XRS spectra for a4-SiO» at high pressures up to 160 GPa mainly
exhibit a series of pressure-induced changes in edge features centered at ~538, ~544, and
~548 eV (Figure 1, S5), revealing dramatic changes in the oxygen environments under
extreme compression. The spectrum at 1 atm shows a broad peak at 538 eV that represents
the transition of a core electron to a 6" antibonding 2p state in [2I0 coordinated with two
[4Si frameworks (see S6 for the peak assignment). The main o* peak shifts to high energy
with increasing pressure. At pressures of ~24 GPa, a spectral feature at ~544-545 eV
appears, with its intensity increasing as pressure increases up to ~80 GPa. The overall
trends in this intermediate pressure range are somewhat similar to those observed for
MgSiOs and SiO» glasses at high pressures up to 39 GPa and 60 GPa, respectively [14,19],
and are consistent with previous ab initio calculations [7]. The systematic increase in the
absorption threshold (dotted line) corresponds to a decrease in the average O-O distance
(do-o) [24,25] (S6). Furthermore, the fraction of FIO gradually increases as pressure
increases, similar to the results from ab initio molecular dynamics (MD) simulations of a-
SiO; [26] (S2). Thus, the formation of BIO and the variations in the short-to-medium-range

structures accompanying the growth of IO contribute to the feature at ~544 eV [15].

The XRS spectrum at 100 GPa reveals the emergence of an additional feature at
~548 eV. Its intensity is more prominent in the spectrum at 124 GPa. With a further
increase in pressure, the spectra collected at 140 GPa and 160 GPa revealed an increase in
the high energy features. This novel feature indicates that an additional mechanism of the
densification of the amorphous networks other than the component of BIO prevails above
megabar pressures. As the average coordination number of Si in this pressure range is
larger than 6 (S2), this feature indicates the evolution of oxygen configurations involving
quadruply coordinated oxygen (11O, oxygen quadclusters) and a significant reduction in
oxygen proximity. Multiple structural arrangements around 4O resulting from the
distribution of 5671Si around the highly coordinated oxygens can explain the features
observed at 548 eV (See below for further discussion). We note that the O K-edge XRS
features could be due to diverse structural changes associated with the densification (S5).
The K-edge features at higher pressures are also broader than those at lower pressures,
indicating an increase in dispersion in the O-2p and O-d PDOS of the compressed oxygen
[24,25]. This dispersion results from more complex atomic configurations [e.g., 24O with
varying Si coordination states (e.g., [>6715i)] around the oxygen and wider O-O distribution
at high pressure. This also indicates that the extent of structural disorder in a-5iO»
increases above megabar pressures. Because melt viscosity at high pressure often
decreases with an increase in configurational entropy of melts [27], the pressure-induced

changes in structural disorder (and thus configurational entropy) associated with



emergence of IO suggest a potential decrease in melt viscosity in the bottom region of the

deep mantle.

To further elaborate the oxygen environments in 4-SiO; under extreme
compression, the O K-edge XRS spectra for a-5i0; are compared with those calculated for
crystalline phases via computational simulations (Figure 2 and Figure S3; the detailed
simulation methods and crystal structure information are presented in S7). With
increasing pressure, crystalline SiO, undergoes phase transitions from quartz (1 atm) and
stishovite (~9.3 GPa) to higher-pressure phases, including a-PbO»-type at ~120 GPa [28-
31]. The overall edge features and the absorption threshold for these crystalline phases
both shift to higher energy (~4 eV) as the pressure increases up to 120 GPa, consistent with
the trend observed for MgSiOs polymorphs [24,25]. The main peak at 538 eV for quartz is
similar to that for the glassy analogue at 1 atm. The doublet-like feature at ~536 and 543 eV
in stishovite at 29 GPa is characteristic of IO linking three [ISi atoms in an edge-sharing
topology [24,25], similar to the feature that forms in the spectrum for the SiO» glass at 24
GPa (Figure 1). The calculated XRS spectrum for the a-PbO> phase at 120 GPa reveals a
feature at 546-548 eV, indicating a further reduction in average do.o (S8).

The observed changes in the O K-edge features for the crystalline phases and 4-SiO»
reveal the structural adaptation of the oxides upon densification. In particular, the edge
energies at the centers of gravity (Ec) of the main ¢* features of the diverse crystalline
phases and the a-5iO; increase upon compression (Figures 3A and Figures 54 and S5, see
S9 for the calculation of E). Because the average do.o values in crystalline oxides
systematically decrease with pressure (Tables S1 and S2), the E. of crystalline silica
increases with a decreasing average do.o [i.e., Ec(eV) ~-14.4 x do.o(A) + 577.4] (Figure 3B).
Therefore, E. can be regarded as a measure of oxygen proximity for oxide densification
under extreme compression at beyond-megabar pressures. Based on the calculated trend,
an observed shift in the 6* peak in 4-SiO; corresponds to a decrease in doo of ~0.35 A at
pressures up to ~124 GPa, which is slightly larger than, but comparable to, the estimated
decrease due to densification (and an increase in the oxygen packing density) in the
crystalline phases (~0.3 A) [the difference between the do.o of quartz (2.6261 A) and that of
a-PbO; (2.3273 A)] [9] (S5, Table S2). We also found that the increase in E. is well
correlated with the increase in the bulk density (p) of a-S5iO: (Figure 3C). In this paper, we
used the density of 4-SiO» as obtained from a pioneering X-ray absorption study [32]. Note
that the E. values reported by current experimental studies depend on the way in which
the peak positions were determined (S9). Therefore, the results provide a semi-
quantitative trend. Nevertheless, the relationship can be roughly described by the
following linear equation: Ec(eV) = 1.52xp + 536.6, revealing the first predictive

relationship between the glass density and partial density of state of oxides above



megabar pressures. The current results establish the first simple relationship between the
density, the oxygen proximity [i.e., do.o], and a shift in the O K-edge energy
(parameterized by the edge energy at the center of gravity, E.). Both the oxygen proximity
(structure) and E. (experimentally measurable quantity) can be used as novel proxies for

the densification of amorphous oxides at high pressures up to 160 GPa.

The average Si coordination number (Cs;) in a-SiO; increases from 4 to 6 with
increasing pressure up to ~100 GPa [10,11,13]. Cs; is greater than 6 at high pressures above
~80-100 GPa, resulting in the formation of [71Si (S2) [12]. Considering the relationship
between cation coordination number (e.g., Cs;) and the average oxygen coordination
number (Co) in a-5i0,, i.e., Cs; = 2XCop [33-35], the Co in a-5i02 above megabar pressures is
larger than 3. Figure 4 shows the Co values calculated from the Si coordination number
from both theoretical and experimental studies [11-13,36]. Formation of oxygen triclusters
(31341Si-FIO) in a-SiO2 below 100 GPa results from a pressure-induced chemical bonding
between 210 and [451Si. Above megabar pressures, oxygen quadclusters (e.g., 41671Si-1410)
form through the annihilation of BIO and [ISi (e.g., 3[¢ISi-BlIO + [6ISi — 41671Si-140), and the
fraction of IO is expected to gradually increase as pressure increases. At ~120 GPa,
considering the estimated Co value of 3.25 [12], ~75% of the oxygen exists in the form of
BIO, while ~25% of the oxygen is present as [O. Furthermore, at ~160 GPa, the Co value
can be ~3.4 [12]. Then, ~60% of the oxygen exists in the form of BIO, while ~40% of the
oxygen is present as 4IO. The changes in the O K-edge XRS features in 2-SiO; and the E. are
well-correlated with Co and the spectral evolutions up to 1.6 megabar pressures may

indicate the formation of densified 4O.

The current experimental breakthroughs with oxygen-specific XRS spectra for a-
SiO; above megabar pressures allow us to draw conclusions regarding the oxygen
bonding nature in amorphous oxides under extreme compression that differ from those of
crystalline analogues. Densification in crystalline silica under compression can be achieved
through changes in long-range topological rearrangements upon phase transition without
any gradual coordination transformation at pressures of up to 160 GPa. For example, the
o-PbO; phase has coordination environments similar to those of lower-pressure phases
(the CaCl,-type phase and stishovite): all these phases consist of [?ISi and BlO. In contrast,
densification in a-S5iO; results in gradual changes in short-range configurations and the
formation of more highly coordinated configurations, including [ISi and #IO, above
megabar pressures up to 160 GPa. Therefore, the unique oxygen-specific densification
path is characterized by the formation of oxygen quadclusters and reduced average do.o,

making the 4O fraction a new indicator of melt densification above megabar pressures.



The behaviour of a-5i0, under extreme compression gives clues about how
densification occurs for various dense, non-crystalline silicates toward the core-mantle
boundary (CMB). Note that the dense partial melts may have additional components, such
as MgO, FeO and/or H>O [37-39]. In such melts, the formation of highly coordinated
oxygen becomes more complex, as average Si and oxygen coordination numbers of the
Mg-rich melts are smaller than those of fully polymerized SiO. at CMB [40,41] (S1).
Nevertheless, along with the silica-rich nature of the proposed partial melts in ULVZ [4],
the current densification model for 4-SiO» can be applied to account for the unusual
stability and structural transformation in complex, multi-component aluminosilicate
glasses and melts at the CMB [42], as SiO; is a major endmember of any magma
composition. Densified deep mantle melts consisting primarily of 34O configurations
result in enhanced topological contraction, providing an alternative path for extreme melt
densification at the CMB and the negative buoyancy of such melts in deep magma ocean
and that in the Super-Earths. While SiO: is an archetypal model system for silicate melts in
the Earth’s and planetary interiors, and its structural evolution gives fundamental
information of compressed melts in depth, compressed glasses at ambient temperature
may not provide full details about silicate melts at high temperature. Further experimental

efforts for more complex silicate melts at an elevated temperature conditions are required.

Finally, while O K-edge XRS is a unique probe of the electronic structures of
crystalline and amorphous materials at high pressures, the pressure-induced changes in
the spectra up to 50 GPa are subtle, so the full utility of the XRS technique has not been
demonstrated in previous applications. The current study of silica at pressures up to 160
GPa shows that the XRS spectrum changes drastically with extreme compression, so this
technique is suitable for use in studying the detailed bonding under extreme compression
at beyond-megabar pressures. The conceptual advances (i.e., oxygen-specific densification
mechanism, electronic density of state vs. bulk density above megabar pressure
conditions) and experimental breakthroughs allow us to account for the densification in an
enormous number of glass-forming oxides. Despite the seemingly unsurmountable
challenges that lie ahead for XRS techniques (i.e., intrinsic inefficiency), the current results
offer significant inspiration for the application of XRS studies of more complex silicates

melts and dense magmas, as well as crystals under multi-megabar pressure conditions.
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Figure 1| Oxygen K-edge X-ray Raman scattering (XRS) spectra of SiO, glass at pressures
up to ~160 GPa. The spectra are plotted as the normalized scattered photon intensity
vs. the energy loss (incident energy - elastic energy). See Figure S2 for the XRS spectra
without smoothing in accordance with the spectral uncertainty.
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Figure 2| Calculated oxygen K-edge XRS spectra for crystalline SiO» polymorphs.
Calculated oxygen K-edge XRS spectra for a-quartz (1 atm; grey solid line), stishovite
(~29.1 GPa; blue solid line), and a-PbOs-type SiO2 (~120 GPa; red solid line) (see S6 for
the detailed calculation methods and the crystal structures of the SiO, polymorphs).
The oxygen K-edge XRS spectra of SiO; glasses under similar pressure conditions and
that at 160 GPa are shown for comparison. The Gaussian broadening factor used to
calculate the O K-edge XRS featuresis 1 eV.
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Figure 3| Relationship between main peak position (E.), oxygen proximity, and density
for crystalline and amorphous SiO:. a. Variation of the edge energy at the center of
gravity (E) in the oxygen K-edge XRS spectrum for SiO; glass (black circles) with
varying pressure. The E. values for crystalline silica polymorphs calculated using ab
initio calculations are also shown (blue triangles). The pale blue symbols are based on
the three polymorphs shown in Figure 2 (S6). Results from previous ab initio
calculations for SiO: glass (green circles) [7] are also shown. b. E. values of crystalline
SiO; phases with varying O-O distances [d(O-O)]. c. Relationship between E. and
density for crystalline and amorphous SiO». The densities of the SiO; glasses were taken
from a recent experimental study [32].
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Figure 4| Changes in the average oxygen coordination number (Co) and edge energy at E-.
of SiOs glass with varying pressure up to 160 GPa. The Covalues are calculated from the
average silicon coordination numbers (Cs;) obtained from previous experimental and
theoretical studies [see S2 and Figure S1, blue circle [13]; blue diamond [11]; blue
triangle [12]; green circle [43]; green diamond [44]; green triangle [26]; red circle (current
study) based on E, shown in figure 3] and the following relation between the average
anion and cation coordination numbers in SiO; glass: 2Co = Cs;. Schematics of the
oxygen configurations with varying coordination numbers (top) and ultra-low velocity
zone (ULVZ) at the bottom of the lower mantle are also shown.
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