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Polyamorphism of network-forming SiO, and GeO, glasses at high pressures is a
puzzling topic in condensed matter physics and has long-standing interest
because of their important geophysical and geochemical implications. Molecular
dynamics simulations suggest that there are multiple amorphous—amorphous
transitions at high pressure with parallel high-pressure crystalline counterparts.
However, it is very challenging to experimentally distinguish the pressure-
induced subtle change in the amorphous state at high pressure. Recently, a
high-pressure X-ray absorption fine structure (HP-XAFS) method is developed
using a diamond anvil cell (DAC) to measure the local structure of polyamorphs
in GeO, glass at high pressure. The results indicate that GeO, glass shows
multiple polyamorphs at high pressure with a local structure, in general, similar
to their high-pressure crystalline states in the first coordination shell but with
increasing differences in the distant coordination shells. Three pressure-induced
polyamorphs in GeO, glass are recognized unambiguously at high pressure,
i.e., a-quartz-like, rutile-like, and pyrite-like amorphous structures. The obtained
knowledge of these polyamorphs is helpful for understanding the mechanisms of
network compression behavior and physical properties of SiO, and GeO, glasses

absorption fine structure (XAFS) and
X-ray total scattering experiments further
provide the evidences of rutile-like GeO,
glass'” and pyrite-like GeO, glass.'!
However, despite previous successful
investigations, a detailed understanding
of the pressure-induced polyamorphs is
still lacking."***! For example, open
questions remain on the existence of
multiple octahedral polyamorphs under
extreme conditions of high pressure and
temperature and how to distinguish/
characterize the subtle amorphous states
at ultrahigh pressures.””)

GeO, glass is regarded as an analog for
the silica (SiO,) glass and melt in the
Earth’s interior."! It displays parallel com-
pression behavior as SiO; glass but at lower
accessible pressures. Moreover, GeO, glass
is of particular interest, because the local
structure of Ge atoms can be measured

and melts under extreme conditions.

1. Introduction

Pressure-induced structural changes of the “strong” network-
forming SiO, and GeO, glasses have been extensively studied
due to their importance in industry, materials, and geological
sciences.'™”! In particular, the polyamorphous transition from
tetrahedral to octahedral glasses is of great interest due to its
geological importance in the Earth’s mantle.’”! At ultrahigh
pressures, multiple postoctahedral amorphous—amorphous
transitions, as their crystalline counterparts, are predicted
by molecular dynamics simulations.”’ Experimentally, X-ray
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in situ by XAFS techniques in a diamond

anvil cell (DAC), whereas it is impossible to

carry out a high-pressure XAFS (HP-XAFS)

experiment for SiO, glass due to the seri-
ous X-ray absorption of diamond anvils at Si or O K-edge.

It is well known that the XAFS technique is an effective tool to
address the pressure-induced subtle polyamorphs of GeO,
glasses under high pressure.”'%*27 1t should be a perfect com-
plementary tool to X-ray diffraction for high-pressure structure
determination. However, due to the Bragg reflections from
the diamond anvils, the XAFS spectra of GeO, glass at a high
pressure feature many DAC-imposed glitches.'"¥ The XAFS
technique has long been regarded unsuitable for the DAC envi-
ronment because of the significant absorption and diffraction
effects of the diamond anvils."” We have developed an iterative
method able to obtain glitch-free XAFS data at high pressure.
In this article, we present our results for the existence of multiple
polyamorphs in the network-forming GeO, glass at high pres-
sure with local structures in a certain degree of similarity to their
high-pressure crystalline states.

2. Results and Discussion

The structure of GeO, crystals is very useful for understanding
the polyamorphs of GeO, glass, because a direct parallel
between the amorphous and crystalline states has been predicted
by molecular dynamics simulations.”) Recent XAFS and pair-
distribution function (PDF) experiments also confirm this
certain degree of parallels in GeO, glass to their crystalline coun-
terparts under pressure.'®™! Figure 1 shows the k%weighted
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Figure 1. The k*weighted XAFS spectra, k’y(k), for GeO, glass at high
pressures. Solid black lines are the experimental XAFS data for GeO, glass
at a) 1 GPa, b) 20 GPa, c) 30 GPa, d) 40 GPa, and e) 64 GPa. The red lines
denote the crystalline counterparts at high pressures from FEFF
calculations."®!

XAFS spectra, k%(k), for GeO, glass at the pressures of 1 GPa
(Figure 1a), 20 GPa (Figure 1b), 30 GPa (Figure 1c), 40 GPa
(Figure 1d), and 64 GPa (Figure 1e), together with the theoretical
spectra of the corresponding high-pressure crystalline structures
using FEFF code.’® The a-quartz-like GeO, structure is taken
from the study by Jorgensen.'”) It is found that a proper damping
on the theoretical FEFF spectra is necessary for a sound compar-
ison. A Deby—Waller factor of 0.006 can result in overall good
matching between the theoretical and experimental k*weighted
XAFS spectra for the a-quartz-like GeO, structure (Figure 1a).
This factor is then applied to all other spectra at high pressures.
As shown in Figure 1, the overall XAFS spectra of crystals and
GeO, glass show basically good similarities in the oscillation
profile, period, and amplitude at the respective pressures. It is
notable that crystalline XAFS data show more features with better
XAFS resolution.

Figure 2 shows the corresponding XAFS Fourier transform,
[¥(R)|, for GeO, glass at high pressures (Figure 1). The height
of the first Ge—O peak of theoretical XAFS data is slightly differ-
ent from that of the experiment but normalized to the respective
experimental ones for comparison. It is clear that the first Ge—O
coordination shell of GeO, glass shows remarkable similarities
in the peak positions and profiles with those of crystalline
counterparts, whereas a large difference occurs at high
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Figure 2. The corresponding XAFS Fourier transform, |y(R)|, for GeO,
glass at high pressures. a—e) Notations are the same as Figure 1. Note
the remarkable change at high coordination shells (2.2-3.5A, no phase
correction).

coordination shells (2.2-3.5 A, no phase correction). Thus, the
predicted direct parallel between the pressure-induced amor-
phous and crystalline states! is only valid in the nearest coordi-
nation shell. There is only a small difference for the octahedral
glass (rutile, CaCl,, PbO,, and pyrite GeO,). This feature is con-
sistent with the recent measurement of X-ray emission spectros-
copy, by which the octahedral glass is expected to persist up to the
Mbar (100 GPa) range.!"®

As shown in Figure 2, except the notable tetrahedral to octa-
hedral transition, GeO, glass shows only subtle changes in the
second peak (2.2-3 A, no phase correction) at pressures above
20 GPa. In contrast, the XAFS data of octahedral crystalline struc-
tures show distinct changes in this second peak with splitting
(CaCl,, 30 GPa) and merging (Pyrite, 64 GPa), as pressure
increases. This change is, however, hard to be traced from the
XAFS experiment (Figure 2).

At a low pressure, the overall profile of XAFS data at 1 GPa is
in good agreement with that of the a-quartz-like GeO, structure
(Figure 2). Many existing works®®'?->* have demonstrated the
noteworthy similarities in the tetrahedral coordination number
and distance between amorphous and crystalline GeO,. It is nec-
essary to check the similarities in the clusters of tetrahedral GeO,
glass with that of the tetrahedral crystalline structure beyond the
tetrahedral GeO, units. Figure 3 shows the a-quartz-based struc-
tural modelling to the Fourier transformation modulus, |y(R)|,
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Figure 3. Structural modelling based on the cluster of a-quartz-like GeO,
at 1-3 A. a) Fourier transformation modulus, [y(R)|, of K’y(k) for GeO,
glass at 1 GPa (full circles). The a-quartz-like structural modelling (black
line) contains a tetrahedron of two O atoms at 1.72 A (red line) and other
two at 1.76 A (green line). The four Ge atoms is located at 3.17 A (blue
line). b) A comparison of back-transformed [y(R)| at 1—3 A between exper-
imental data (full circles) and best-fit calculation (black line) in g-space.

of k%y(k) for GeO, glass at 1 GPa in the range of 1—3 A. It gives a
decent fitting with a goodness-of-fit parameter, R,, of 2.4%.
To keep the integrality of the pyrite structure, no change on
the path degeneracies and relative amplitude, the same distance
variables were used for each coordination shell. This cluster fit-
ting (black line) results in a tetrahedral GeO, unit consisting of
two O atoms at 1.72 A (red line) and other two at 1.76 A (green
line). The four Ge atoms locate at 3.17 A (blue line). As shown in
the real space (Figure 2a) and in the g-space (Figure 2b), the clus-
ter of a-quartz structure at 1—3 A can be well persisted in the
amorphous state. The nearest Ge—O bond distance elongates
by 0.01 A, whereas that of Ge—Ge distance is 0.02 A between
GeO, glass at 1 GPa and a-quartz-like GeO, crystal at ambient.!"”)
This cluster fitting supports the conclusion of tetrahedral GeO,
glass at a low pressure.

The rutile-like GeO, glass was first reported by XAFS and
X-ray total scattering experiments.!'”! Figure 4 shows a compari-
son between XAFS and X-ray total scattering in the Ge—O
coordination in real space for GeO, glass at 20 GPa (black line),
together with theoretical XAFS data of rutile-like GeO, (red line)
by FEFF calculations.!"® The pair-distribution function, g(r), of
the X-ray total scattering experiment’” is shifted by a constant
of —0.42 A for a direct comparison with the XAFS data without
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Figure 4. A comparison of XAFS Fourier transform |y(R)| for GeO, glass
at 20 GPa (black line) with the theoretical FEFF data of rutile-type GeO,
(red line)"® and the pair-distribution function, g(r), from the X-ray total

. . o . 2 .
scattering experiment.'” The data g(r) are shifted by —0.42 A for a direct
comparison with the XAFS data (no phase correction).

further phase correction. All the data show good consistency in
the first Ge—O coordination shell and the short Ge—Ge peak
position at 2.34 A (no phase correction) or 2.76 A.'” The longer
Ge—Ge distance at 2.81 A (no phase correction or 3.23 A in the
unshifted g(r) function) only shows a weak contribution to
the XAFS coordination distribution, |y(R)|, as evidenced by the
asymmetric shape of the second peak in [y(R)|. The theoretical
XAFS data agree well with the g(r) data in this long Ge—Ge
bond distance (Figure 4). This illustrates that the XAFS
technique is a local structural tool for structural analysis and
has limitations for high coordination shells. As shown in
Figure 4, the background of g(r) function is much higher than
XAFS data due to the total scattering contributions of all atomic
pairs. The exact coordination shell in g(r) function is hard to be
separated beyond the first coordination shell. It is reported to be
quite difficult to distinguish the penetration of O—O distribution
into the first coordination shell in the X-ray diffraction experi-
ment?¥ and theoretical simulations,!® which may result in
overestimation of the Ge—O coordination number, i.e., a debate
on the so-called fake ultrahigh amorphous state.'®! In contrast,
the XAFS technique has an obvious advantage due to the unique
capability of atomic resolution. In results, as shown in Figure 4,
we need both XAFS (local tool) and X-ray total scattering diffrac-
tion (average structure) for a comprehensive understanding
of the structural similarity between amorphous and crystalline
structures.

We have shown the existence of pressure-induced a-quartz-
like (Figure 3) and rutile-like (Figure 4) amorphous state GeO,
glass. However, it would be extremely challenging to demon-
strate the existence of other octahedral CaCl,-like or PbO,-like
amorphous states in GeO, glass because of the similar profiles
in coordination shells (Figure 2). This subtle difference calls for
some advanced high-resolution X-ray total scattering and XAFS
experiments to probe these amorphous states in the future.
Beyond the PbO,-like crystalline state, the pyrite-like structure
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Figure 5. Structural modelling based on the cluster of pyrite-like GeO, at
1-3 A. a) Fourier transformation modulus, [y(R)|, of Ky (k) for GeO, glass
at 58 GPa (full circles). The pyrite-based structural modelling (black line)
yields 6 O atoms at 1.81 A (red line), 2 distant O atoms at 2.43 A (green
line), and 12 Ge atoms at 2.80 A (blue line). b) A comparison of back-trans-
formed |y(R)| at 1—3 A between experimental data (full circles) and best-fit
calculation (black line) in g-space.

is the next stable state in the GeO, crystal.’® The pyrite-like
amorphous state was reported to exist at 64 GPa in GeO, glass."!

Figure 5 shows a pyrite-based structural modelling for GeO,
glass at a slightly lower pressure. The cluster modelling is based
on the pyrite local structure in the range of 1-3 A for GeO, glass.
It gives a good fitting for the XAFS spectra at 58 GPa with a
decent goodness-of-fit parameter, R, of 2%. To keep the integral-
ity of the pyrite structure, no change on the path degeneracies
and relative amplitude, the same distance variables were used
for each coordination shell. This pyrite-based cluster fitting
(black line) yields 6 O atoms at 1.81 A (red line), 2 distant O
atoms at 2.43 A (green line), and 12 Ge atoms at 2.80 A (blue
line). The structural fitting using the pyrite-like cluster is shown
in the real space (Figure 5a) and in the g-space (Figure 5b).
The value of R, is slightly worse than that of 0.6% for structural
modelling of the pyrite-like structure for GeO, glass at 64 GPa,™"!
but we can conclude that the pyrite-like amorphous structure is
largely formed in GeO, glass at 58 GPa.

In comparison with the pyrite-like GeO, crystalline structure
in detail,*® the GeO, glass at 58 GPa shows a small difference in
the nearest Ge—O distance with an elongation of 0.03 A (bond,
red line) but an increasing deviation at the distant Ge—O distance
of —0.14 A (bond, green line). Significant deviation is found in
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the Ge—Ge distance as large as —0.27 A in GeO, glass at 58 GPa
in comparison with the crystalline structure.”® Such an increas-
ing deviation as a function of the coordination distance holds
true for the a-quartz-like (Figure 3), rutile-like (Figure 4), and
pyrite-like (Figure 5) GeO, glasses. Thus, the certain degree of
parallel between the pressure-induced amorphous and crystalline
states®! is valid only for the nearest coordination shell, but the
amorphous state has its own compaction mechanism at higher
coordination shells.

3. Conclusions

We have shown that the structure of GeO, glass has high simi-
larities with the crystalline counterparts in the nearest coordina-
tion shell at high pressure. At least, three distinct polyamorphs in
GeO, glass at high pressure, i.e., a-quartz-like, rutile-like, and
pyrite-like structures, have been recognized unambiguously.
The obtained knowledge of these polyamorphs is useful for
understanding the mechanisms of network compression and
corresponding property changes in SiO, and GeO, glasses
and melts under extreme conditions.

4. Experimental Section

GeO, glass samples were made by quenching GeO, melt at 1600 °C
(donated by L. Huang at Rensselaer Polytechnic Institute, New York).
Symmetrical DACs with normal single-crystalline diamond anvils were
used in the experiments. Ruby chips were placed at the edge of sample
chamber for pressure determination using the ruby fluorescence tech-
nique.?”! XAFS experiments were conducted on the Ge K-edge of the
glass in transmission mode at the GeoSoilEnviroCARS bending magnet
beamline 13-BM-D, Advanced Photon Source (APS), Argonne National
Laboratory. XAFS spectra were collected from 10953 to 11 747 eV with
5eV steps before the main edge, with 0.5 eV steps from —10 to 25eV
across the main edge (11110eV), and with 0.05A" steps in k-space
to 13 A~" above the main edge. An iterative method was used to progres-
sively identify and eliminate the DAC glitches at a set of multiple angles.'"
The method provides high-quality, glitch-free XAFS spectra above the Ge
K-edge by 410 eV (k=10.4 A™"). Further XAFS data processing and analy-
sis were then performed with the ATHENA and ARTEMIS programs!?®!
of the IFEFFIT package.”® Other experimental details are described
previously.l'14

For comparing the structural similarity between GeO, amorphous and
crystalline states, we have to obtain the theoretical structure at the same
pressures as the XAFS experiments. Density functional theory calculations
were carried out to optimize the corresponding GeO, crystalline structures
at the experimental pressures using the Perdew—Burke—Ernzerhof (PBE)-
type generalized gradient approximation (GGA)? implemented in the
QUANTUMESPRESSO code.®"! Scalar relativistic ultrasoft pseudopoten-
tials (Ge.pbe-n-rrkjus_psl.1.0.0.UPF and O.pbe-rrkjus.UPF) were used in
the calculation of the structural optimization of crystalline GeO, at high
pressure. Both the lattice parameters and Wyckoff positions of atoms were
optimized.
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