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Germanium oxide is a prototype network-forming oxide with pressure-induced structural changes similar
to those found in crystals and amorphous silicate oxides at high pressure. Studying density and coordination
changes in amorphous GeO, allows for insight into structural changes in silicate oxides at very high pressure,
with implications for the properties of planetary magmas. Here, we report the density of germanium oxide glass
up to 133 GPa using the x-ray absorption technique, with very good agreement with previous experimental data
at pressure below 40 GPa and recent calculation up to 140 GPa. Our data highlight four distinct compressibility
domains, corresponding to changes of the local structure of GeO,. Above 80 GPa, our density data show a
compressibility and bulk modulus similar to the counterpart crystal phase, and we propose that a compact
distorted sixfold coordination, similar to the structural motif of the pyritelike crystalline GeO, polymorph,
is likely to be stable in that pressure range. Our density data point to a smooth continuous evolution of the
average coordination for pressure above 20 GPa with persistent sixfold coordination, without sharp density
or density slope discontinuities. These observations are in very good agreement with theoretical calculations
and spectroscopic measurements, and our results indicate that glasses and melts may behave similarly to their
high-pressure solid counterparts with comparable densities, compressibility, and possibly average coordination.
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I. INTRODUCTION

The relationship between density and structure of amor-
phous oxides such as Si0, and GeO, glasses at high pressure
is of importance in different fields of research from materials
to Earth science and astrophysics. The comprehension of
physical properties in condensed amorphous oxides, espe-
cially simple oxides (AO,, with A = Si, Ge, Ti, etc.) is also of
high importance for the planetary sciences. SiO, is the most
abundant component in naturally occurring silicate melts on
Earth and other telluric planetary bodies. GeO; is a structural
analog to SiO,, being a network former in the amorphous
state at ambient pressures and exhibiting a similar succession
of crystalline high-pressure structures and transitions, with
minor differences only at low pressure [1-6]. At ambient con-
ditions, the structure of both oxides consists of an infinitely
extended network of SiO,*~ and GeO4*~ tetrahedra, respec-
tively. Upon compression, the rather loose tetrahedral network
transforms to a more compact structure, first with a reduction
of intrinsic voids and compaction of the tetrahedron [7], with
a distinct quasielastic response below 10 GPa for SiO,, and a
permanent densification above [8,9]. For GeO, the permanent
densification is achieved almost immediately [10,11]. With
the increase in pressure and densification, the number of
oxygen neighbors to each localized Si/Ge atom (i.e., the Si
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or Ge coordination number, CN) increases from four to six
through an intermediate fivefold coordination [12—14] that is
not easily achieved in the crystalline counterparts and only
met under certain experimental circumstances [15]. Higher
coordination, with CN > 6, in the compressed glass has been
recently claimed [16,17]; however, a consensus has not yet
been found whether the glass could be denser than the crys-
talline structures, when reaching such higher coordination.
In this context, quantitative density measurements shed light
on how to link the atomic structure arrangement and the
macroscopic behavior of glasses and melts [12,18-21]. We
emphasize that density measurements are of prime importance
for the discussion of macroscopic properties of such materials
with application to planetary interiors and solid state physics.

Unresolved is the issue of the density contrast between
melts and crystals controlling the buoyancy and fate of melts
in planetary interiors [22] and, thus, it limits our understand-
ing of their internal evolution [23,24]. At lower pressures, the
density difference between the lighter melts and the heavier
minerals is responsible for the chemical differentiation of the
Earth’s crust from the mantle. If the reverse mechanism would
exist at the extreme pressures of the lowermost mantle, then
this could provide additional arguments or even fully resolve
the discussion for the origin of seismic anomalies at the core-
mantle boundary [25,26], with magma accumulation at the
top of the core-mantle boundary. Unfortunately, in situ den-
sity measurements of amorphous magmalike material (dense
liquid) at conditions prevailing in planetary interiors remain
a severe obstacle. However, it was indicated that amorphous
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SiO; and GeO, (at ambient temperature and high pressure)
have structures similar to the molten states at high depths
[13,19,20,27], and, in a first approximation, can be used to
infer the behavior of the melt.

The density increase in compressed amorphous oxides,
determined by tracking volumetric changes, goes along with
changes of their atomic scale structure (cation-anion distances
and average coordination), which can be probed by several
x-ray techniques, such as x-ray total scattering data (x-ray
diffraction, XRD) [17,19,27,28] and x-ray absorption spec-
troscopy (XAS) [10] or x-ray Raman spectroscopy (XRS)
[12,14], x-ray emission spectroscopy through the valence-
to-core emission (vtc-XES) [18], and indirectly by optical
spectroscopy techniques [29-32]. A general consensus has
been reached on the pressure range of the transition from
a tetrahedral coordination with CN = 4 to a closest-packed
octahedral structure with CN = 6. In SiO, this transformation
to CN ~ 6 is completed at about 40-60 GPa [12,13,27,33].
For GeOs,, the transition from CN = 4 to CN = 6 takes place
between 0 and ~12 GPa, documented by a variety of tech-
niques like XAS [10,11,34], XRS [14], XES [18], x-ray total
scattering (XRD), and neutron diffraction [16,35-39].

At higher pressures, the picture concerning the average
coordination number (CN) in SiO, and GeO, remains am-
biguous. While it has been claimed recently that the average
coordination in SiO, may exceed 6 already above 60 GPa
[17], another recent report did not observe any evidence for a
rise of the average coordination above 6 below 140 GPa [12].
Sound velocities from Brillouin spectroscopy measurements
suggest that a change in density, which could be related to
higher coordination, may take place only above 140 GPa [29],
also proposed by a combination of total scattering data and
calculation [40]. From direct density measurements, there is
no evidence for a density crossover between the glass and the
sixfold crystalline polymorphs up to 110 GPa [20]. This points
to a similar evolution of CN and densities with pressure in
glasses and their corresponding crystalline solids.

In the case of GeO,, results diverge even more. On one
hand, recent x-ray total scattering data (XRD) proposed a
sharp increase in coordination of Ge beyond 6, with CN =
6.5 at 50 GPa and CN > 7 at 90 GPa [16]. On the other
hand, a recent x-ray emission spectroscopy (XES) [18] study
observed a plateau of CN = 6 up to 100 GPa, while ab initio
molecular dynamic (AIMD) calculations [41] show a gradual
increase of the CN above 6 only starting at 80 GPa, reaching
CN = 6.5 for pressure beyond 120 GPa. Finally, the only
existing density study for amorphous GeO, (a-GeO,) up to
55 GPa suggests a possible density crossover at 50 GPa [11],
but this remains elusive because of a lack of data at high
pressure to conclude on such crossover.

Direct measurements of the density of GeO, at high pres-
sure are thus missing to complement the measurements and
discussion on the atomic scale structure and link the mi-
crostructure to the macrostructure evolution. From direct den-
sity measurements, we can delimit pressure domains where
a uniform equation of state (EOS) fit can be performed to
model the data. The transitions between such domains may be
attributed to possible changes in the compaction mechanism
or an increase in coordination number (CN).

Here we measured the density of amorphous GeO, (a —
GeO,) using the x-ray absorption methods up to 133 GPa,
more than doubling the pressure range of previous experi-
mental measurements. We found very good agreement be-
tween our density data and previous experimental work at
low pressure below 45 GPa [11], and also with recent AIMD
calculation [41]. Above this pressure, our data deviate from
the former data set with lower densities, while being slightly
denser than the calculated densities from AIMD. At about
65 GPa our density data slightly exceed, or equal those of
the crystalline high-pressure PbO, polymorph, but fall back
below the density of the pyrite-type Ge O, at a pressure of
80 GPa and beyond.

II. MEASUREMENTS PROCEDURE AND DATA ANALYSIS

The GeO, glass was synthetized in a furnace at 7 of
1000 °C, followed by rapid quenching of the Pt crucible in
water. A bubble-free transparent piece of glass was either
double polished to a ~15-um-thick plate for low-pressure
runs or ground into a fine powder for high-pressure measure-
ments. The density measurements were conducted at the PO6
beamline in DESY (Hamburg, Germany). The beam was set at
15 keV by a double Si (111) channel cut monochromator and
focused to 0.2 x 0.2 um? using compound refractive lenses.
Samples were loaded in beryllium gaskets in BX90 diamond
cells [42] equipped with 350-um diamonds for low pressure
and 250- or 150-pm with 300-um bevel diamonds for higher
pressures. For the low-pressure runs (Fig. 1), glass pieces
with sharp edges from the double-polished plate were selected
and immersed in methanol:ethanol (4:1) together with a ruby
sphere used as a pressure gauge [43]. For the high-pressure
run (Fig. S1; see Supplemental Material [44]), the sample
chamber in the Be gasket was filled with a powder sample
and the Raman shift of the stretching line of the diamond tip
was used to measure the pressure [45].

The measurement follows the same procedure as described
for MgSiO3 [22] and SiO; [20] glass with 2D mapping of
the sample under two orientations: (i) through the diamond
to obtain the path length (x) of the x rays through the GeO,
sample (Figs. 1(a) and 1(b) and Figs. S1(a) and S1(b) in the
Supplemental Material [44]) and (ii) through the Be gasket in
order to measure the x-ray attenuation (I/lp) of GeO, glass
under pressure [Figs. 1(c) and 1(d) and Figs. S1(c) and 1(d);
see Supplemental Material [44]). The edges of the sample,
defining the path length (x), can be obtained with a precision
better than 2 um, corresponding to uncertainty of less than 2%
on the density. At very pressure, this increases to about 5%.
The absorbance (uyp) of the sample was extracted from the
correlation between the x-ray attenuation and the path length
of the sample obtained from both maps (Fig. 1(e) and Figs.
S1(e) and S2, in the Supplemental Material [44]). The slope
of the linear regression gives the linear absorbance at high
pressure (upp) through the Beer-Lambert relation:

In(7/Ip) = —pupx. ey

The density at high pressure (pyp) was then calculated by

PHP/ HP = P0/ H0- )
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FIG. 1. Data collection scheme inside the DAC, here in a low-pressure run with a double-polished GeO, plate immersed in a
methanol:ethanol mixture. (a) Map through the diamonds from which the sample’s dimensions are determined (b). (c) Absorption map through
the Be gasket. (d) A profile extracted from the map. (e) Correlation between (b) and (d) to derive the linear absorbance of the sample, further

used to calculate the density at HP.

The attenuation coefficient at ambient pressure (ug) was
determined from the absorption of a double-polished plate of
GeO; using the same setup on the beamline, and the ambient
pressure density (o) of 3.506 % 0.008 g/cm?>.

III. RESULTS AND COMPARISON
WITH PREVIOUS REPORTS

Our density data as a function of pressure (Table S1; see
Supplemental Material [44]) are reported in Fig. 2 and com-
pared with previous measurements carried out using the x-ray
absorption method [11], tomography imaging [46], or AIMD
calculation [41], as well as with the density of the crystalline
high-pressure GeO, polymorphs [1]. The compressibility of
GeO, can be analyzed using a finite strain plot in the Vinet
form [47], or f-F plot, to reveal the different pressure do-
mains of dominant coordination species for which individual
equations of state can be derived, as it was shown for the
compressed amorphous SiO, [20]. For a-GeO,, at least four
compressibility domains can be identified, that may be related
to four different atomic configurations of Ge in the glass
under pressure. As discussed in previous studies [11,14,48],
three domains can be separated at low pressure between 0 and
12 GPa that correspond to the transition from fourfold “/Ge
to sixfold [°)Ge, with an intermediate domain between 4.5
and 9.8 GPa that possibly contains °!Ge species as identified
by fingerprints and distinct changes in the O K edge using

x-ray Raman spectroscopy [14]. Our data clearly indicate a
fourth domain above 80 GPa (Fig. 3) and allow to constrain
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FIG. 2. Density results for a-GeO, (squares, this study) com-
pared to other experimental and modeling data. Data from Hong
et al., (2007) [11] (circles) measured using the absorption method;
data from x-ray tomography, Liu et al., (2013) [46] (diamonds) and
triangles; data calculated with ab initio calculation, Du and Tse,
(2017) [41]. Black dashed line represents the value for the density
of the crystals GeO,, Dutta et al., (2018) [1].
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FIG. 3. (a) f-F plot revealing the different compressibility do-
mains with a domain above 80 GPa that could be linked to a sixfold
distorted environment for Ge as in the pyrite structure or it may be
the start of a higher coordination. (b) Equation of state fits for the
different domains.

two EOSs for sixfold coordinated °/Ge below and above 80
GPa. We can provide a revised EOS for the pressure domain
between 10 and 80 GPa compared to previous data [11]: with
values of Vy = 21.25(1)cm™3/mol and Ky = 55.2 (5) GPa,
when fixing K} to 4 (other parameters can be found when
using different values for K; see Table S2 in the Supplemental
Material [44]). When extrapolating the EOS reported by Hong
et al. [11] to higher pressure, we found an overestimation
of the density of about 5% and 10% at 50 and 95 GPa,
respectively, compared to our data. Such a deviation of the
extrapolated density, across the transition at 80 GPa, may be a
source of overestimation in the average coordination number
(CN) calculation when using the x-ray total scattering method
[16]. At 80 GPa, the compressibility in our study shows a
clear change with a kink in the f-F plot [Fig. 3(a)], with a
saturation of the density at higher pressure being asymptotic
to the one of the crystalline pyritelike structure (Fig. 2).
At such pressure the material has a high bulk modulus of

about 300 GPa, derived from our third-order BM fit (Vy =
15.39(1.5) cm 3 /mol, Ky = 304 (8) GPa and K/, = 4, Table
S2; see Supplemental Material [44]), almost similar to the one
of the crystalline GeO, in the pyrite structure, with Ky = 347
(12) GPa (K = 4) [1] and also equivalent to the one of the
a-PbO; structure with Ky = 292 (10) GPa (K, = 4). Athigher
pressure, the propagated values for the bulk modulus will
also be comparable between the crystalline and amorphous
phases, because of the similarity in the parameters for the
EOS (same K’ values). The a-GeO, becomes very stiff at such
pressure, comparable to the crystalline structure, indicating a
very similar behavior of the amorphous and crystalline states
at very high pressure.

At 80 GPa, we do not observe an increase in density nor
a drastic change in compressibility, which rather follows a
smooth trend. In the f-F plot, there is almost a continuous
change below and above 80 GPa. We interpret this smooth
change in compressibility as a transition to a more compact
distorted structure but we do not rule out a potential propor-
tion of higher coordinated Ge at such pressure. The bulk mod-
ulus of the amorphous phases at high pressures approaches
that of the counterpart crystalline structure [Ky = 304 (8) GPa
for a-GeO, compared to Ky = 347 (12) GPa for the pyrite
structure which has a sixfold coordinated structure] indicating
that the compressibility is almost the same between the two
compounds. Indeed, at such high pressure the compaction of
the structure is dominated by bond shortening, or rotation of
the octahedron [49,50], and coordination change is less likely.

IV. DISCUSSION

The change in compressibility in a-GeO, around 80 GPa is
of special interest, as two contradictory coordination evolution
paths have been suggested in this pressure range: A change
to sevenfold coordination [41] or a distortion of sixfold oc-
tahedron [18]. Indeed, a distortion, or rotation, of the GeO,
octahedrons can bring oxygen atoms closer to the Ge atoms
(bond shortening), without necessarily increasing the CN
above 6, as is the case in the crystalline structure evolution
from rutile to CaCl, to a-PbO; to the pyrite structure [51]. The
persistence of sixfold coordination in a-GeO, was recently
reported using x-ray emission spectroscopy (XES) that en-
ables probing electrons in the orbitals directly involved in the
bonding between germanium and oxygen [18]. This approach
has not reported any sign of an increase in coordination. It
even demonstrates that the atomic Ge-O distances extracted
from XES are very similar to the one obtained from XRD [16],
XAS at lower pressure [10], and also comparable to AIMD
calculation [41]. The XES measurements show a flattening of
the Ge-O distances at a pressure corresponding to the density
crossover measured in our study and at higher pressure the
Ge-O distance decreases following a monotonous trend with
no sign of a sharp change, very close to Ge-O distances
measured in the crystal structures. This suggests that a succes-
sion of distortion of octahedral sites, while keeping a sixfold
coordination, is a more favorable mechanism in the glass than
an increase of coordination, and mimics the changes measured
in the crystal structures.

The compressibility changes as a function of pressure that
we report here bring important information for the coordina-
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tion evolution in a-GeO, by comparing the densities and bulk
modulus to the one of the crystalline phases. In the pressure
regime between 0 and 12 GPa, the changes from ¥Ge to P!Ge
and to /Ge in a-GeO, seem to be accompanied with a sharp
increase in density between each domain, almost like a first-
order transition would look like. This is also quite noticeable
in the f-F plot with clear changes between the compressibility
of the different domains. The evolution of the bulk modulus
is also remarkable with a fourfold increase from the Ge
a-GeO, to the 'Ge a-GeO, (Table S2; see Supplemental
Material [44]). However, from density data solely it is difficult
to directly determine the coordination of Ge in the glass.

The subtle density crossover we measured can thus be
explained with an overlap, or coexistence, of a-GeO, local
environments during the conversion of the sixfold CN from
the a-PbO; structure to the distorted sixfold pyritelike struc-
ture. We expect that the change from the two types of struc-
ture takes place gradually in the glass as the two crystalline
units are quite similar. While in the crystalline structures this
change in structure goes with a density change of about 4%—
5%, the glass can accommodate this density jump by grad-
ually changing from CN = 6 of the «-PbO, structure to the
distorted sixfold FeS, structure, with a mixture of structures
between 65 and 80 GPa. Hence, a density crossover happens
in a-GeO, due to a mixture of low-density sixfold and a
higher-density distorted sixfold coordination before reaching
almost a similar density as the crystalline FeS; structure above
80 GPa (Fig. 2), after the completion of the structural change.

Our analysis helps to reveal additional details on the be-
havior of a-GeO,; at lower pressure from 15 to 80 GPa. In this
range, the crystalline phases undergo several transitions from
rutile-type to CaCl, to «-PbO; (all sixfold CN), but without
noticeable change in the density for the amorphous phase
(Fig. 2), as if the glass was insensitive to such transitions. The
amorphous phase can easily accommodate a mixture of close
local structures for Ge (all being sixfold), thus making the
density trend much smoother compared to the one measured in
the crystalline sequence. On the contrary, below 10 GPa, when
a clear change in coordination occurs, it induces a drastic
change in density (Fig. 2), bulk modulus, and compressibility
when passing from four- to sixfold coordination (Figs. 2
and 3). All our data, density, and bulk modulus yield the
same conclusion: At very high pressure these properties in
the glass and the crystalline structure are similar; thus their
atomic structure is very likely to be similar. As discussed
for SiO,, it seems then odd that the glass structure could
reach higher coordination than the solid while the density
remains somehow lower or equal [12,18,20,21,33]. Knowl-
edge of the relationship between the density, bulk modulus,
and microstructure in the amorphous and crystalline phase
is thus a key for the comprehension of the evolution of
CN in the amorphous material. Higher coordination in the
crystalline structure is reported to take place at much higher
pressure upon the transition from pyrite (FeS,, CN = 6) to
cotunnite (a-PbCl,, CN = 9) at 280 GPa for GeO, [51] and
more than 700 GPa for SiO, [52]. Unfortunately, there are
no experimental data available for such conditions. However,
TiO, is a related system, with structural changes similar to
SiO, and GeO, at lower pressures, with a transition from
a sixfold pyrite structure to a ninefold cotunnite structure at

60 GPa [53]. This transition in TiO, is marked with a possible
increase in the bulk modulus up to 480 GPa [54,55] and
a noticeable volume collapse of few percent [53,55]. Thus,
we anticipate that the change in CN in a-GeO, to higher
coordination should be linked to a steep change in density and
bulk modulus for P beyond 280 GPa, similar to the density
changes in the low-pressure domain when converting [“/Ge to
61Ge.

The extreme packing of the a-GeO, structure at high pres-
sure induces a high electron density in a very short distance
resulting from the Ge-O and O-O coordination, such that
it may not be easily deconvoluted in a radial distribution
function analysis. This points out the need for further work
in this domain to improve the resolution from such data and
to avoid contributions from other close neighboring atoms.
Such a phenomenon was already reported for SiO, glass, with
electrons of the O-O bond interacting with the Si-O electrons
distribution peak due to insufficient resolution in the radial
distribution function (RDF) at extreme pressure [17]. This
becomes problematic for more complex structures rendering
impossible to resolve cation-oxide distances that are too close
from one another, for instance, Si-O and Mg-O in MgSiO3
[56], precluding conclusions on coordination changes of any
of the cations of more complex compositions. The difficulty
to resolve bonded electrons and electrons from very close
neighboring atoms can be at the origin of the overestimation
of CN when using XRD as a probe and requires a combined
approach investigating the bulk material behavior through
density analysis as well as element sensitive techniques such
as XRS or XES but also using AIMD calculation. To date
there is still no experimental spectroscopic evidence or a
clear fingerprint for higher coordination of Ge in a-GeO,. An
investigation at the oxygen K edge using XRS may bring some
fingerprints indicating differences in coordination compared
to the sixfold, as it was measured at low pressure to identify
a fivefold Ge in a-GeO, [14]. This would require dedicated
measurements of the O K edge combined with a computa-
tional approach to obtain structures from which spectra can
be calculated and compared with [12,14]. Still, as we show
here, the comparison of densities and bulk modulus between
amorphous and crystalline phases can bring important evi-
dence of the similarities between the physical properties of
the amorphous and crystalline phases at high pressure.

V. CONCLUSION

Finally, similar to SiO,, but unlike the more depolymerized
MgSiOj3 [22], the compression curve for GeO, displays dis-
tinct pressure domains. Such a behavior of highly polymerized
network-forming oxides indicates kinetic hindrance and can
explain the slight difference in densities observed between the
cold compressed glass and quenched melts from calculations,
for both SiO, and GeO,, especially at pressures at which
a compressibility change is observed in the f-F plot, i.e.,
where structural changes occur at around 10 and 80 GPa.
The addition of cation modifiers, such as Mg, lowers kinetic
barriers and therefore allows less polymerized structures to
achieve better agreement between measured density of glass
between the cold compressed MgSiO3 [22] and the one com-
puted in AIMD from quench melt [21]. Thus, the experimental
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densities of intermediate polymerized glass, such as naturally
occurring melt composition with different cation-network
modifiers, e.g., basalt or pyrolite, will be of great interest for
planetary interiors, as lowered kinetic barriers result in a melt-
like compression path for the glass. Experimental compres-
sion curves could then be representative of the compression
curve of the melt at high pressure and temperature.

To conclude, we measured the density of amorphous GeO,
up to 133 GPa and identified four compressibility domains in
this pressure range. Up to 45 GPa, our data are in excellent
agreement with previous data as well as with calculations
from AIMD. Above 45 GPa, we measured densities lower
than previous experimental results over a wider pressure
range and found a different equation of state for a sixfold
coordinated trend between 12 and 80 GPa. This leads to a
difference in density of 5% and up to 10% between 55 and
95 GPa, respectively, when extrapolating the previous EOS,
and may be one of the reasons for the overestimation of CN
beyond 6 from a former report using the total x-ray scattering
method [16]. Our analysis shows that [®/Ge is the dominant
species over the entire pressure range above 15 GPa although
we observe a density crossover at 65 GPa. Above 80 GPa,
we report a compressibility change that can be fitted with a
single EOS up to 133 GPa. Our data show an increase in
the stiffness of the material with a bulk modulus of Ky, =
304 (8) GPa, five times higher than the lower-pressure EOS
and very close to the sixfold distorted pyritelike octahedral
crystal structure that is stable in this pressure domain. This
change in compressibility of a-GeO, with a stiffening of the
material can be related to the distortion and compaction of
6]Ge octahedral sites [18]; however, we cannot rule out a
possible increase in coordination from density data solely. The
combination of density measurements on amorphous mate-
rial, with changes in compressibility, and other spectroscopic
probes likes XES or XANES, can help to infer the structural
and coordination evolution with pressure. While coordination

higher than sixfold is likely to take place in oxide glass and
melts at extreme pressure [57], our density data show a rather
continuous change with pressure and there is no indication
of a sudden increase in density, thus in coordination, at 55
GPa. We did not find evidence for coordinated sevenfold
[7IGe, although some high-coordinated Ge can be formed
above 80 GPa. Further experiments should be carried out on
both oxygen and germanium electronic structure to shed new
light on the coordination environment between the two atoms.
The combination of methods and approaches is the only way
to provide information about coordination and structure in
high-density oxide glasses. However, a common trend arises
with densities of glasses being always lower, or almost similar,
to their counterpart solids at very high pressure [20-22,58].
It implies that density crossover between solid and liquid will
not take place in an isochemical scenario [59] and partitioning
of elements, especially iron, will play a major role in the
buoyancy of melts and formation of deep magma oceans
[24,60,61].
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