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One fascinating high-pressure behavior of tetrahedral glasses and
melts is the local coordination change with increasing pressure,
which provides a structural basis for understanding numerous
anomalies in their high-pressure properties. Because the coordi-
nation change is often not retained upon decompression, studies
must be conducted in situ. Previous in situ studies have revealed
that the short-range order of tetrahedrally structured glasses and
melts changes above a threshold pressure and gradually trans-
forms to an octahedral form with further pressure increase. Here,
we report a thermal effect associated with the coordination
change at given pressures and show distinct thermal behaviors of
GeO; glass in tetrahedral, octahedral, and their intermediate
forms. An unusual thermally induced densification, as large as
16%, was observed on a GeO, glass at a pressure of 5.5 gigapascal
(GPa), based on in situ density and x-ray diffraction measurements
at simultaneously high pressures and high temperatures. The large
thermal densification at high pressure was found to be associated
with the 4- to 6-fold coordination increase. Experiments at other
pressures show that the tetrahedral GeO, glass displayed small
thermal densification at 3.3 GPa arising from the relaxation of
intermediate range structure, whereas the octahedral glass at 12.3
GPa did not display any detectable thermal effects.
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t has long been known that glasses deform elastically only over

limited pressure intervals. Permanent densification is possible
when a glass is compressed beyond a certain threshold pressure.
GeO; glass at ambient pressure consists of a 3D framework with
a continuous random network of GeOy, tetrahedra linked by
corner shared oxygens. Previous experimental studies (1-4)
showed a permanent compaction effect on GeO, glasses when
recovered from high-pressure conditions. It appeared that the
principal cause of the permanent densification is a modification
in the medium-range order with small or no changes in the
short-range order of the GeOy tetrahedra. Under high pressure,
GeO, glass first displays a decrease of intertetrahedral Ge-O-Ge
angles and an increase of distortion of GeOy tetrahedra (5, 6).
Above 5 GPa, compression takes places mostly through coordi-
nation changes with the formation of 5- or 6-fold Ge (5, 7, 8),
accompanied by a rapid increase in density (8—10). The coor-
dination change is completed at ~12 GPa, above which GeO;
glass behaves as an octahedral glass with 6-fold Ge coordination
(8, 11).

Thermal behavior of GeO; glass at high pressure is not well
understood. Studies on pressure-released samples indicate that
the permanent densification effect is enhanced by thermal
treatment (1, 3), which was interpreted by a change in the
kinetics of the densification with temperature. There are no
reports on in situ studies of the density and structure of GeO;
glass at simultaneous high pressures and high temperatures.
Recent studies on an analogous system of SiO, glass showed that
the positions of the first sharp diffraction peak (FSDP) shifted
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to higher-momentum transfers (Q) as temperature increased at
high pressures, indicating that “the intermediate structure was
thermally relaxed to a denser one” (12, 13). Molecular simula-
tions predicted thermal densification of GeO; glass at a pressure
of ~0.5 GPa (14) and proposed that the change in network
rigidity of glass is the main cause of the phenomenon.

We have performed several experiments to study the temper-
ature effects on GeO; glass at 3.3, 5.5, and 12.3 GPa. At each
pressure, densities and x-ray scattering signals were measured as
functions of temperature in 50° increments. The experiments
were performed at the High Pressure Collaboration Access
Team at the Advanced Photon Source (see Experimental Meth-
ods). An unusual thermal densification was observed at 5.5 GPa
(Fig. 1). The density of GeO; glass at 5.5 GPa at room temper-
ature (4.68 + 0.05 g/cm?) increased with increasing temperature,
reaching a value of 5.43 = 0.07 g/cm? at 300°C, or 16% denser.
After quenching, while maintaining pressure, the initial density
was not recovered (Fig. 1). During a second heating cycle, no
further densification was observed; instead, the glass displayed
normal thermal expansion behavior.

Structure factors [S(Q)] at 5.5 GPa reveal a temperature-
induced coordination change (Fig. 2). The overall S(Q) evolution
with increasing temperature resembles those of room tempera-
ture compression data between 5 and 12 GPa (7, 8), consistent
with the coordination change from 4- to 6-fold. The positions of
the FSDP shifted to a higher Q with increasing temperature,
whereas the positions of the shoulder at ~2.5 A~! did not change
with temperature. The intensity of the FSDP decreased with
increasing temperature. Only a slight increase of the intensity of
the shoulder is evident. Interestingly, a clear shift to lower O was
observed for the second distinct peak (SDP) at ~4.5 A1 as
temperature increased. Because our experiments were approx-
imately along an isobar, the systematic shift to low Q indicates
a thermal-induced lengthening of Ge-O distances corresponding
to a conversion of the GeOy tetrahedra to GeOg octahedra (7).
The SDP shift is not clearly observable in high-pressure studies
at room temperature (7, 8), because the lengthening effect of
Ge-O distances is partially canceled by the compression effect.

For GeO, glass, the threshold pressure of coordination change
is ~4-5 GPa (8). Our data clearly show that just above the
threshold pressure, an increase in temperature induced the
coordination change in GeO; glass, resulting in a large thermal
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Fig. 1. Density changes with temperature of GeO; glass at 5.5 GPa. The

dashed lines indicate the experimental paths. The error bars reflect uncer-
tainties in density from multiple x-ray absorption measurements at various
angles between x-ray beam and the loading axis of the DAC.

densification (16%). To further understand the thermal effect on
GeO; glass in other local structure forms, we have conducted
two other sets of experiments at different pressures, one on the
tetrahedral glass at 3.3 GPa and the other on the octahedral form
at 12.3 GPa. Fig. 3 shows the x-ray scattering patterns collected
at all three pressures (3.3, 5.5, and 12.3 GPa) as functions of
increasing temperature, with their peak positions plotted in
Fig. 4.

At 3.3 GPa, the general x-ray scattering features changed only
slightly as temperature increased (Fig. 3a), indicating that GeO,
glass remained in tetrahedral form in the temperature range of
this study. Peak positions of the FSDP shifted to higher Q with
increasing temperature until 250°C, above which the change
became negligible (Fig. 4b). Peak positions of the SDP at ~4.6
A~! remained almost the same (Fig. 4a), suggesting that the
short-range order is essentially unchanged as temperature in-
creases at 3.3 GPa. The FSDP shift to higher O shows that the
characteristic distance in real space is reduced, implying a
density increase with increasing temperature because of the
relaxation of the intermediate range structure (15). The overall
thermal behavior of GeO, glass in the tetrahedral form at 3.3
GPa is similar to those of SiO; glass observed in the large-volume
presses (12, 13). The crystalline peaks in Fig. 3a arise from a
pressure marker (Au) and the gasket material (Mo). Because our
density measurements are based on x-ray absorption, reliable
density data at 3.3 GPa could not be obtained because of the
presence of these two materials.
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Fig. 2. Temperature dependence on structure factors of GeO, glass at 5.5
GPa. Data are offset along the vertical axis for clarity.
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Fig. 3. Thermal effects on x-ray scattering patterns of GeO; glass at 3.3 (a), 5.5
(b), and 12.3 (c) GPa. The data shown here were produced by subtracting a
background taken with an empty cell. Weak features at low Q region (<1 A1)
may be artificial from background subtraction. Diffraction peaks from gold, used
for pressure measurement, can be seen in all patterns. At 3.3 GPa, the strong
crystalline diffraction peaks are from gold and the gasket material (Mo).

No clear thermal effect was observed at 12.3 GPa, where GeO,
glass exhibits a local structure in octahedrally coordinated form
(8). Both the general scattering features (Fig. 3¢) and the peak
positions (Fig. 4) did not change as temperature increased. This
observation is consistent with our density measurement; the
density values remained ~5.6 * 0.1 g/em™3 with increasing
temperature.
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Fig.4. Peak positions of the FSDP and the SDP as a function of temperature

at three pressures corresponding to Fig. 3. (a) SDP. (b) FSDP.
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Fig. 4 demonstrates three different behaviors in peak position
in the three pressure regions. The peak positions at 5.5 GPa show
large changes and are in between those of the tetrahedral form
at 3.3 GPa and the octahedral form at 12.3 GPa, with a gradual
shift from a position closer to those at 3.3 GPa toward those at
12.3 GPa as temperature increases. The smooth and continuous
changes at 5.5 GPa for both the FSDP and the SDP imply a
gradual coordination change with temperature. Before heating
at 5.5 GPa, the GeO,; glass was already in a local coordination
higher than 4-fold, as indicated by the peak positions of the
FSDP and the SDP. At a temperature of 250°C, the coordination
had almost reached 6-fold, as revealed from the peak positions
of the FSDP and SDP at 12.3 GPa.

Based on the above evidence, we conclude that GeO, glass
displays different thermal behaviors depending on its local struc-
tures. The tetrahedral form showed a modest yet noticeable thermal
effect because of the relaxation of intermediate range structure,
whereas the octahedral glass displayed no detectable thermal
effect. A large thermal effect was found in their intermediate forms
of GeO; at 5.5 GPa, signified by an unusual large thermal densi-
fication (16%) that is attributed mainly to a thermally induced local
coordination increase. The present results may be used to better
understand the thermal effect on permanent densification in pres-
sure-released samples. Large permanent densification may be
observed with heat treatment (1, 3, 16—18). If the applied pressure
is above a threshold pressure of the coordination change, the
thermal effect should be significantly enhanced according to our
results. Modest permanent densification could be observed if the
applied pressure is below a threshold pressure of the coordination
change, as recently found for SiO; glass (12, 13, 15) and for GeO,
glass at 3.3 GPa in this study.

Because the coordination change with increasing pressure is a
general feature for tetrahedral glasses and melts (5, 7, 8, 11,
19-21), the observed thermal phenomena for GeO, glass with
different local structures may be applied to other tetrahedral
glasses and even melts. A tetrahedrally coordinated glass/melt at
low pressures may display a modest thermal effect (e.g., densi-
fication) associated with the relaxation in an intermediate range
order, but with only a small change in the short-range order. At
very high pressures, an octahedrally coordinated glass/melt
might display a thermally elastic behavior, similar to their
crystalline counterparts. In a pressure region just above a
threshold pressure, large thermal effects (densification, struc-
tural change) are anticipated because of thermally induced
changes in the short-range order. Such window could be at
ambient pressure if proper composition is found. Thus, the
present results provide a guide to design and develop materials
with properties of the unusual thermal densification. The present
results also have important implications in Earth and planetary
sciences, because GeO; is analogous to SiO; that is the main
constitute of all geophysically relevant glasses and melts (mag-
mas). At depths where coordination change occurs in glasses/
melts, there could be abrupt changes in density and other
macroscopic properties (viscosity, conductivity, and diffusivity).
The observed thermal densification implies that the local struc-
tural change may have a negative slope in pressure—temperature
space, which could have important implications to the dynamics
and the thermal and chemical evolution in the early history of the
Earth’s and other planetary magma oceans (22, 23).

Experimental Methods

The GeO, glass was prepared by placing a Pt capsule of GeO,
power (99.999%, Alfa Aesar, Ward Hill, MA) inside an oven at
1,390°C above its melting point for 12 h, followed by air
quenching to room temperature. The starting material was
checked by x-ray diffraction and Raman scattering (8). The
GeO;, glass was loaded in a membrane-driven diamond anvil cell
(DAC) with 0.3-mm-diameter culets. A molybdenum disk with
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Fig. 5. Experimental points for GeO; glass in pressure-temperature space
and use of membrane control-stabilized pressures at high temperatures. Open
symbols denote those temperatures where crystallization occurred. Pressure
uncertainties are within 0.3 GPa. Temperature uncertainties are less than the
symbol sizes.

0.25-mm initial thickness was used as gasket. The sample cham-
ber of 70 wm in diameter was located at the center of an indented
area with the DAC. Before compression, the initial thickness was
~40 um. One or two small gold chips (<5 um) were loaded with
the GeO; glass sample and used as a pressure standard at high
temperature by measuring the unit cells of gold from x-ray
diffraction (24). No pressure medium was used because of the
need to measure densities by x-ray absorption. The uncertainty
in pressure determination was within 0.3 GPa, estimated from
multiple measurements from different locations in the sample
hole during data collection. The heating was provided by a
graphite heater that surrounded the anvils and the gasket, a
modified technique based on that first developed by Dubrovin-
sky et al. (25). Temperatures were measured by two type-R
(Pt-PtRh13%) thermocouples located at the corners between
each diamond anvil and the graphite heater. The heating tech-
nique provided a stable temperature condition, with fluctuation
<2°during the experiment. However, because the thermocouple
location was slightly away from the sample position, the real
uncertainty could be larger, but within 10° based on the test
measurements on melting temperatures of Pb and KCI.

We first increased pressure to a desired value, followed by
heating through the graphite heater with an increment of 50°. At
each temperature, the experiment duration time is ~45-60 min
for density and x-ray diffraction/scattering measurements. Iso-
baric conditions must be maintained to measure the thermal
effects at any pressure; for this purpose, the use of the membrane
mechanism was essential. As shown in Fig. 5, pressure changes
during heating were small, close to isobaric conditions.

X-ray measurements were performed at the High Pressure
Collaborative Team at the Advanced Photon Source. The mono-
chromatic x-ray beam at 30.56 keV was focused to a size of 5 X 5
pwm? at the full width at half maximum at the sample position. X-ray
diffraction patterns were recorded by an on-line MAR imaging
plate reader, with the sample detector distance and tilting calibrated
by a National Institute of Standards and Technology (NIST)
standard of CeO,. The software package Fit2D (www.esrf.eu/
computing/scientific/FIT2D) was used for integrated patterns, as
shown in Fig. 3. The background-subtracted scattering data were
normalized to atomic scale for structure factors (26). However,
because of the limited O coverage, optimization procedures as
described in ref. 26 were not performed for $(Q). Large QO coverage
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is needed to improve the S(Q) data, especially in the small O region,
and thus cautions should be taken in interpreting the S(Q) data in
Fig. 2 at Q < 1.5 A™L. Densities of the GeO glass at high pressures
and high temperatures were measured by x-ray absorption with an
ion chamber and a small photo diode placed before and after the
DAC, respectively. The detailed procedures for density determi-
nation through absorption measurements are reported in refs. 8
and 27.
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