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Pressure-induced transformations in an archetypal chalcogenide glass (GeSe2) have
been investigated up to 157 GPa by X-ray absorption spectroscopy (XAS) and molecular
dynamics (MD) simulations. Ge and Se K-edge XAS data allowed simultaneous tracking
of the correlated local structural and electronic changes at both Ge and Se sites. Thanks
to the simultaneous analysis of extended X-ray absorption fine structure (EXAFS)
signals of both edges, reliable quantitative information about the evolution of the
first neighbor Ge-Se distribution could be obtained. It also allowed to account for
contributions of the Ge-Ge and Se-Se bond distributions (chemical disorder). The
low-density to high-density amorphous-amorphous transformation was found to occur
within 10 to 30 GPa pressure range, but the conversion from tetrahedral to octahedral
coordination of the Ge sites is completed above ∼ 80 GPa. No convincing evidence of
another high-density amorphous state with coordination number larger than six was
found within the investigated pressure range. The number of short Ge-Ge and Se-Se
“wrong” bonds was found to increase upon pressurization. Experimental XAS results
are confirmed by MD simulations, indicating the increase of chemical disorder under
high pressure.

polyamorphism | high pressure | X-ray absorption spectroscopy | chemical disorder

Apart from the fundamental questions related to the nature of amorphous-amorphous
transformation (polyamorphism), understanding the atomic scale structure and densifica-
tion process of network forming glasses under high pressure (HP) is a matter of significant
importance in different fields of research, ranging from materials to Earth and planetary
sciences. For instance, comprehension of the pressure-induced local structural changes
and densification mechanism in a simple network forming glass such as amorphous SiO2
has implications for understanding the behavior and characteristics of silicate melts in
the Earth’s deep interior (1–5). On that account, polyamorphism has been extensively
investigated over the last few decades, mostly on simple model systems with directional
bonding and open local structures (5–12).

Even though the detailed nature of most of the high-pressure amorphous-amorphous
transformations is still a matter of debate, some progress has been made in understanding
the behavior polyamorphism in prototypical network forming glasses. A consensus has
been reached regarding the phenomenological aspects, such as the gradual increase of
nearest neighbor coordination numbers (CNs) from fourfold to fivefold or sixfold along
the densification from low-density amorphous (LDA) to high-density amorphous (HDA)
state (5–8), which typically takes place at moderate high pressures (within 15 to 50 GPa).
According to some recent studies on oxide glasses, the pressure-induced increase of the
CNs of the network forming structural motifs, and thus polyamorphic transformations
can be also explained in terms of oxygen packing efficiencies (13–15). Nevertheless,
further densification processes of these systems beyond the HDA state with CN ≈ 6
remain a matter of debate. Experimental efforts in recent years have aimed to investigate
further structural changes in network forming glasses beyond the HDA state, extending
the pressure ranges up to 1 Mbar or even higher. Several studies on archetypal SiO2 and
GeO2 glasses have discussed the possibility of a second stage of densification leading to
an amorphous state with CN > 6 (1, 2, 14–16). However, no consensus was found, as
other studies suggest the persistence of octahedral coordination (CN = 6) in the same
compounds within similar pressure ranges (17–19). Moreover, little attention has been
given to the evolution of electronic structure and its correlation with the changes of local
atomic structure (16, 19, 20).

One of the main challenges in conducting structural studies of network forming glasses
under ultrahigh pressures is the limitation posed by standard structure characterization
techniques like x-ray diffraction, due to weak scattering signals from tiny amorphous
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samples (typically in a diamond anvil cell). In addition to
conventional diffraction-based techniques, X-ray absorption
spectroscopy represents a powerful complementary technique
to be applied for disordered systems. XAS is a direct probe of
local structural correlations in the sample, without contribution
from the sample environment. Thus, it is ideally suited for
studying local structural changes in the glassy materials under
ultrahigh pressures by EXAFS analysis. Being an element-specific
technique, XAS and its features are directly related with the
outer shell electronic configurations of the target atomic species,
can provide complementary insight concerning the evolution of
the chemical bonds and structural rearrangements. Even though
XAS has been used in many cases for the studies of glassy
system (such as GeO2, GeSe2, and As2Se3) under moderate
pressures (6, 11, 21–24), its capabilities have not been exploited
for studying the pressure behavior of amorphous systems under
ultrahigh pressures, except rare cases of chemically complex
glasses that occurred very recently (25, 26).

Similarly to oxide glasses, chalcogenide glasses also undergo
densification characterized by a significant increase of CN across
the LDA to HDA transformation (7, 11, 21, 23, 27–29).
However, due to the presence of chemical disorder (or irregular
homopolar bonds among like atoms) (7, 11, 30, 31), some
differences in the pressure behavior were observed in chalcogenide
glasses. In particular, few studies performed by X-ray diffraction
and molecular dynamics simulations have suggested the increase
of chemical disorder under pressure, and the promotion of ho-
mopolar bonds was suggested to play certain role in the formation
of higher coordinated species (27, 28). Nevertheless, the evolu-
tion and influence of chemical disorder in the pressure behavior of
chalcogenide glasses, especially in the context of their ultrahigh-
pressure polyamorphism remain largely unexplored. Evolution
of chemical disorder and its effect on the densification of chalco-
genide glasses need to be confirmed and further clarified using di-
rect and element-selective local structure probes such as EXAFS.

Here, we have investigated the pressure-induced transforma-
tions in a particular simple model system: GeSe2 chalcogenide
glass up to 157 GPa using the XAS measurements. Comple-
mentary molecular dynamics (MD) simulations have also been
performed to assist XAS data analysis. Possibility of scanning both
Ge and Se K-edges at the same pressures (thanks to the proximity
of the two edges) along a single compression run allowed us to
probe local structural changes of both Ge and Se sites simultane-
ously. Accurate EXAFS analysis could be performed on extended
k-spaces using double-edge refinements in a wide pressure
range. As a result, reliable structural information concerning the
changes in nearest neighbor Ge-Se distribution could be achieved,
tracking also the evolution of chemical disorder by including
contributions of the Ge-Ge and Se-Se homopolar bonds in
our EXAFS analysis. Some changes in electronic configurations
(p-like empty states of Ge and Se atoms) could be monitored
from the near-edge XAS. These electronic configurations are
directly involved in the chemical bonding; thus, near-edge XAS
features have provided valuable complementary insights into
the pressure-induced band-gap closure (metallization), structural
rearrangements, and evolution of the chemical disorder.

Results and Discussion
In the following paragraphs, we will present and discuss the
results of XAS data analysis. We will begin by discussing the
x-ray absorption near edge structure (XANES) in a dedicated
subsection, followed by a comprehensive quantitative analysis of
the EXAFS signals. Angular dispersive XRD data that have been

measured during the compression run are reported in the (SI
Appendix) file (SI Appendix, Fig. S1). No sign of crystallization
has been identified from the XRD data, confirming that GeSe2
glass remained amorphous within the entire pressure range
(up to 157 GPa).

XANESEvolution. Due to the longer mean free path of low-energy
photoelectrons and the importance of higher-order many-body
multiple scattering signals, XANES features are highly sensitive
to pressure-induced modifications in the three-dimensional
structural topology that extend beyond the nearest coordination
shell (32–35). Moreover, XAS probe the unoccupied projected
electronic density of states (36), so pressure-induced changes of
the electronic properties are reflected by corresponding changes
in shape and positions of the XANES features.

Normalized Ge and Se K -edge XANES spectra collected at
different pressures are presented with vertical offset in Fig. 1A and
B. For better visualizing spectral changes, we plot XANES spectra
of several selected pressures with the same scale (without vertical
offset) in Fig. 1 C and D. We can see that XANES features of

A B

C D

Fig. 1. Normalized Ge (A) and Se (B) K -edge XANES at different pressures
up to 157 GPa were plotted with vertical offset. Normalized Ge (C) and Se
(D) K -edge XANES at selected pressure points were plotted in the same scale
without vertical offset.
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both edges show large changes under pressure. In the Ge K-edge
XANES, intensity of the weak feature just after the white line
peak [labeled as � in Fig. 1A] decreases rapidly and changes to a
slope-like feature around 11 GPa. A similar feature observed at
the Se K -edge [labeled as � in Fig. 1B], is broadened and shifted
to higher energies up to 11 GPa. These spectral changes are
consistent with the breakdown of the intermediate range ordering
and depopulation of edge-sharing tetrahedral units which were
observed early (37–39) in this pressure range. These features
(evolved from � and �) became weak and gradually disappeared
at about 28 GPa, being associated with the rapid changes in the
short and intermediate range ordering along the LDA to HDA
transformation (in 10 to 30 GPa range) which will be discussed
in details in the next sections.

Another significant spectral change that is readily noticeable
in Fig. 1 C and D is the energy shift of the rising edges
at higher pressures. For a more comprehensive evaluation, we
plotted the shift of Ge and Se K -edge edge energies [ΔEe(P) =
Ee(P) − Ee(P1bar)] as a function of pressure in Fig. 2, along
with previously reported values from our earlier work up to 30
to 45 GPa (11, 29). Here, the edge energy Ee is determined
in the standard way, by identifying the energy position of the
first maximum of the first derivative spectra. As we can see from
Fig. 2, both edge positions are stable around their initial values
(within the error bars) in the initial compression stage up to
11 GPa. Above this pressure, however, Ge K-edge edge energy
(EGe

e ) shows a rapid shift to lower energies, while ESe
e seem to

show a little decrease but remained constant within the error bars
up to ∼ 50 GPa. At the same time, the shift of EGe

e (ΔEGe
e )

reaches −1.5 eV around 30 GPa and continue to decrease until
120 GPa but with a slower rate. Interestingly, Se K -edge shows
a blue shift above ∼ 50 GPa. The ΔESe

e exceeds error bars and
reaches a value of about 0.5 eV around ∼120 GPa. Above this
pressure, both Ge and Se K -edges were found to be almost stable
until the highest pressure attained (157 GPa). The edge shifts
are obviously associated with a change in the energy position of
the first unoccupied states. Interpretation of this behavior can be
done similarly to the case of the transitions from semiconducting
to metallic Ge (40, 41).

For pressurized GeSe2 glass, the overall behavior of edge
energies can be described by four different stages as indicated
by the background colors of Fig. 2. The large red shift of Ge K -
edge is consistent with the semiconducting (SMC) to metal (M)

Fig. 2. Energy shifts of Ge and Se K-edges as a function of pressure.

transition which is known to occur within 10 to 20 GPa range
(11, 29, 42, 43). Pressure-induced metallization is also evident
from the evolution of the relative reflectivity of the sample (with
respect to the metallic Re gasket), which we can see from the
optical images given in SI Appendix, Fig. S2. The sample at
27 GPa is more reflective than the initial sample, indicating a
reduced or completely closed band-gap. At 100 GPa, the sample
is completely opaque, and can not be distinguished from the
metallic Re gasket. This implies an increased metallicity, possibly
with more free electrons in the sample as also indicated by
the further decrease of EGe

e . Both from the evolution of the
relative reflectivity and edge energy shifts shown in Fig. 2, we
can speculate that the sample at the intermediate- (20 to 100)
and ultrahigh-pressure (>100 GPa) ranges may have different
electronic states. On the other hand, the increase of ESe

e above
40 to 50 GPa is consistent with an increase in the number of
“wrong” nearly covalent Se-Se bonds at higher pressures because
the Se-Se bonding will increase the effective valence of Se to
higher values. Formation of Se-Se wrong bonds which is evident
also from the EXAFS analysis will be discussed again in the next
sections. Another important change in the XANES spectra is that
the white line peak becomes more broadened and asymmetric at
higher pressure above 50 GPa, being much more evident at the Ge
K -edge. This is consistent with a broadening and delocalization
of the p-like density of states after the metallization. Qualitatively
speaking, large modifications of XANES spectral line shapes of
both edges nonambiguously manifest substantial structural and
electronic changes in the GeSe2 glass under pressure.

EXAFS Analysis. EXAFS signals extracted from high-pressure
XAS data have been analyzed using the GNXAS method (44–46).
The Ge and Se K-edge EXAFS spectra at each pressure have been
simultaneously analyzed using multiedge refinement features of
the GNXAS package (47). Structural parameters considered
here are those related to the short-range Ge-Se, Ge-Ge, and
Se-Se atomic partial distribution functions. In this covalent
glass they can be conveniently described by simple Gaussian
peaks defined by average bond distances (R), variances (�2)
and coordination numbers (CN ). The most important EXAFS
contribution is related to the Ge-Se distribution, while Ge-Ge
and Se-Se contributions are associated with the presence of so-
called “wrong” bonds between like atoms, indicating the presence
of chemical disorder. Within the multiedge refining scheme,
parameters related to Ge-Se bonds are constrained to be the
same for both the Ge and Se K-edge fitting.

We have considered two different models for EXAFS re-
finements. The first model (model-1) was an assumption of
negligible chemical disorder, so only Ge-Se signals at both Ge
and Se K-edges were considered. Of course, for the nearest Ge-Se
distribution, the CN of the Se was constrained to be half of the
CN of Ge, according to the known stoichiometry. An exemplary
double-edge refinement of EXAFS data (measured at P = 56.0
GPa) using model-1 is given in the upper panels of Fig. 3. In this
figure, the k2�(k) signals of two edges are presented with the same
vertical scale. Differences in their amplitude are mainly associated
with the difference of coordination numbers and backscattering
amplitudes of Ge and Se atoms. As shown in Fig. 3 A and
D, calculated best-fit signals reproduce the experimental EXAFS
oscillations, but there is also a visible mismatch, readily visible in
the Fourier Transforms (Fig. 3 C and F ). In order to improve the
agreement between calculated and experimental EXAFS data, we
introduced the possibility of accounting for chemical disorder
(model-2), so the inclusion of additional contribution from
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A D

B E

C F

Fig. 3. (A) Experimental and best-fit calculated EXAFS signals at the Ge
K -edge. Only the Ge-Se distribution (model-1) is considered in the calculated
signal. (B) Experimental and best-fit theoretical EXAFS signals at the Ge
K -edge. Distributions of Ge-Se and Ge-Ge distances (model-2) were con-
sidered to produce the total calculated signal. (C) Fourier transforms of
experimental and calculated EXAFS signals reported in panels (A) and (B).
(D) Experimental and best-fit theoretical EXAFS signals at the Se K -edge.
Only the Se-Ge distribution (model-1) is considered in the calculated signal.
(E) Experimental and best-fit theoretical EXAFS signals at the Se K -edge.
Distributions of Se-Ge and Se-Se distances (model-2) were considered to
produce the total calculated signal. (F ) Fourier transforms of experimental
and simulated EXAFS signals reported in panels (D) and (E). Intensity of the
Fourier transforms in (F) was multiplied by two.

“wrong” Ge-Ge and Se-Se bonds. In fact, the presence of chemical
disorder in GeSe2 glass is well known in the literature (7, 30, 31)
although detection is possible only using very accurate and low-
noise data as it was done previously at ambient pressure (11).
Indeed, including these extra signals was found to improve the
agreement with experimental data, facilitating also a reasonable
modeling of the background. As we can see from Fig. 3 B and E,
experimental and best-fit calculated signals (model-2) reached a
perfect agreement with the inclusion of Ge-Ge and Se-Se signals.
Improvement of the refinement can be appreciated also looking at
the Fourier transforms of the experimental and theoretical signals
shown in Fig. 3 C and F. It’s important to note that despite the
scattering amplitudes and phase shifts of Ge and Se atoms are
similar, inclusion and identification of Ge-Ge and Se-Se signals
in the EXAFS refinement are considered reasonable based on the
well-established prior knowledge (from our MD simulations and
relevant literature) about the existence of considerable amount
of such bonds in this particular glass. In this way, the presence
of chemical disorder at high pressures is found to be compatible
with present double-edge EXAFS data.

Refinements including Ge-Ge and Se-Se correlations
(model-2) were found to yield improved fits for most of the

pressure points, with residual values 2 to 3 times smaller as
compared to the results of model-1 (especially in the 20 to 100
GPa range, see SI Appendix, Fig. S3). The Ge-Ge and Se-Se signals
are not significant at pressures smaller than 20 GPa, due mainly to
reduced CNs. Differences of the residual values of two different
fitting procedures have been found to be negligible above 120
GPa because of the limited k-range and increased noise of the EX-
AFS signals. Nevertheless, we used model-2 also for the data above
100 GPa, in order to obtain consistent results. The k2 weighted
experimental and corresponding best-fit theoretical EXAFS
signals of all pressure points were plotted in SI Appendix, Fig. S4.
We can see that highly satisfactory EXAFS refinements could be
achieved for the entire pressure range of the present study.

Thanks to the strong constraints on the parameters space
imposed by the double-edge refinements, quantitative informa-
tion beyond the first shell Ge-Se distributions could be obtained
from present EXAFS investigation for a wide pressure range up
to 157 GPa. The introduction of three different correlations
(Ge-Se, Ge-Ge, and Se-Se) was done taking care of the number
of floating parameters and to the possible correlations among
them. In particular, the bond variances and CNs are known to
be highly correlated. For this reason, the range used to float the
coordination numbers was based on MD simulations under high-
pressure conditions also indicating an increase of coordination in
a range of distances up to 2.9 Å at extremely high pressures as
shown in SI Appendix, Fig. S5.

Best fit parameters, including average distances R, variances
�2 and CNs of each distance distribution (Ge-Se, Ge-Ge and
Se-Se), are plotted as function of pressure in Fig. 4. Interestingly,
the evolution of the structural parameters, especially those related
to the first neighbor Ge-Se distribution [Fig. 4 A–C ] show some
anomalies at similar characteristic pressures where the shift of
edge energies have shown distinct trends (Fig. 2). Undoubtedly,
this behavior indicates the strong correlation between electronic
and structural properties in GeSe2 glass under high pressure. In
the following, we will discuss the evolution of best-fit structural
parameters step by step, identifying four different stages in the
compression process, as indicated by background colors in Fig. 4.

(I): During the initial compression stage up to ∼ 11 GPa,
the LDA structure is preserved. CN of the first neighbor Ge-Se
distribution is roughly constant around its initial values (∼4),
while the Ge-Se distance (RGeSe) exhibits a rapid decrease and
the disorder parameter �2

GeSe slightly increases. This is a strong
indication of the compressed but preserved tetrahedral local
ordering. Structural parameters related to Ge-Ge and Se-Se
correlations [Fig. 4 D–F ] do not show notable changes. Stability
of the LDA phase is consistent with the nearly constant edge
energies within this pressure range (Fig. 2). As discussed early,
changes at the medium range including the conversion from edge-
sharing to corner-sharing tetrahedral configurations, are reflected
in the evolution of the XANES features (Fig. 1 A and B).

(II): The second compression stage within 11 to 30 GPa is a
transitional stage from LDA to HDA form. Trend of the RGeSe
is reversed above 11 GPa, showing a rapid elongation reaching
to a maximum value of about 2.4 Å at 30 GPa. Such a behavior
is usually regarded as an important signature of the transition
toward the HDA phase, often accompanied by an increase in
CNs (1, 5–7, 17, 25). Indeed, as expected, best fit first neighbor
CNs [CNGeSe, see Fig. 4C ] also show rapid increase within
this pressure range. Elongation of the average distance RGeSe
under pressure here is a reasonable behavior due to the fact that
the average distance needs to be larger to accommodate more
atoms within the first shell of neighbors. In addition, variances
parameter �2

GeSe also shows a simultaneous increase along with
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D

E

F

A

B

C

Fig. 4. Pressure evolution of the structural parameters measured by XAS in this work, compared with previous determinations and present MD results. The
panels on the Left side show the parameters of the Ge-Se distribution: disorder parameters (A), atomic distances (B), and coordination (C). The Right-hand panels
report the parameters related to the homopolar Ge-Ge and Se-Se distributions: disorder parameters (D), atomic distances (E), and coordination numbers (F ).

RGeSe and CNGeSe, reflecting the dramatic increase of the disorder
within the glass. This is a consequence of the breakdown of
the homogeneous fourfold tetrahedral coordination into more
chaotic local configurations, characterized by a mixture of various
species with different CNs (four, five, and six-fold). Variations in
the parameters related to Ge-Ge and Se-Se correlations remain
negligible, with only slight increases observed inRSeSe andCNSeSe.

(III): In the third compression stage, spanning from 30 to 120
GPa, the HDA phase becomes stabilized and undergoes further
compression. Therefore, above 30 GPa the behavior of RGeSe
is found to change again, reversing from the increasing trend
to the decreasing one. The average distance RGeSe continuously
decreases from its peak value (∼2.40 Å, at P ≈ 30 GPa) to a value
of about ∼2.32 Å at 120 GPa. Average CNs of nearest neighbor
Ge−Se distribution is also increased from∼5.0 to∼6.0, but with
a slower rate. Meanwhile, the variances �2

GeSe remains relatively
stable around its maximum value (∼0.012 Å−2), within the
range of estimated error bars. The observed second decreasing
trend of RGeSe is a typical signature of entrance to the HDA
state. However, the average CN at the onset pressure (∼30
GPa) is found to be ∼5.0, instead of 6.0 expected for the
HDA phase. This suggests that the glass structure at the onset
pressure is composed of a mixture of 4, 5, and 6 fold coordinated
units, and the fraction of the 6-fold species will rapidly increase
and become dominant upon further compression. Nevertheless,
the saturation of �2

GeSe and gradual shortening of the atomic
distance RGeSe indicate the dominance of HDA component in
the glass above 30 GPa. Interestingly, the Se-Se CNs increase
clearly while average Se-Se distances decrease with pressure.
This indicates a closer arrangement of Se atoms, leading to the
formation of Se-Se bonds and chains or ring-like structures.

This observation is consistent with molecular dynamics (MD)
simulations conducted in previous studies (7) and the present
work (SI Appendix). The formation of Se-Se bonds and the
enhanced Se-Se correlations are consistent with the gradual
increase in the Se K-edge energy reported earlier in Fig. 2, due to
the fact that growing population of Se-Se bonds increases average
effective valence of Se.

(IV): During the final compression state from 120 to 160
GPa, the CNGeSe reaches a plateau, stabilizing at the average
value of the octahedral coordination CNGeSe ∼ 6, while the
number of “wrong” bonds monitored by CNSeSe and CNGeGe
is still increasing. The Ge-Se distance RGeSe fluctuates around a
value of ∼2.33 Å, also suggesting a saturating trend, while there
is a reduction of RSeSe and a stabilization of the RGeGe average
distances. On the other hand, there is a slight increase in the
disorder parameter �2

GeSe, indicating a growing level of disorder
within the system at extreme pressures. A notable observation
is the rapid and significant increase of the disorder parameter
�2
GeGe. To conclude, during this compression stage, the HDA

phase related to the octahedral Ge-Se coordination is found to be
stable but there is an indication of a further evolution to a new
higher-density amorphous phase. However, further experiments
exploring higher pressure ranges are necessary to confirm the
existence of a potential second higher-density amorphous form.

Conclusions
Pressure-induced polyamorphism has been studied in GeSe2
glass under ultrahigh-pressure conditions up to 157 GPa. We
used state-of-the-art double-edge XAS analysis assisted by MD
simulations. The evolution of the X-ray absorption near-edge
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structures related also to the peculiar semiconductor-metal
transition in this disordered system has been observed in the full
range of pressures, showing a 2 eV red shift of the Ge K-edge and
a slight (0.5 eV) blue shift of the Se K-edge at ultrahigh pressures
(above 100 GPa). Thanks to the quality of the XAS data, we
were able to perform a detailed analysis of the structure evolution
including the presence of short-range chemical disorder, using
accurate EXAFS refinements and MD simulations. It is shown
that the LDA-HDA transition from tetrahedral to octahedral
coordination of the Ge sites is completed above ∼ 80 GPa,
while the number of short Ge-Ge and Se-Se “wrong” homopolar
bonds increases upon pressurization. Present findings have been
confirmed by our MD simulations also indicating an increase
of chemical disorder at high pressure. At ultrahigh pressures,
the increase of the Se-Se correlations or the formation of Se
cluster of chains within the glass network is compatible also
with the observed gradual blue shift of Se K-edge energy, due to
the increased average valence of Se resulted from the increased
population of Se-Se bonds. Such an information was never
obtained experimentally for any glass, especially by means of
a direct, element-specific local structural probe. In this work,
no direct evidence of a new HDA phase with CNGeSe > 6 was
found up to the present limiting pressure. The observed trend
of structural parameters (e.g., �2

GeSe and RGeSe) above 120 GPa
may indicate an onset of another high-density amorphous phase,
but needs to be confirmed by further investigations beyond the
pressure limits of this study.

Amorphous-amorphous transformations (AATs, referring to
the conversion of the glass structure to a higher density form
with distinct local structure in this context) are often considered
as thermodynamically linked to an underlying first-order liquid–
liquid transition (LLT) within the supercooled liquid state. There
are substantial pieces of evidence now that indicate a close
connection between AAT and LLT in typical systems like Si,
Ge, and water (8–10, 12). However, applying this framework
to GeSe2 glass requires systematic theoretical and experimental
studies of the liquid phase, particularly in the supercooled regime.
Thus, discussing the nature of the observed signatures of AAT in
GeSe2 glass is beyond the scope of this manuscript. Nonetheless,
the data presented here offer some insights for understanding
the pressure behavior of network structures in this and similar
glasses (with chemical disorder) in a wide pressure range. Here,
using a direct element specific local structural probe assisted by
MD simulations, we demonstrate and confirm that the chemical
disorder and further formation of Se-Se/Ge-Ge homopolar bonds
play an important role for the ultrahigh-pressure behavior of the
GeSe2 glass. Even though the GeSe2 glass shows some differences
compared to other archetypal oxide glasses (7, 31), and not all the
observations in this particular system can be generalized, current
study will have important implications for discussing the pressure
response of the local atomic and electronic structures in simple
tetrahedral network forming glasses under ultrahigh pressures
beyond 1 Mbar.

Materials and Methods
Samples. Amorphous GeSe2 samples used in this study were purchased from
Sigma-Aldrich (CAS number 12065-11-1, 99.999% purity).

High-Pressure Experiments. Powders of GeSe2 glass have been compressed
using membrane-driven diamond anvil cell (DAC) up to 157 GPa. DAC was
equipped with nanopolycrystalline diamond (NPD) anvils ( with 150 μm culet
size) (48, 49) in order to obtain glitch-free EXAFS spectra. A 200μm thick rhenium
gasket was preindented to a final thickness of∼ 30μm (a value of compromise to

have reasonable edge jump for both Ge and Se edges) and laser drilled to obtain
a sample chamber of about∼ 75 μm diameter. The sample chamber was filled
entirely with amorphous GeSe2 powders, without any pressure transmitting
medium (PTM) but with a small piece of gold (Au) for pressure calibrations (50).
Pressure measurements using standard ruby fluorescence technique have been
avoided during entire experimental procedures for preventing the possible laser-
induced crystallization. Before each measurement, pressure was stabilized of
about 15 min. Pressure values mentioned in this text are the average of pressure
values measured before and after each data point. Performing this experiment
without PTM was driven by several considerations. First of all, high-pressure
EXAFS experiments with NPD anvils are not compatible with optimal PTMs like He
gas, as He easily penetrates into the microstructures of the NPD anvil. Neon (Ne)
is sometimes used as a PTM for HP EXAFS experiments with NPD anvils, but from
our experiences, there is always some risk of premature failure due to possible
Ne penetration depending on the quality of NPD anvils. We therefore avoided
using Ne as PTM to reach the maximum pressure possible with the available
smallest culet size (150 um) diamonds. Use of liquid PTMs would complicate
the sample loading and would not be very useful at very high pressure since
hydrostatic pressure limits of liquid PTMs are generally not very high. On the
other hand, effects of pressure in-homogeneity are generally believed to be less
important for glassy systems. Note that absolute majority of previous ultrahigh-
pressure experiments on covalent network forming glasses were commonly
performed without any PTM (1, 2, 14, 15, 17, 19, 25). Nevertheless, we have
performed an independent run with Ne PTM up to 45 GPa to assess possible
differences induced by nonhydrostatic compression. Results from two runs (with
and without PTM) show similar pressure behavior (see ref. 29), confirming that
there is no considerable negative effect from nonhydrostatic compression.

XAS Measurements. Combined XAS and XRD have been measured under
pressure at the BM23 beamline of the European Synchrotron Radiation Facility
(ESRF, France) (51). A double crystal monochromator equipped with two Si(111)
crystals in fixed exit geometry was employed for monochromatizing theincoming
beam. The X-ray beam was focused down to 3 × 3 μm2 using two Pt-coated
mirrors inclined to 4.0 mrad in Kirkpatrick-Baez (KB) geometry that served also
as harmonic rejection mirrors. XRD data have been collected using a Pilatus 1M
detector by fixing the monochromator energy at 18.0 keV (0.6888 Å). The sample
to detector distance, detector tilt, and incident beam position were calibrated
using a cerium oxide powder standard. Calibration of the Pilatus 1M detector and
also the integration of two-dimensional images into the one-dimensional XRD
patterns have been performed using the software Dioptas (52). XAS data have
been measured in transmission mode (in axial geometry through the diamond
anvils) scanning through both Ge and Se K-edges at the same pressure points.
Reference spectra of a GeSe2 glass pellet at ambient conditions have been also
simultaneously measured for each XAS data for the edge energy calibrations.

Molecular Dynamics Simulations. Complementary molecular dynamics sim-
ulations were performed using the first-principles pseudopotential method
within the density-functional theory (DFT). The exchange correlation term was
computed using a generalized gradient approximation (GGA) (53, 54). The norm-
conserving Troullier–Martins pseudopotentials (55) were used. The calculations
were achieved by the SIESTA ab initio program (56). Double- & basis sets were
selected for the simulations. The supercell’s Brillouin zone integration was done
atΓ−k point. The calculations were accomplished by means of the isoenthalpic-
isobaric ensemble (constant atom, enthalpy, and pressure). The optimization of
the atomic structure and supercell’s volume at each pressure was accomplished
bymeansof theParrinello–Rahman(57)andthepowerquenching(PQ)methods.
In the PQ algorithm, the velocities of atoms and supercell’s lattice parameters
are set to be zero whenever the velocities and forces reserve their signs. For
the optimization, the force and stress criteria were set to be 0.01 eV/Å and
0.5 GPa, respectively. The initial amorphous model having 150 atoms was
due to Drabold’s group and generated using the VASP code (58) within the
PBE-GGA (59) exchange-correlation functional. Some structural investigations
were performed using the ISAACS program (60)

Data, Materials, and Software Availability. Experimental raw data (x-ray
absorption spectroscopy and x-ray diffraction) have been deposited in European
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Synchrotron Radiation Facility database (61). All analyzed data are reported in
the manuscript and/or SI Appendix.
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