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Abstract
Structural transformations at high pressure in amorphous and quartz-like crystalline GeO2 have
been investigated by using a Paris–Edinburgh press coupled to EXAFS spectroscopy. From
both the germanium absorption edge position and the Ge–O distance evolution, new detailed
information has been obtained about the pressure behavior of the short range order. Crystalline
GeO2 undergoes a transformation from four- to six-fold coordination at about 8.5 GPa, but at
least the whole 6–12 GPa pressure range should be considered as the transition region. On the
other hand, amorphous GeO2 is characterized by a much more gradual structural change and the
full octahedral state is not reached at 13 GPa as commonly believed. Furthermore, no support to
the recently claimed fully pentahedral intermediate state can be given. EXAFS signals of glassy
GeO2 beyond the first Ge–O shell qualitatively confirm the continuous breakdown of the
intermediate range order up to 10 GPa.

1. Introduction

The nature of amorphous–amorphous transformations (AATs)
under pressure and the concept of poly-amorphism in the
classic network-forming glasses such as a-GeO2 are of
fundamental interest in glass theory and represent a strongly
debated issue in modern condensed matter physics [1–4].
The occurrence of poly-amorphic transitions at high pressure
has been recognized to occur also in a variety of tetrahedral
amorphous systems such as Si [5, 6], Ge [7], C [8], SiO2 [9]
and even in glassy carbonia [10, 11] and water [12]. In
amorphous solids, transformations with specific features,
distinguished from sharp transitions in crystals and melts, are
possible. AATs have been claimed to be either ‘first order’
(i.e. with zero transition width and a discontinuous volume
change) or gradual and continuous. Fundamental questions
regarding the compactation process itself and the details of
coordination changes remain unknown for most AATs and,
consequently, are still a matter of discussion [3].

Amorphous GeO2 is one of the most studied examples
of materials for which an AAT occurs at high pressure.
Short and medium range structural and vibrational properties
of a-GeO2, even at mere ambient conditions, have been

extensively investigated from both experimental [13–19] and
theoretical [20–25] points of view. The structural evolution
under pressure of crystalline, amorphous and liquid GeO2

has received increasing attention and it is reviewed in [26].
However, conflicting results were obtained in previous works
and, despite two decades of investigations, the details of
short range order (SRO) changes are still not well established.
A deeper understanding of the behavior of the ‘simple’
tetrahedral GeO2 glass is also important as a basis for further
investigations on more complex oxide glasses [27–29].

About twenty years ago a Brillouin scattering experi-
ment [30] already guessed the existence of an AAT in a-GeO2.
The well known x-ray absorption spectroscopy (XAS) work
of Itié et al [31, 32] gave evidence—from the evolution of
Ge–O distances and near-edge XANES features—of a rapid
change in Ge coordination from four-fold to six-fold between
7 and 9 GPa. A Raman spectroscopic study [33] was consistent
with this picture of a structural transformation between 6 and
13 GPa, with no further major changes above this pressure.
The XAS result was later more formally interpreted accord-
ing the so-called two-domain description: the average Ge–O
bond length was modeled as a linear combination of pure four-
and six- coordinated species ([4]Ge and [6]Ge, respectively),
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using the fitting parameters from equation of state measure-
ments [34]. Changes in Raman [35], Brillouin [36] and in-
frared measurements [37] were also interpreted as the progress
of the AAT from a low-density to a high-density glass. Quite
recently a more complex pressure dependence of Ge–O coor-
dination number was argued from x-ray and neutron diffrac-
tion measurements [38]: a new metastable, intermediate form
of the glass with a constant average coordination of about 5
was observed between about 6 and 10 GPa. Support for this
picture was given by density, x-ray scattering and optical Ra-
man measurements [39], which found a density plateau at 6–
9 GPa as well as the collapse of all tetrahedral and pentahedral
structural units at 13 GPa in favor of a complete octahedral
form [39, 40]. These findings were not supported by molecular
dynamics (MD) simulations [41–43], which actually showed a
substantial number of [5]Ge atoms coordinated with five oxy-
gens but did not support the existence of an entirely pentahe-
drally coordinated state; furthermore, the average Ge–O coor-
dination reached only about 5.2 at 13 GPa, thus not validating
the hypothesis of a full transformation to octahedral coordina-
tion in this pressure range.

Therefore, the detailed pressure evolution of the local
environment of Ge in a-GeO2 is far from being completely
clarified. In order to shed new light on this scenario made
up of completely contradictory evidence, new experimental
data on the local order of a-GeO2 are required. Due to
its peculiar short range sensitivity and chemical selectivity,
Extended x-ray absorption fine structure (EXAFS) is probably
the most suitable technique for an investigation of the pressure
dependence of Ge–O distance and average coordination.
Indeed, by using the large volume Paris–Edinburgh press
as a pressure device and the high quality energy scanning
XAS beamline BM29 at ESRF, new in situ experimental
data characterized by a remarkable long energy range and
unprecedented accuracy at high pressure have been obtained.
The analysis of these data allowed us to eliminate any
ambiguity on the structural short range behavior of amorphous
GeO2 under pressure. While the main drawback of such an
approach is represented by the maximum pressure reachable
(about 13 GPa in this study), the severe energy limitations
of diamond anvil cell based EXAFS works at the Ge K-edge
(strong glitches coming from diamond Bragg diffraction peaks
which contaminate the absorption spectra) are completely
avoided.

Structural modifications of a-GeO2 at an intermediate
length scale, and their possible relation with local coordination
changes, are also current subjects of investigation [39].
Intermediate range order (IRO) describes the manner in which
structural units are assembled into the three-dimensional
network of the glass, and it is typically exhibited by systems
having AX2 stoichiometry. In amorphous GeO2 it is usually
recognized through the appearance of a first sharp diffraction
peak (FSDP) at Q ≈ 1.5 Å

−1
[19] in the structure factor

S(Q). The connections between the Boson peak energy in
the Raman spectrum to both the features of the FDSP and
the intermediate correlation lengths in glasses have been the
subject of extended debate also for a-GeO2 [44–47]. While
the aim of this EXAFS study was mainly focused on the SRO

properties, some qualitative information is also revealed on the
intermediate range order of amorphous GeO2.

For comparison purposes on the SRO behavior, crystalline
GeO2 has also been studied in the same pressure range as a-
GeO2. Quartz-like q-GeO2 [48, 49] transforms with pressure
to a poorly crystalline monoclinic form (space group P21/c),
consisting of edge-sharing chains of GeO6 octahedra [50, 51].
An increase of Ge–O distance after 7 GPa was observed
from XAS [31, 52] and accordingly interpreted in terms of a
tetrahedral to octahedral change in germanium coordination.

The paper is organized as follows. Experimental and data
analysis details about the high pressure EXAFS measurements
are presented in sections 2 and 3, respectively. Section 4
is devoted to the outline and discussion of the results on
crystalline and amorphous GeO2, which have been critically
compared with the findings of previous experimental and
theoretical investigations reported in the literature. Finally in
section 5 the main conclusions from this work are summarized.

2. Experiment

High purity GeO2 powders (99.999%, purchased from Aldrich
Chemical Co.) have been finely ground using an agate mortar
and homogeneously mixed with a suitable quantity of h-BN,
which is chemically inert to the materials under study and
good pressure transmitting medium, as well as with a small
percentage of NaCl. The crystalline and amorphous nature
of q- and a-GeO2 samples was checked by x-ray diffraction.
Cylindrical pellets of the sample–matrix mixture were inserted
into a 5 mm boron-epoxy gasket. At ambient conditions, the
sample thickness was about 20 μm, which provided an edge
jump of about 0.8 (increasing up to about 1.2 at high pressure,
due to the gasket squeezing).

The EXAFS experiment was performed in transmission
mode at the Ge K-edge using the BM29 x-ray absorption spec-
troscopy beamline [53] of the ESRF (European Synchrotron
Radiation Facility). The electron energy and maximum cur-
rent were 6 GeV and 200 mA, respectively. The high-stability
fixed-exit monochromator was equipped with a pair of Si 311
crystals and the primary slit vertical aperture was set to 0.7 mm,
thus achieving an energy resolution of about 0.9 eV (the intrin-
sic core hole energy width at the Ge K-edge is about 2 eV).
The harmonic rejection, with rejection level better than 10−5,
was obtained using a double reflection on a pair of Si mirrors
with grazing incidence of 2 mrad. The lower mirror was bent
in order to vertically focus the beam at the sample position.
The beam size incident on the sample was about 70 μm and
500 μm vertically and horizontally, respectively. Energy was
calibrated by setting the first inflection point of the absorp-
tion edge of amorphous germanium (a-Ge) to 11 103 eV. For
energy-scale calibration purposes, a reference of a-Ge at ambi-
ent conditions was placed after the second ionization chamber
and contemporaneously measured during all the experiment.
The pre-edge and edge regions were sampled at constant en-
ergy steps �E of 5 and 0.2 eV, respectively, whereas the EX-
AFS region was sampled at constant photo-electron wavenum-
ber steps �k = 0.03 Å

−1
. The incoming and outgoing photon

fluxes were measured by two ionization chambers filled with

2



J. Phys.: Condens. Matter 21 (2009) 145403 M Vaccari et al

argon (pressure 100 mbar and 600 mbar, respectively). The
acquisition time was 4 s/point. Two or three spectra were col-
lected at each pressure, to allow an evaluation of experimental
uncertainty.

A Paris–Edinburgh large volume V5 press, equipped
with sintered diamond anvils [54], was used as the pressure
device. The bi-conical shape of the boron-epoxy gasket
coupled with the quasi-conical profiles of the anvils ensured
quasi-hydrostatic conditions [54, 55]. In order to determine the
pressure in situ on the sample, a monochromatic beam (E =
15 keV) was used to collect diffraction rings on a MAR345
image plate (100 μm pixel resolution), mounted in an offset
position at about 30 cm from the sample. The sample-detector
distance was calibrated by a LaB6-filled gasket at the sample
position. Two-dimensional image plate data were corrected for
spatial distortion and integrated with Fit2D [56] to produce
a 2θ -I pattern. The well known NaCl Birch–Murnaghan
(parameters quoted in [57]) and Vinet [58] equations of state
(EOS), as well as h-BN Birch–Murnaghan EOS [59] up to
10 GPa, allowed us to relate the position of diffraction peaks—
and therefore lattice parameters—of pressure markers to the
real sample pressure, whose uncertainty is conservatively
estimated to be ±0.3 GPa. Due to the strong background
coming from the boron-epoxy gasket [60] and the considerable
sample–matrix dilution, it was impossible to also detect the
diffraction signal coming from the GeO2 sample.

3. Data analysis

The edges of all the normalized a-Ge foil spectra, measured
as reference, were aligned to within 0.01 eV and possible
slight energy shifts were correspondingly applied to the GeO2

spectra. All the good spectra collected for each pressure
value (typically two or three, but sometimes even more) were
averaged in order to improve statistical noise. These steps were
performed by using the program ATHENA [61].

The contribution to the absorption coming from all
channels other than the Ge K-edge was subtracted through
a linear extrapolation of the pre-edge behavior up to about
300 eV before the edge. The normalized absorption spectra in
the near-edge (XANES) region at selected pressures are shown
in figure 1. The EXAFS signal was obtained as χ(k) = (μ −
μ0)/μ0, where μ is the experimental absorption coefficient
and μ0 is a smooth spline representing the embedded-atom
absorption background. The latter was chosen as a compromise
by trying to keep the un-physical low-R part of the Fourier
transform as small as possible, while avoiding oscillations
in μ0 itself. The energy to wavevector conversion k =
(2m/h̄2)[E − Eb] was performed by setting the edge energy
Eb to the maximum of the first derivative (or when necessary
the zero-crossing of the second derivative was calculated) for
each pressure value. The variation of the edge position as a
function of pressure is shown in figure 2. These steps were
performed by using the program VIPER [62].

The k-weighted EXAFS functions k3χ(k) at selected
pressures are shown in figure 3 for both crystalline and
amorphous GeO2. The overall quality is excellent and the k-
range available for analysis extends up to about 13 Å

−1
: for

Figure 1. Normalized XANES spectra at the Ge K-edge of
crystalline (top panel) and amorphous (bottom panel) GeO2 at
selected pressures. The spectra drawn in continuous line correspond
to the low pressure phase, in dashed line to the transition region and
in dotted line (only for q-GeO2) to the high pressure phase.

higher photo-electron energies, spectra are distorted and the
signal-to-noise ratio is poor at the highest pressures. Therefore,
an homogeneous set of spectra characterized by the same
kmax = 13 Å

−1
was considered.

The EXAFS functions k3χ(k) have been Fourier
transformed with a Kaiser–Bessel window in the k-range 2.5–
13 Å

−1
. The moduli of Fourier transforms at selected pressures

are shown in figure 4. The transforms were performed without
phase-shift correction, so the peak positions are backward
shifted with respect to the actual interatomic distances. In
both compounds, the main peak at about 1.3 Å is due to the
nearest neighbor oxygen atoms, which at ambient conditions
are tetrahedrally coordinated to the central Ge atom. In
crystalline GeO2 the structure from about 1.8 to 3.4 Å is
due—at ambient pressure—to second and third coordination
shells (made up of four germanium and six oxygen atoms,
respectively) and to multiple scattering contributions. In the
case of amorphous GeO2, a signal beyond the first coordination
shell is evident in both figures 3 and 4 (bottom panels) and
is explained by the considerable degree of intermediate range
order of the glass.

A quantitative analysis has been performed for the Ge–
O first shell, whose contribution can be well separated and
interpreted within the single scattering framework. This
approach is fully justified since at low distances the gGeO partial
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Figure 2. Energy variation of the edge position of crystalline (top
panel) and amorphous (bottom panel) GeO2 as a function of
pressure. The edge position was calculated as the zero-crossing of
the second derivative of the normalized absorption spectra. The line
is only a guide for the eye.

pair distribution function is composed by an isolated peak for
both glassy [19, 23] and crystalline GeO2. Back-scattering
amplitudes and phase shifts, as well as the photo-electron
mean free path, were calculated by FEFF6 for a tetrahedral
Ge–O configuration and a non-linear best-fit to experimental
data was performed by using the program ARTEMIS [61, 63].
The fitting interval in R-space was 0.6–1.8 Å and a typical fit
is shown in figure 5 in both R-space and back-transformed
q-space (inset of figure 5). Data were interpreted in terms
of a symmetric distribution of Ge–O distances and the free
parameters were its mean value R, variance σ 2 (the term
exp{−2k2σ 2} is the so-called EXAFS Debye–Waller factor)
and normalization given by the coordination number N . The
possible influence of an asymmetry term was checked but it
did not significantly affect the pressure evolution of the Ge–O
distance. Two further non-structural parameters were treated
as follows: the amplitude reduction factor S2

0 was set (typically
to about 1.1) by imposing a coordination number N = 4
at ambient pressure, while the energy mismatch e0 between
experimental and theoretical scales was set to the value (about
5.4 eV) found at the lowest pressures. In figure 6 the first
shell Ge–O average bond length is shown, for both q- and
a-GeO2, as a function of pressure up to about 13 GPa: it
represents the main result of this work and will be discussed
below. The absolute value of RGe−O at ambient pressure (here
it was found to be about 1.745 Å) should be taken with caution:

Figure 3. Extracted k3χ(k) EXAFS signals of crystalline (top panel)
and amorphous (bottom panel) GeO2 at selected pressures. The
spectra are drawn following the same line-styles as in figure 1.

it is well known that theoretical phase shifts and experimental
energy scales can induce possible systematic errors of the
order of 0.01 Å, therefore only the distance variation as a
function of an external parameter (pressure in this case) can be
considered accurate. Amplitudes of EXAFS signal are much
more problematic to treat in high pressure experiments: the
extremely high correlations between the two fitting parameters
N and σ 2 prevent their reliable determination, since the limited
good k-range of data makes it difficult to determine the correct
decay of EXAFS oscillations. Furthermore, as described
in section 2, the sample is characterized by a cylindrical
shape, which introduces unavoidable experimental distortions
in EXAFS amplitude with respect, for example, to a standard
flat pellet. Finally, the squeezing process makes the sample
profile change at every pressure value and this critically affects
the homogeneity of the sample itself. Therefore, caution
should be used in considering the exact values of coordination
number N and the disorder parameter σ 2 (figures 7 and 8,
respectively).

4. Results and discussion

4.1. Quartz-like GeO2

The absorption edge position (figure 2, top panel) was found to
be 11 108.4 eV at ambient conditions (in agreement with [64])
and it undergoes a sharp increase in the transition region at
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Figure 4. Fourier transform modulus of the EXAFS signals of
crystalline (top panel) and amorphous (bottom panel) GeO2 at
selected pressures. The spectra are drawn following the same
line-styles as in figure 1.

Figure 5. Comparison between experimental data (full circles) and
best-fit calculation (continuous line) in the case of a-GeO2 at
4.5 GPa. The main figure shows the comparison of the moduli of the
Fourier transforms (R-space), while in the inset the back-transformed
signals (q-space) corresponding to the first coordination shell are
reported.

about 6–12 GPa. This behavior is qualitatively compatible with
the energy shift of about +1.2 eV between the quartz and rutile
modifications of GeO2 [64]. However theoretical calculations
showed that this chemical shift is not due to different atomic
charges on four-fold and six-fold coordinated Ge atoms [64].

Figure 6. Evolution of the first shell Ge–O distance of crystalline
(top panel) and amorphous (bottom panel) GeO2 as a function of
increasing pressure. See the text for discussion.

At low pressures, the Ge–O distance is practically
constant with increasing pressure (figure 6, top panel). This
is in contradiction with previous XAS [31] and MD [43]
findings, which indicate a Ge–O bond contraction of about
0.01 Å in the pre-transition region. However, the present
result is in agreement with older EXAFS measurements [65]
limited to 5.8 GPa and finds a full explanation in previous
neutron [66] and x-ray diffraction [67] data: the predominant
bulk compression mechanism in q-GeO2 is a distortion of the
tetrahedra arising from changes in O–Ĝe–O angles, so that the
average Ge–O bond lengths are almost constant in spite of an
overall decrease of lattice parameters as a function of pressure.

As is evident from both XANES spectra and EXAFS
signals (figures 1 and 3, top panels), the phase transition is
quite sharp and located at about 8.5 GPa. This is roughly in
agreement with the findings of the previous XAS study [31]
and MD calculations [43]. However, from both the edge
position shift and Ge–O distance evolution (figures 2 and 6,
top panels) it emerges that the transformation is not step-
like and the whole 6–12 GPa range should be considered
as the transition region. The four-fold to six-fold change is
characterized by an increase of about 0.1 Å in the average
Ge–O bond length. An interatomic distance of about 1.85 Å
is reasonable for an octahedral configuration above 12 GPa,
since at ambient pressure the six-fold coordinated rutile GeO2

presents Ge–O bonds of about 1.88 Å [52].
The pressure behavior of germanium coordination number

N (figure 7, top panel) qualitatively reflects the Ge–O distance
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Figure 7. Evolution of the first shell Ge–O coordination number of
crystalline (top panel) and amorphous (bottom panel) GeO2 as a
function of increasing pressure.

evolution: it is constantly equal to N = 4 in the low pressure
region, then it sharply increases and reaches a high pressure
value compatible with N ≈ 6. The increase in the number
of oxygen nearest neighbors is accompanied by an increase
in the bond length disorder, monitored by the σ 2 parameter,
which undergoes a rough increase of about 0.005 Å

2
after the

transition (figure 8, top panel). This agrees with the σ 2 pressure
dependence obtained in [52] for q-GeO2 up to 14 GPa. The σ 2

value at ambient conditions is about 0.0025 Å
2
, in substantial

agreement with results from a temperature dependent EXAFS
study [68].

4.2. Amorphous GeO2

4.2.1. Short range order. A qualitative inspection of XANES
spectra and EXAFS signals (figures 1 and 3, bottom panels)
already suggests that the structural modifications in a-GeO2

are more sluggish with respect to quartz-like GeO2. Indeed,
the quantitative pressure behavior of both the edge position
and the Ge–O interatomic distance (figures 2 and 6, bottom
panels), confirms that the tetrahedral-to-octahedral transition in
amorphous GeO2 is much more gradual than in the crystalline
compound and extends over a larger pressure range. The
interatomic distance RGe−O is very slightly increasing up to
about 5 GPa, then a more marked but gradual increase takes
place up to about 1.82 Å at the maximum pressure reached.
Once again, the Ge–O coordination number (figure 7, bottom

Figure 8. Evolution of the first shell Ge–O σ 2 of crystalline (top
panel) and amorphous (bottom panel) GeO2 as a function of
increasing pressure.

panel) qualitatively follows the same pressure trend as RGe−O:
it is roughly constant to N = 4 in the low pressure range, then
gradually increases to reach only about N ≈ 5 at 13 GPa. Also
for a-GeO2 the increase in local coordination is accompanied
by a higher degree of structural disorder of bond lengths,
monitored by the σ 2 parameter (figure 8, bottom panel). These
findings are at variance with the previous XAS results [31, 32]
and the following two-domain modeling [34], which propose
quite a sharp transition, similar to q-GeO2 and completed at
about 13 GPa. The discrepancy is probably to be attributed to
the higher quality and longer k-range of present experimental
data.

Quite recently, an abrupt four- to six-fold coordination
change was found in liquid germanate [69] at much lower
pressures (around 3 GPa). This behavior was attributed to the
absence of kinetic limitations for the liquid system. Kinetic
effects of the AAT in a-GeO2, consequent from the intrinsic
metastability and non-ergodicity of amorphous systems, were
investigated in [70].

A slower transition for a-GeO2, reaching an octahedral
coordination only at pressures well above 13 GPa, was
predicted by MD simulations [41–43]. However, while
Micoulaut et al [42] find a constant RGe−O up to about 9 GPa,
Shanavas et al [43] obtain a rapid increase of RGe−O in the first
few GPa followed by a constant bond length region. Clearly
both these pressure behaviors of Ge–O distance proposed by
MD are in disagreement with the present experimental findings
(figure 6, bottom panel). Moreover, according to MD the fully
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octahedral state is not observed even up to about 30 GPa and
this seems reasonably incompatible with the evolution of Ge–O
distance obtained in this work up to 13 GPa.

As a matter of fact, while experimental techniques like
EXAFS or diffraction give access only to average quantities
(distance, coordination number, etc), the possible coexistence
of four-fold, five-fold and six-fold coordinated Ge atoms over
a large pressure range was found by MD [43, 71] and cannot in
principle be excluded. The formation of both five- and six-
coordinated [5]Ge and [6]Ge atoms during the tetrahedral to
octahedral high pressure transformation was firstly suggested
by Raman scattering measurements [35]. However, the results
of this work do not give evidence of any intermediate state with
a constant average coordination of five between 6 and 10 GPa,
as claimed from x-ray and neutron diffraction data [38].
Neither the double-step increase in coordination number at
about 5 and 10 GPa [38] nor the fully octahedral state at
13 GPa [39, 40] can be confirmed by the Ge–O distance
and coordination number (figures 6 and 7, bottom panels)
pressure evolution found in the present study. Although it
would be interesting to perform both EXAFS and diffraction
measurements on exactly the same sample at the same pressure
conditions, the very limited good Q-range of the in situ high
pressure diffraction data (see figure 1 of [38]) should be taken
into account in order to explain the discrepancies with present
results.

4.2.2. Intermediate range order. As already mentioned
above, below about 5 GPa the Ge–O distance is only
very slightly changing and the coordination number is not
increasing. Therefore in this pressure range the glass possibly
experiences only a distortion and rotation of GeO4 tetrahedra,
as well as a modification of the inter-tetrahedral Ge–Ô–Ge
angle which affects the IRO. Changes in Ge coordination
number begin to take place only later, in agreement with
density and Raman measurements [33, 39] as well as with
diffraction findings on the densified GeO2 glass [72, 73].

Upon compression to about 10 GPa the IRO, monitored by
the EXAFS signal beyond the first Ge–O shell, is progressively
lost (figure 4, bottom panel). This is in agreement with
the conclusions drawn from the linear Q-shift of the FSDP
measured by diffraction [39], i.e. a continuous breakdown of
the IRO. Interestingly enough, after 10 GPa some apparent IRO
reconstruction is evident from both EXAFS signals and their
Fourier transform moduli (figures 3 and 4, bottom panels). This
new IRO signal might be associated with Ge–Ge correlations
which arise as edge- and face-sharing octahedra begin to form.

However, a fully quantitative interpretation of the EXAFS
signal coming from IRO in the amorphous system cannot be
performed in the framework of standard analysis methods.
Indeed, for pressures greater than about 6 GPa, the system is
made up of a mixture of tetrahedra, pentahedra and octahedra,
whose relative weight and connectivity is not well established:
in other words, beyond the first Ge–O shell the structural model
of the glass is mostly unknown at high pressures. Furthermore,
for distances greater than about 2.5 Å the Ge–O and Ge–
Ge radial distribution functions are in principle no longer
composed of well isolated peaks at all pressure values, but

we may be in the presence of a continuous distribution of
distances. Therefore a computer simulation is the only way
to generate a cluster of atoms representing the amorphous
system and suitable for the calculation of two- and three-
body contributions that make up EXAFS signal. According
to the above discussion, while the only reasonable analysis
approach to IRO would probably be a simultaneous refinement
of EXAFS and diffraction data-sets on the basis of a reverse
Monte Carlo procedure, this is nowadays a challenge at high
pressure and falls beyond the scope of the present work.

5. Conclusions

Local structural changes in amorphous and crystalline GeO2

have been investigated as a function of pressure up to 13 GPa.
We have obtained new high quality and accurate EXAFS
results, which allow us to confirm or rule out in a quantitative
and detailed way several models proposed in the last two
decades. The main conclusions of this work are at variance
with most of the previous experimental and/or theoretical
findings and can be summarized as follows:

(i) in the low pressure range (below about 5 GPa) the
behavior of both q- and a-GeO2 is similar, with possible
deformation and rotation of GeO4 tetrahedra and the Ge–
O bond not undergoing an average compression;

(ii) quartz-like GeO2 undergoes a tetrahedral to octahedral
transformation whose character is not step-like: while
being located at about 8.5 GPa, at least the full 6–12 GPa
pressure range should be considered as the transition
region;

(iii) in amorphous GeO2 the analogous low-density high-
density structural change is not as sharp as previously
found: it is actually quite continuous and gradual and the
full octahedral state is not reached at 13 GPa as commonly
believed;

(iv) while the contemporary presence of four-, five- and
six-fold coordinated Ge atoms cannot be excluded over
the whole pressure range, no evidence is provided for
the recently claimed intermediate state with a constant
average coordination of five in the 6–10 GPa pressure
range;

(v) a continuous breakdown of intermediate range order in
glassy GeO2 is observed up to about 10 GPa.

These results shed new light into a highly debated subject
and contribute to a deeper understanding of the detailed
mechanisms underlying the AAT in glassy GeO2. This work
also stimulates further high pressure EXAFS investigations on
systems showing interesting poly-amorphic transitions.
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