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Abstract. We studied the structural and dynamical properties of amorphous germanium dioxide (GeOz)
from low to high pressure by means of the classical molecular dynamics technique. The simulations were
done in the micro-canonical ensemble, with systems at densities ranged from 3.16 to 6.79 g/cmg7 using a
pairwise potential. The network topology of the systems is analyzed at atomic level through partial pair
correlations, coordination number and angular distributions. The dynamic properties were characterized
by means of the vibrational density of states. According the density increases, a structural transformation
from a short-range order, defined by a building block composed by a basic (GeO4) tetrahedron, to a basic
(GeOs) octahedron is observed. The vibrational density of states also presents important changes when
the density increases, with a low frequency band lessened, and a high density band wider and flatter.

1 Introduction

GeQs, also known as germania, has been studied ex-
tensively during last years both by experiments [1-3]
as well as by means of computer simulations, mainly
classical and ab initio molecular dynamics, in its crys-
talline, liquid and amorphous phases [4-10]. Germania is
a structural and chemical analog to silica, SiO2, show-
ing interesting differences and similarities at normal and
high pressure [11]. Although germania has not as much
practical applications as silica [12,13], it stands out as an
optical material, and has been used in wide-angle lenses
and in microscopy as optical objective lenses [14,15]. The
mixture of silica and germania is used as a material for
optical fibers and waveguides [16,17], which under con-
centration control could regulate the refractive index [18].
In its crystalline state, germania has two phases: a low
density phase, where — like silica — adopts an a-quartz
structure with tetrahedrally coordinated germanium, and
a high density phase, with a rutile-like structure, with
six-fold coordination of germanium.

Both germania and silica are archetypal oxide, strong
glass forming material [19], characterized, at room condi-
tions, by a tetrahedral network of A(O;/2)s (A = Si, Ge)
apex-bridged tetrahedra joined to each other by oxygen
atoms. These tetrahedra are randomly oriented, linked
by their vertices with a broad distribution of A-O-A an-
gles, resulting in a three-dimensional structure possessing
a medium range order [20,21]. Interestingly, from both the
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applied and fundamental point of view, there has been
considerable attention to the behavior of these amorphous
materials under pressure because the structural and dy-
namical changes that take place. In the case of germania,
this structural change can be related to the to anoma-
lous behavior in its elastic, thermal and viscous proper-
ties, as well as in the polyamorphism observed [10,22-24].
In fact, it has been established that when submitted to
high pressure, both systems (germania and silica) present
a structural transition from a tetrahedral to an octahedral
A(Oyq/3)6 network, which implies a large change in den-
sity and in the short and medium range order [25]. But in
contrast to amorphous silica, where such transformation
is ranged above 10 GPa [11], for amorphous germania it
takes place above 3 GPa, which is more manageable in
actual experiments [11,26-29]. In this study we assess the
phenomena of the phase transition for amorphous GeOs
by the use of classical molecular dynamics technique and
a simple pair-potential model.

Classical molecular dynamics technique has played a
fundamental role in the study and characterization of
the GeOs phases at a variety of conditions (e.g. lig-
uid, solid, and molten state; both normal and high pres-
sure) [5,7,8,30,31], and has been helpful in revealing
atomic level characteristics of the structure and the dy-
namics of the GeOsy. In this work we studied the amor-
phous phase of GeOs at pressures ranging approximately
from 0 to 40 GPa by classical molecular dynamics tech-
nique, using a Buckingham type pairwise potential. The
results presented are the structural and vibrational prop-
erties for 26 different densities. In contrast to previous
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simulations, as the work of Marrocchelli et al. [10], which
use a much more sophisticated and time consuming poten-
tial [28,32], we perform our calculations using the pair po-
tential proposed by Oeffner and Elliott [33] mainly moti-
vated for the simplicity. In that paper, Oeffner and Elliott
present two different sets of parameters: one fitted from
an ab initio energy surface, and a so-called rescaled one,
which was developed from the previous one in order to
give a better reproduction of the vibrational properties.
Interestingly, the rescaled Oeffner and Elliott potential
was already used for amorphous GeOs at normal pres-
sure, presenting a good agreement in the structural and
vibrational properties to the experimental results [31]. In
addition, it is also comparable in the vibrational density
of states to the new potential proposed by Marrocchelli
et al. [32]. Thus, our goal is to study, by means of a sim-
ple, yet reliable inter-atomic potential, the structural and
vibrational properties of GeOs under pressure, and the in-
terplay between the changes at the short and intermediate
range order, and the vibrational spectra.

This paper is organized as follows. After this introduc-
tion, in Section 2 we provide details of the MD simulation
and the preparation of the amorphous state of the GeOo
at different densities. Results of the structural and vibra-
tional properties, along with the short-range order and
network topology are presented in Section 3. A discussion
of our findings is given in Section 4.

2 Methodology

The molecular dynamics study has been done using an
orthogonal cell with 576 atoms (192 Ge + 384 O) un-
der periodic boundary conditions. It has been shown that
a larger number of atoms is not necessary for this par-
ticular case [31]. The system was analyzed preparing 26
different samples at densities from p = 3.16 g/cm? to
p = 6.79 g/cm3, where the density at room condition
(p = 3.70 g/cm?[34]) is located in between that range.
The force field to describe the inter-atomic interactions
is the one developed by Oeffner and Elliott [33]. The po-
tential has a Buckingham functional form, and has been
demonstrated that reproduce a considerable number of ex-
perimental properties for the crystalline and amorphous
phases, such as structure, density, bulk modulus, ther-
mal expansivities and melting temperatures among oth-
ers [30,31,33]. In addition, this potential shows a good
agreement with vibrational and structural properties of
germania at room temperature and pressure [31]. This
potential employs pairwise additive inter-atomic terms of
the form

aiq Ay
V(Tij) = 7’—] — T_GJ + Bij eXp(—CijTij) R (1)
i i

where 7;; is the inter-atomic distance between atoms i
and j. The effective charge q(; ;), the van der Waals coef-
ficients A;;, the softness parameter B;; and the repulsive
radius Cj;, are the energy parameters, which are displayed
in Table 1 and correspond to the rescaled potential de-
scribed by Oeffner and Elliott. The long range Coulomb
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Table 1. Potentials parameters, using gce = 0.94174 and go =
—0.47087. These values correspond to the rescaled potential
parameters of Oeffner and Elliott [33].

Ay (kJ A= mol™!) By (kJ mol™) Cy; (A71)
Ge—Ge 0 0 0

Ge-O 2.2833 x 10* 2.00696 x 107 6.12933
0-0 1.2648 x 10* 7.42295 x 10°  3.28511
p=3.16 — p=316
p=3.22 ] L p=3.22
3000K 1500K
Samples Samples
p=679 | L, p=6.79
Initial Molten Scaling Scaling Final
State at 5000K Temperature—>Temperature——» Amorphous
to 3000K to 1500K state at 300K

Fig. 1. General procedure for 26 different densities range be-
tween 3.16 and 6.79 g/cm3 for GeO2. We start with a melting
state at 5000 K and after three different temperature scaling
process we obtain the final samples at 300 K for each density.

interactions are calculated with the standard Ewald sum-
mation technique. The equations of motion are integrated
with a modification of Beeman algorithm, as is imple-
mented in the program MOLDY [35], using a time step
At =1x10"1s.

Special attention was put in the preparation of the
sample to avoid any cooling rate effects [36]. The proce-
dure used to prepare the samples consists in the quench-
from-the-melt technique, similar to the one described in
reference [37], and is shown in Figure 1. The cooling rate
as well the equilibration procedure were conducted by ve-
locity rescaling method, after which the system evolved
with no temperature control. Thus starting at densities
in the initial molten state at 5000 K, each one is cooled
to 3000 K using a cooling rate of —0.02 K/At. Then, by
the use of velocity rescaling, the samples are equilibrated
during 20000A¢, and others 20000A¢ with any distur-
bance. In the second step, the samples are cooled from
3000 K to 1500 K using a cooling rate of —0.0075 K/At,
equilibrating them during the next 50000A¢, and other
50000A¢ with any disturbance. In the third and last step
the samples are cooled to room temperature using a rate
of —0.0024 K/At, applying a temperature control for the
next 75000A¢, and leaving without temperature control
the last 75000At¢ which correspond to the used data in
every analysis in this work.

A pressure density phase diagram at room tempera-
ture of the resulting samples is presented in Figure 2, along
with the experimental results of Hong et al. [38]. In spite
of the difference of the precise values, a resemblance is
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Fig. 2. P-p diagram for a temperature 7' = 300 K. Two prin-
cipal branches are observed in the figure, below and above
5.5 g/cm3 that denote different phases presence in the sam-
ples. Dashed line corresponds to experimental results of Hong
et al. [38].
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Fig. 3. Enthalpy diagram H = U + PV. Two main branches
can be delimited by a density interval ranged between 5 and
6 g/cm?®.

observed between them. It can be clearly seen two different
behaviors. Below 5.5 g/cm? there is a slow increment of
pressure according the density increases. But for densi-
ties greater than 5.5 g/cm® the P—p curve is steeper. As
we will see, this two branches denote different structural
arrangements, related to the building block of the glass,
that changes from a GeO,4 to a GeOg basic unit, according
pressure increases. Interestingly the enthalpy H = U+ PV
plot (see Fig. 3) stressed the two different regimes accord-
ing the density increases, which can be localized between 5
and 6 g/cm?, that corresponds to pressures close to 3 and
7 GPa, respectively. These results are in good agreement
with the experimental work of Vaccari et al. [27] which
localize a structural transition between 6 and 12 GPa. In
the same sense, Marrochelli et al. [10] and recently Salmon
et al. [28], reported that the change from GeO4 to GeOg
structures start at a similar range and the transition is
not completed before 15 GPa.
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Fig. 4. Pair Distribution Function (PDF) evaluated for Ge-O
bond, Ge-Ge, and O-O distances, and the total PDF. A clear
displacement of the first peak is observed for all cases according
the pressure increases.

3 Results

After the 26 samples were obtained at room temperature,
we performed a detailed analysis, both on the structural
and vibrational properties, in order to describe the short
and medium range order. The structural properties stud-
ied are pair distribution functions, coordination number,
angular distribution function, and static structure factors.
Vibrational properties, first reported at high pressure us-
ing computational simulations, give an interesting point of
view about the atoms and structure frequencies. In what
follows we present in detail only four representative den-
sities: 3.6, 4.86, 5.91, and 6.33 g/cm?® to characterize the
structural and dynamical properties of GeOs in the main
phases as well as in the transition. Analyses were done
using the tools provided by LPMD package [39]. The den-
sities chosen correspond to pressures of —0.68, 2.52, 7.12
and 19.60 GPa, respectively. Table A.1 presented in Ap-
pendix shows general results for each simulated density.

3.1 Structural properties

The pair distribution function g.g(r) (PDF), is one of
the basic structural analysis in the study of amorphous
materials, giving us the probability of found neighbors of
species ( for a specific distance r of the atomic species a.
Figure 4 shows the results of the total g(r) and the partial
Ge-0O, O-0, and Ge-O PDF’s at the four different den-
sities. For the Ge—O bond distance, the first peak shifts
from 1.72 A to 1.82 A, denoting a change in the short range
order according the pressure is increased, in good agree-
ment with the experimental results of Stone et al. [40] and
the recent measurement of Vaccari et al. [27], and slightly
different with respect to the ab initio work of Zhu and
Chen [41]. However, our results also present a good agree-
ment with the work of Marrochelli et al. [32] that uses
a recent developed ab initio based potential for GeOs,.
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Fig. 5. Ge-Ox concentration in the sample for X = 4,5, and 6.
As density increases the number of GeOy (tetrahedron) de-
creases and the number of GeOg (octahedron) increases. The
number of GeOs in the sample increases finding a maximum
around 5.2 g/cm?®.

The O-O inter-atomic distance change from 2.84 A (close
to the tetrahedral type structure, ro—o = /8/3rge—o) to

2.66 A. The Ge—Ge interatomic distance at low pressure
presents a wide peak around 3.3 A changing to a sharper
peak centered at 2.7 A at high density. As we will see,
this fact is related to a change in the inter-conection of
the building block.

A useful complementary information is provided by the
average coordination number n,g, given by:

R
o (R) = dmpy / Gap(r) 72 dr, @)

where R is a cutoff, usually chosen as the position of
the minimum after the first peak of the partial distribu-
tion function gog(r). The coordination number informs
the percentage of o atoms surrounded by n atoms f.
The results, displayed in Figure 5, for a density increase
from 4.5 g/cm? to 6.5 g/cm?, show an important struc-
tural change in the percentage of GeOx polyhedra (for
X = 4,5, and 6). Close to 5.3 g/cm? a crossing of GeOy
and GeQOg concentration curves is observed. The number
of the GeOj structures in the sample increases initially
and then decreases, presenting a maxima value close to
5.2 g/cm?, near to the crossing of the GeO, and GeOg con-
centration, where the principal structural change occurs.
Note this corresponds to the second regime observed by
Salmon et al. [28] in their neutron diffraction experiment.

In the final stage of the transition from low to high
density, the number of GeOg and GeOjs in the sam-
ple is around 90% and 10%, respectively. These results
are slightly different from the ones of the work of Ting
et al. [42], where the concentration of GeOg is less than
GeOys. Unlike our work, Ting et al. use the non-scaled po-
tential that propose Oeffner and Elliott [33], that could
explain the differences. On the other hand, we present a
best agreement with Micoulaut et al. [43] where the cross-
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Fig. 6. Angles distribution function. The principal structural
angles Ge-O-Ge and O-Ge-O are displayed.

ing occurs at some slightly smaller density. A reasonable
agreement with ab initio work of Marrocchelli et al. [10]
is also obtained, where the intersection between GeOg
and GeQy is located at 5.5 g/cm?®. This suggests that a
complete phase transformation must take place not before
15 GPa. A pressure of 15 GPa (which in turn corresponds
to a density between 6.12 and 6.33 g/cm?® and a concen-
tration of 80—90% of GeOg structures in the sample, as
is derived from Tab. A.1). Interestingly, according to our
simulations, at pressures near 30 GPa, when the glass is
composed mainly by an octahedral network, further den-
sification proceeds via compression of Ge—O bonds: from
a maximum of 1.84 A in the range of 3 to 10 GPa, Ge-O
distance decreases to 1.79 A at 39.6 GPa (see Tab. A.1).
This is the same behavior found in the experimental work
of Salmon et al. [28].

Further information about the structural units is pro-
vided by the angular distribution function (ADF) which
is defined as a histogram constructed for angles A-B-C,
where A, B, and C correspond to three atomic species,
B being the central atom. Figure 6 shows the results of
two principal angles of the sample. The angle O-Ge-O
changes from ~109° at 3.6 g/cm® to ~90° at 6.33 g/cm?
is related to the internal structure of the building block
tetrahedron GeOx. On the other hand, Ge-O-Ge angle
is related to the inter-polyhedra link, and has a broader
distribution centered at ~130° at low density, and shifts
to ~93° at high density.

With all the previous information, we identify the main
structural change that occurs in the basic structure of
the germania, which consists in a transition from a GeOy
tetrahedral basic building block to an GeOg, octahedral
one, according the density is increased. The structural
change has been established between 5 and 6 g/cm? den-
sities, that correspond to pressures of 3—7 GPa, respec-
tively. Figure 7 shows the atomic structures for such basic
structures.

The molecular dynamics results can be directly com-
pared to experiment by obtaining the scattering static
structure factor, both for neutron and X-ray at normal and
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Fig. 7. Basic brick structure of amorphous GeO3 at normal (a) and high (b) pressure, both are extracted from the simulation
cell. A clear structural change that shows the phase transformation from tetrahedral like the fundamental structure to octahedral

as a new one at high pressure.

high pressure conditions. The partial static structure fac-
tors are calculated from the Fourier transform of the cor-
responding partial pair distribution functions by means of

Sap(q) = dap + 4mp(cacs)'/?

sin(gr) sin(mr/R)
qr mr/R

R
< [ lanstr) -1

where c,3) = Nag)/N is the concentration of a (5)
sin(wr/R)
7r/R

dr, (3)

species. The window function has been intro-

duced to reduce the termination effects resulting from the
finite upper limit [44]. The cutoff length, R, is chosen to
be half the length of the simulation box. The results are
presented in Figure 8. For all densities, the main contribu-
tion from the Ge—Ge correlation come from the first peak,
and then from others correlations (Ge-O, and O-0). Ac-
cording the density is increased the first peak begins to
disappear, mainly because there are almost no Ge-O and
0O-0 correlations, and the Ge-Ge is decreasing. The ori-
gin of the second peak can be found in the Ge-Ge and
0O-0 correlations and the partial cancellation arising from
Ge-0O anti-correlation. This negative correlation appears
because, although GeOs is a covalent glass, there is also
present some ionic character and there exist charge trans-
fer effects. When the pressure starts to increase, the second
peak of the O-O correlation increases considerably and
slowly is displaced to greater values of ¢, while the Ge-Ge
and O—O correlations, despite the increase in value, do
not shift. Finally, the third peak is due to all the three
correlations and when the pressure is increased this peak
become sharper and well defined.

All the previous information gives us a fingerprint
about the real space correlation [45], and like at the sil-
ica case [46], we can associate every peak to the different
range order of the sample. The first peak corresponds to
the so-called First Sharp Diffraction Peak (FSDP) qrspp.

Slq]

Slal

o 1 2 3 4 6 7 8 9 0 1 2 3 4 6 7 8

5 5
qlA™) qlA™")

Fig. 8. Partial structure factors, at four different densities,

for the amorphous GeO2 structure. The information of the first
three peaks, gives us a real-space fingerprint of the structure.

The FSDP is a feature that appears in a variety of binary
covalent glasses, including GeQO,, SiOs, SiSes, AssSes,
As5S3, ete., and is related to the intermediate range order
of the glass.

The FSDP presents a displacement according the den-
sity is increased from ~1.67 A=! to ~1.76 A~'. The inter-
mediate range order have a periodicity in the real space of
27 /qrspp between 3.76 A and 3.57 A. That is directly re-
lated to the distance between tetrahedra and octahedra in
the simulation-cell. These distances are beyond the second
neighbors, presented in the total PDF. The second peak
of the partial structure factor is located at ~2.70 A~!
at normal density and is displaced to ~3.18 A=! at high
density. These values are related to the correlation of the
real space with 27 /¢ with values of 2.33 A and 1.98 A,
respectively. These values correspond to an intermediate
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Fig. 9. Neutron structure factors at four different densities.
The three main peaks are displaced in order the density is
increased. A reasonable agreement is observed at room condi-
tions with the experimental results of Drewitt et al. [3] (black
squares). The comparison of the curve at p = 4.86 g/cm? is
presented with the experimental results of Drewitt et al. at a
pressure of 3.1 GPa (black circles). A displacement of the first
two peaks is observed in comparison with experimental data.

distance between first and seconds neighbors. The posi-
tions give a characteristic distance of how the tetrahe-
dron and octahedron are linked each other. Finally, the
third peak give us information about the short-range or-
der in the real space, and is related to the basic tetrahedral
and octahedral structures at different pressures. The third
peak is located at ~4.61 A~ to low density and displaced
to ~4.70 A~ to high density. At low density it is wider
and flatter and at high density become sharper and well
defined. The related values in the real space correspond
to 1.36 A and 1.34 A respectively. The values that are
close to half-way between first neighbors are related to
the internal structure of the octahedron and tetrahedron.

The neutron scattering static structure factor can
be obtained from the partial static structure factors
by weighting them with the coherent neutron-scattering
lengths:

> ap babs (cacs)?[Sap(q) — Sap + (cacs)'/?]
(Za bac&)2

where b, denotes the coherent neutron scattering length
of species a. We use bge = 0.8193 x 107% A and bo =
0.5805 x 10~* A [47]. The calculated Sy (g) curves are pre-
sented in Figure 9 and compared with recent experimental
results of Drewitt et al. [3]. For a clear view, the curves has
been displaced vertically for each different density. Three
principal peaks are observed in the region defined between
0 < g <5 A~', changing their shapes according the den-
sity is increased. The first peak, located at 1.65 A~ for the
low density sample, is displaced to 1.80 A~! at high den-
sity, becoming wider. The second peak, poorly defined at
low density, becomes sharp at high density, shifting from
g =271 A"t q=3.36 A~!. The third peak shows a
displacement from ¢ = 4.63 A~1 to ¢ = 4.84 A~1, becom-

Sn(q) = (4)
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Fig. 10. X-ray structure factors at four different densities.
A peak new fourth peak emerge here in order the density is
increased. This fact is due to the two body charge-charge cor-
relation. The golden circles correspond to the experimental re-
sults for amorphous germania at room conditions by Drewitt
et al. [3].

ing sharper and well defined according pressure increases.
Our results for p = 4.86 g/cm?® are compared with the
experimental pressure of 3.1 GPa of Drewitt et al. [3] be-
cause that density corresponds approximately to pressure
of ~3 GPa (see Tab. A.1).

Similar to the previous procedure mentioned above,
the X-ray diffraction factor is obtained by:

S as fal) £3(q) (cacs)? Sap(q)
Yo f2()ca ’

where f,(q) is the g-dependent X-ray form factor, given
by:

Sx(q) =

()

fa(@) = 3 aaiexp[-bai(a/4m)*) +ca-  (6)

Parameters aq,i, ba,; and ¢, are taken from [48] for germa-
nium and [49] for oxygen. The results are presented in Fig-
ure 10 along with experimental data from Drewitt et al. [3]
at room conditions. As in neutron structure factor, three
peaks are defined in the region between 0 < ¢ < 5 A~ at
low density which show a reasonable agreement with the
experimental results. But at high density p = 6.33 g/cm?,
four peaks can be distinguished in that region. This fea-
ture, only present in X-ray diffraction pattern, becomes
apparent following what happens at intermediate densi-
ties. The first peak behaves in a similar way that Spy: dis-
placed from 1.49 A= to 1.59 A~', becomes less defined
according the density increased. The third peak shows
a small displacement to higher values of ¢ and becomes
sharper as density increases. Note that two peaks are ob-
served between the first and third peaks at the highest
density curve. The one at lower ¢ (2.35 A=1) value come
from the second peak of the low density curve (2.45 A~1).
On the other hand, the other peak in the high density
curve (2.99 A=) emerge only due to the changes in den-
sity, as is shown by the small hump at 4.8 g/cm?. This fact
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Fig. 11. Vibrational Density of States at four different den-
sities. The total VDOS at lower densities show a wider low
frequency band, unlike high density, where a narrower low
frequency band is observed.

is due to the two body charge-charge correlation, taken
into account in the X-ray diffraction pattern, and absent
in the density-density static structure factor S(q).

3.2 Vibrational properties

The vibrational properties of amorphous GeO> have been
characterized by means of the Vibrational Density of
States (VDOS). The VDOS is obtained by using the
Velocity Autocorrelation Function (VACF),

N
Zap (1) = <Z MiaVia(0) - Via (75)> ; (7)

where m;q () and v (5) correspond to the mass and ve-
locity of the atom 4 of the involved species «, [, respec-
tively. The symbol (...) indicates temporal average over
configurations. The Fourier transform of VACF gives us
the VDOS for different species involved in the simulation.
The partial VDOS, D, ), is given by:

_ L [ Zap(®) ,
Dap)(w) = E/ %exp(fzwt)dt. (8)

Za(p)

The total VDOS, D(w) is obtained by means of D(w) =
5 caDa(w).

In Figure 11 are presented the VDOS corresponding
to the four main densities. In all cases there are common
features: the VDOS range from 0 to 30 THz and two fre-
quency bands can be distinguished, a lower and a higher
band. In our case, the lower band is mainly due to Ge atom
vibrations, whereas the higher band to O atom vibrations,
as can be deduced from the contribution of partial VDOS.
This picture is consistent to what has been observed in
covalent glasses, where the network is composed by ba-
sic building blocks (like GeOy4 tetrahedra at low density
or GeOg octahedra at high density) linked each other; in
these cases, the lower band is related to inter basic-block
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bond-bending modes and the high band is related to the
intra basic-block bond-stretching modes [8,31,50,51]. At
the lowest density, the lower band extend up to 20 THz,
and the higher band has a characteristic and well defined
peak around 25 THz. According the density is increased,
a modification of the VDOS is observed. At the highest
density, the lower band decreases its range, reaching only
up to 10 THz, but presenting a clear peak due mainly to
Ge contribution. On the other hand, the high frequency
band now becomes flatter and wider (from 10 to 30 Thz).
In between these two densities (i.e. in between 3.6 and
6.33 g/cm?), practically the distinction of the lower and
higher frequency bands disappear, reflecting the fact that
the network is composed, in addition to tetrahedra and
octahedra, also by GeOs basic structures, all of them in
similar proportions. The changes observed in the VDOS
can be correlated with the behavior of the static structure
factor S(q). For instance, the first sharp diffraction peak
(FSDP) present in the S(g) at low pressure, disappears
at high pressure. The FSDP is the fingerprint of the in-
termediate range order, that is, the existence of coherent
structures larger than 15 A. Consistent to this picture,
in the VDOS we observe a shift to higher values of w of
the Ge curve peak at the low frequency band, according
the pressure increase. That is because the peak was due
to the vibration of these coherent structures that conform
the intermediate range order.

4 Conclusions

In the present work, we have presented an atomistic sim-
ulation on the physical changes of amorphous germania
under pressure. We employed a pairwise interatomic po-
tential proposed by Oeffner and Elliott, which is sim-
ple but yet it is able to reproduce the main features of
the amorphous-amorphous transition presented in vitre-
ous germania. Detailed analysis of the inter-atomic dis-
tance, angle distribution and coordination number of the
amorphous GeOy sample allows us to determine that the
short range order is defined by slightly distorted tetrahe-
dra at low density and by octahedral structures at high
density. In both cases these basic building-block structures
are linked between them mainly by corners and edges, but
also by faces.

The main structural changes in amorphous GeOs oc-
cur, according our results, around 3-7 GPa, changing from
a network composed basically of GeO,4 tetrahedra to a one
composed of GeOg octahedra. This conclusion is in good
agreement with recent experimental and simulation works.
The analysis of the vibrational properties reinforces these
results, where two main frequency bands are observed: a
low frequency associated to inter-tetrahedra (octahedra)
vibration at low (high) density, and a high frequency band,
associated to intra-tetrahedron (octahedron) vibration at
low (high) density, mainly due to oxygen atoms vibra-
tions. At high density the low frequency band shows a
clear peak, and the high frequency band becomes flatter
and wider.
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Table A.1. Density, bond length, bond angle, Ge—-O—Ge angle and bulk modulus of germania. Some special values are defined
in a range because are not possible determine the exact value.

Phase Densi‘gy Bond length Ge-O O0-Ge-O Ge-O-Ge Bulk pressure
(g/cm?®) (A) coordination number angle angle (GPa)
6.79 1.79 5.86 89.46 93.60 39.6
6.55 1.81 5.92 90.54 92.88 26.7
6.33 1.81 5.91 90.54 93.60 19.6
6.12 1.84 5.76 91.80 93.60 11.9
5.91 1.84 5.68 91.26 93.60 7.12
5.72 1.81 5.47 91.62 95.22 2.7
5.53 1.84 5.38 91.62 94.68 2.14
5.35 1.84 5.28 92.16 95.22 2.93
5.18 1.79 5.02 90.00 94.68 3.49
5.02 1.79 4.89 91.62 92.52 2.52
4.86 1.76 4.67 92.34 94.32 2.52
4.71 1.76 4.52 92.88 129.96 2.34
4.57 1.76 4.44 104.58 (94-137) 2.06

Amorph. 4.43 1.76 4.27 107.28 125.82 1.45
4.30 1.76 4.21 107.28 138.24 0.964
4.17 1.76 4.14 105.84 133.02 0.630
4.05 1.76 4.01 106.02 (124-132) 0.875
3.93 1.76 3.99 106.02 132.48 0.096
3.81 1.76 4.00 107.46 (120-140) —0.402
3.70 1.76 3.99 108.72 (120-140) —0.688
3.60 1.76 4.00 108.00 135.72 —0.686
3.50 1.76 4.00 108.72 129.06 —0.789
3.40 1.76 3.99 108.36 135.90 —1.310
3.31 1.76 3.99 108.00 131.40 —0.891
3.22 1.76 3.99 106.20 139.14 —1.320
3.16 1.76 3.99 108.72 (120-140) —0.973
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Appendix A: Results of all 26 different

densities

This Appendix shows information of the results obtained
for all different densities simulated, between 3.16 and

6.79 g/cm?.
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