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Abstract. We studied the structural and dynamical properties of amorphous
germanium oxide (GeOs) by means of the molecular dynamics technique. The
simulations were done in the microcanonical ensemble, with a system at density of 3.7
g/cm3, using a pairwise potential. The resulting neutron static structure factor agree
very well with experimental results. The network topology of our system is analyzed
through partial pair correlations, coordination number and angle distributions. A
detailed analysis of the interatomic distances reveals that in the amorphous state there
is a short-range order dominated by a slightly distorted Ge(O /2)4 tetrahedron. Beyond
that, there is an intermediate range order composed by vertex-sharing tetrahedra. The
vibrational properties were characterized by means of the density of states, obtained as
a Fourier transform of the velocity autocorrelation function. The vibrational density
of states has two bands, a low frequency one related to the inter-tetrahedron vibration
and a high frequency band related to the intra-tetrahedron vibration.
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1. Introduction

The detailed study of the structural and vibrational properties in glasses is an important
step for the understanding of the short and medium range order, as well as the topology
of the network. In this respect, amorphous GeQOs, or germania, is an ideally suited
system, which like amorphous SiO», is an archetypical oxide glass. Both can be described
as a continuous network of A(Oq/2)s (A=Si, Ge) apex-bridged tetrahedra to each other
by oxygen atoms. The tetrahedra are randomly oriented, linked by their vertices with a
broad distribution of A-O-A angles, resulting in a three dimensional structure possessing
a medium range order [1]. Also, when submitted to high pressure, both systems present
a structural transitions from a tetrahedral to an octahedral A(Oq/3)s, network, which
implies a large change in density and in the short and medium range order [2]. But
in contrast to amorphous silica, where such transformation occurs around 20 GPa, in
amorphous germania it takes place between 5-9 GPa, which is more manageable in
actual experiments.

Although germania is a chemical and structural analog to silica, and presents also
considerable scientific as well as technological interest by its own, it has not been the
subject of extensive studies. However, recently has apperead a thorough review [3]
about the structural properties of amorphous, crystalline and liquid GeOs. In the
crystalline state germania has two phases: one low density phase (4.28 g/cm?®) with
a quartz structure, where each Ge is coordinated with four oxygens, and a high density
phase (6.25 g/cm?) with rutile structure, where each Ge is coordinated with six oxygens,
which is the stable structure at room conditions. The liquid state, on the other hand,
is mainly composed by slightly distorted Ge(Os/2)4 tetrahedra, which are linked to each
other mainly through the corners, with a Ge-O-Ge angle of ~ 130°.

The physical properties of the amorphous structure as been investigated both
experimentally and theoretically, in particular the structural properties by diffraction
techniques [4] and molecular dynamics (MD) simulation [5, 6]. Whereas the short
range order can be obtained by experiments and so far is rather well described, the
medium (or intermediate) range order is not easily deduced from an experimental
point of view, and it is needed to rely on theoretical models. In this paper we focus
our attention in the intermediate range order properties, particularly the vibrational
properties of amorphous germania. In this respect, the main information comes from
experiments [7, 8], and only a very recent ab-initio MD simulation calculates the
vibrational density of states [9, 10, 11]. However, it is important to have a reliable
model to allows one to perform large scale molecular dynamics simulation of GeOy for
different physical situations. This work point in that direction, validating the potential
of Oeffner and Elliot [12] to be used in amorphous state of germania, in particular for
its vibrational properties.

This paper is organized as follows. In Sec. 2 we provide details of the MD simulation
and the preparation of the amorphous state. Results for the short-range order, network
topology, diffraction pattern, and vibrational properties are presented in Sec. 3. Finally,
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the conclusions are drawn in Sec. 4.

2. Computational procedure

In molecular dynamics techniques a key issue is the choice of the interatomic potential.
For this simulation we have adopted the potential developed by Oeffner y Elliot [12]
for the crystalline phase. This potential is still simple and has been demonstrated to
reproduce a number of experimental properties not only in the solid phase, but also in
the liquid [5, 13] as well as in the amorphous state [6]. The potential employs pairwise
additive Buckingham type interatomic terms of the form

gy Ay
V(ry) ="~ — rﬁj + Bijexp (=Cj;rij) (1)

Tij ij

where the terms represent Coulomb, van der Waals and repulsion energy, respectively.
Here r;; is the interatomic distance between atoms ¢ and j. The effective charge ¢, the
van der Waals coefficients A;;, the softness parameter B;; and the repulsive radius Cj;,
are the energy parameters. Oeffner and Elliot presented two set of parameters, one
corresponding to the so-called “original potential”, and the other one corresponding to
the “rescaled potential”. We use the latter one, because reproduce better the vibrational
properties of germania. The long range Coulomb interactions are calculated with the
standard Ewald summation technique. The equations of motion are integrated with a
modification of Beeman algorithm, as is implemented in the program MOLDY [14], with
a time step of At =1 x 1071 s.

Molecular dynamics simulations are carried out in the micro-canonical ensemble
(NVE) for (192 Ge + 384 O) units, in an cubic cell, using periodic boundary conditions.
The system was prepared at the experimental mass density [15] p = 3.7 g/cm?, which
at the temperature 7' = 300 K corresponds approximately at zero pressure in our
simulation. The amorphous state was prepared by starting with a cubic lattice which
corresponds to an artificial cristobalite structure with a density of 2.9 g/cm? in order
to have a liquid at 5000 K at zero pressure [13]. Then, the sample is cooled to 3000
K by using a velocity scaling procedure at a rate of 0.02 K/At [16]. Next, the system
is allowed to reach equilibrium for over 50000 At. With this well-equilibrated GeO,
liquid at 3000 K we prepare our system at density of p = 3.7 g/cm?3, by reducing
simultaneously the lengths of the MD cell and the positions of all the atoms, in seven
steps, from the initial low density of 2.9 g/cm3 to 3.7 g/cm3, having in between systems
at 3.16, 3.22, 3.31, 3.40, 3.50 and 3.60 g/cm?. After each shrink of the simulation cell, we
thermalized the system at 3000 K for over 50000 At. Then, we lowered the temperature
to 1500 K at a rate of 0.0075 K/At, and ran the system for over 50000 time steps with
temperature control, and others 50000 steps without any disturbance. Finally, using a
cooling rate of 0.0024 K/At, the system at 300 K was obtained. Then it was kept at
constant temperature for 75000 At and ran others 75000 steps without any temperature
control. A summary of this schedule is showed in Figure 1.
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Molten State T = 5000 K

-0.02 K/dt
(100.000 dt)

Relaxed system

T =3000K > T=3000K | 55000 dt

Control Temperature
20.000 dt

-0.0075 K/dt
(200.000 dt)

Relaxed system
50.000 dt

Control Temperature

T=1500K < T=1500K 50.000 dt

-0.0025 K/dt
(500.000 dt)

Relaxed system

T=300K | yT= 300K 75.000 dt

Control Temperature
75.000 dt

Figure 1. Schematic diagram of quenching and thermalization schedule for preparing
the amorphous GeO; from a well-thermalized molten state.

3. Results

The structural properties and topology of our model are inferred by means of the pair
distributions functions g,s(r), coordination numbers and angular distribution. Also,
we compare the calculated scattering static structure factor with the experimental one.
Regarding dynamical properties, we evaluated the partial and total vibrational density
of states (VDOS), and compare it with the experimental data.

3.1. Structural properties

In order to asses the reliability of our computational model, we calculate the structural
properties and compare them to both experimental results and previous molecular
dynamics simulation. Atomic correlations are investigated by both the partial and
total pair distribution functions, which are showed in Figure 2. The Ge-O bond
length is determined by the sharp peak observed at Rgeo = 1.73 A, in agreement
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Figure 2. Partial and total pair distribution functions for amorphous GeOs.

with experimental results [4, 17, 19] of Rgeo = 1.73 & 0.03 A and previous MD
simulation [6, 20], where Rge.o = 1.72 A. The second oxygen nearest neighbors (NN)
of Ge are around the distance of 4.5 A, after a spherical shell of radius 1 A without
any oxygen atom. The nearest neighbors distance for O-O is peaked at 2.84 A and for
Ge-Ge at 3.26 A. The corresponding experimental results [4, 17] are 2.83 £ 0.05 A and
3.16 £ 0.03 A respectively. Notice that the Ge-O, O-O and Ge-Ge NN distances are all
greater than silica.

The integration around the first peak in the partial pair-distribution function
provides the average coordination number nog(R) = 47ps [ gap(r)r?dr , where R
is a cutoff, usually chosen as the position of the minimum after the first peak of gos(r),
corresponding in our case to 3.6, 1.9 and 3.2 A for Ge-Ge, Ge-0, and O-O distances,
respectively. Average coordination numbers are 4.0 for Ge-O, 2.0 for O-Ge, 4.1 for Ge-
Ge and 6.8 for O-O. A detailed description of the coordination number is provided by
Figure 3, which shows a histogram of Ge and O nearest neighbors coordination number.
The Ge-O bond has a peak at 4, Ge-Ge atoms have a peak at 4, but also presents some
Ge atoms that has 3 and 5 nearest neighbors. Oxygen is coordinated with two Ge atoms,
while O-O coordination number range mainly from 6 to 9, reaching a maximum at 7.
In contrast, for crystalline germania, which correspond to the rutile phase at ambient
temperature and pressure, Ge are sixfold coordinated, whereas O has three Ge atoms
as nearest neighbors.

Further information about the local structural units is provided by the angle
distribution. In Fig. 4 we display the angular distribution. There is a short range order
defined by a basic tetrahedron GeQOy, which is characterized by the angle O—Ge—O, with
a clear peak at 109°, and the angle O—O-0O, with a main peak at 60°.

These basic tetrahedra are mainly linked each other through the vertex, forming
a broad angular distribution Ge-O—Ge, centered approximately at 130°, close the
experimental value of 130° reported in Ref. [15]. This distribution also presents a
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Figure 4. Distribution of bond angles for amorphous GeOs.

small peak around 90°, which corresponds to a edge-sharing tetrahedra forming few
2-fold rings. Interestingly, our simulation is able to reproduce the experimental value
of Ge-O-Ge angle, in contrast to the MD simulation of Ref. [6], where it is centered at
~ 159°.

In Table 1 we present a summary of our finding regarding structural properties,
together experimental and molecular dynamics simulations results. Notice that our
results are closer to the ab-initio MD results of Giacomazzi et al. [10] than to the ones
of Micoulaut et al. [6], in spite that the latter authors used the same potential of the
present work. However, the preparation method of the amorphous sample is different
and this could be the reason of the discrepancy. In this sense, it is well-known the fact
that in some cases not only the macroscopic but also the microscopic properties depends
on the cooling rate [18].
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Table 1. Interatomic distances obtained from the first peak in the measured and
simulated pair distribution functions g,g for amorphous GeO;. The coordination
number n,g and bond angles were calculated using a cut-off value equal to the
minimum after the first main peak (see details in the text). All results are from
MD simulations, except Ref. [4], which corresponds to experimental data.

pair af  Rap (A)  nap Reference

Ge-O 1.75 4 Present work
1.73 3.8 [4]
1.72 4.1 6]
178 4.01 [10]
Ge-Ge 3.26 4.1  Present work
316 41 [4]
332 44 [6]
3.25 4.1 [10]
0-0 2.84 6.8  Present work
2.83 6.7 [4]
281 82 [6]
2.88 7.8 [10]
Angles (°)
Ge-O-Ge 130  Present work
132 [4]
159 6]
135 [10]
0-Ge-O 108.7 Present work
~ 109 [4]
108 6]
~ 109 [10]

Figure 5 shows a typical structure found in the simulation box. As in the case of
silica glass, here also there is a short range order defined the a basic tetrahedron, and
beyond that there is an intermediate range order, composed by a tetrahedron at the
center, surrounded by four tetrahedra, linked by the vertex, each of them forming an
angle Ge-O-Ge of approximately 130°.

In order to compare our model to the experimental results, we calculate the Fourier
transform of the partial pair distribution functions, which gives the scattering static
structure factor, and adequately weighted by neutron and/or X-ray factors can be
compared directly to the experiments. The partial static structure factors S,z(q) are
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Figure 5. (Color online) Typical representative polyhedron found in the simulation
model of amorphous GeOs. The tetrahedron is the building block unit of the network,
which is, in general, surrounded by four tetrahedra, linked by the vertex. The small
spheres correspond to germanium atoms and the big spheres to oxygen atoms.

given by

1/2 B,
Sapl@) = b+ 4mp(cacs) "2 | r? [gaa(r) = 1

where co(3 = Na(g)/N is the concentration of a (3) species. The window function

sin(nr/R)
mr/R

upper limit [21]. The cut-off length, R, is chosen to be half the length of the simulation

sin(qr) sin(nr/R)

2
qr 7mr/R dr, (2)

has been introduced to reduce the termination effects resulting from the finite

box.
From here we calculate the total scattering static structure factor as Sy(q) =
Y a5(Cacs)/?Sap(q) and the neutron scattering static structure factor

Sx(q) = Zas bebs (cacs)'"?[Sas(q) . 0ap + (CaCs)''?] ’ 3)
(Za baca)

where b, denotes the coherent neutron scattering length of species a. We use bg, =

0.8193 x 107* A and bo = 0.5805 x 10~* A [22]. In a similar way, the X-ray diffraction

factor is calculated by the formula

Yap fol@) f5(q) (cacs)'”* Sap() ()
o [2(q)ca ’

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

S| ai €XP[—bai(q/47)?] + co. The parameters aq,;, ba; and c, are taken from Refer-

ence [23] for germanium and Reference [24] for oxygen.

Sx(q) =

Figure 6 shows the neutron and the x-ray structure factors S(q) for amorphous
GeOs. It can be seen that the agreement of the calculated and experimental neutron
S(q) is quite good, being a small difference at the first peak, where the calculated one
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Figure 7. Partial and total scattering static structure factors for amorphous GeQOs.

is slightly shifted to the right. In both figures, corresponding to Sy(¢q) and Sx(q), for
g < 5 A1 it is observed three main peaks, the first one at ¢ ~ 1.65 A=, a second
one at ¢ ~ 2.7 A=, and a third one at ¢ ~ 4.5 A=!. The second peak has a rather
small intensity in comparison to the others two peaks. It is interesting to compare these
values with the experimental ones: Sampath et al. [25] report the first and the second
peak at ~ 1.6 A™' and ~ 2.5 A~!, whereas the very recent work of Salmon et al. [4]
report these peaks at ~ 1.53 A~! and at ~ 2.66 A~!, respectively. On the other hand,
according the molecular dynamics simulation of Micoulaut et al. [6], the first peak is
around 1.5 A~' and the second one at ~ 2.5 A=, The reason for the differences between
their results and the ones of the present work should be again found in the preparation
of the amorphous state.

The origin of the peaks can be inferred by means of the partials S, 5(q), which
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are displayed in Figure 7. In fact, the first peak is due mainly to Ge-Ge correlation
but has also contribution from the Ge-O and O-O correlations, whereas the second
peak has its origin in the Ge-Ge and O-O correlation and the partial cancellation due
to Ge-O anti correlation. Finally the third peak is due to all the three correlations.
Notice that the large negative intensities of the Sgeo(q) between 2 < g < 4 A1 appears
because, although a covalent glass, there is also present some ionic character and thus,
there are charge-transfer effects. From the structure factor, it can be extracted useful
information about real space correlations [26]. In analogy to the case of silica [27], we can
associate the third peak (which is the highest peak) to the short range order in real space
expressed in the Ge(O;/2)4 tetrahedron. The second peak, at g ~ 2.5 A~ corresponds
to real space correlation of 27w /q ~ 2.51 A. The peak at lower ¢ could be responsible
for the real-space correlation beyond ~ 4 A. In fact, this first peak corresponds to the
so-called First Sharp Diffraction Peak (FSDP), and from its position gpgpp ~ 1.65 A~
can be deduced that the intermediate range order has a periodicity in real space of
21 /qrspp >~ 3.8 A. Therefore, this first peak can be associated to an intermediate range
order, that is, the way in that the tetrahedra are distributed each other, as is showed in
Figure 5.

3.2. Vibrational properties

Dynamical properties are studied by means of the vibrational density of states D(w).
We obtain the D(w) calculating first the velocity autocorrelation function for species

a(9),
Zuii () = <;mm@a<o> -@a<t>> , (5)

where m;q(g) is the mass of the atom i and species a(f3), Uiag) its velocity, and (...)
means average over configurations. By performing a Fourier transform,

_ 1 1 Zap(®) .
Du() = = | 7oy e (it (6)

the partial Dy (s (w) is obtained. From this, we obtain the total density of states,
D(w) = >, caDy(w) and the total neutron section-weighted one phonon density of
states [28],

CaATh?

Mq

DN((U) = Z

67

Do (w)- (7)

Figure 8 shows a comparison of the calculated total neutron vibrational density of
states with respect to the experimental one [8]. We can see that the theoretical D(w) is
slightly shifted to the low frequencies with respect to the experimental D(w). (Notice, in
passing, that the simulation results of the present work have had better agreement to the
experimental results in the structural properties than in the vibrational spectra, a trend
also present in the work of Giacomazzi et al. [9]). In the calculated neutron D(w) can
be distinguished two main bands, a lower bands up to 20 THz, and a higher band from
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Figure 8. Neutron vibrational density of state for amorphous GeO, obtained from
MD simulation (solid line) compared with experimental results (open circles) [8].
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Figure 9. Total and partial vibrational density of states for amorphous GeOy

20 to 30 THz. The partial and total vibrational density of states is shown in Figure 9.
The partial density of states gives the participation ratio of the each species to the total
density of states. It can be seen that the main contribution of the Ge vibration is at low
frequency, in particular for w < 5 THz. On the other hand, the main contribution of
the vibration of O atoms is at high frequency, above 20 THz. This picture is consistent
with the description given by Bell [29] for SiO,, and confirmed recently for GeO, by
Giacomazzi et al. [9, 11], where the lower band is related to bond-bending modes and
the high band is related to the bond-stretching modes. In fact, the main contribution to
the bond-bending modes comes from Ge atoms, and are associated to inter-tetrahedra
vibrations, such as produced by the ring structure displayed in Figure 10, whereas the
bond-stretching mode are mainly due to O atoms, and are associated to intra-tetrahedra
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Figure 10. (Color online) Typical representative structure beyond ~ 4 A found in
the simulation model of amorphous GeOs. Here can be seen a four-fold ring. The
small spheres correspond to germanium atoms and the big spheres to oxygen atoms.

vibrations.

4. Conclusion

In summary, we have presented a computer model of amorphous GeO,, based on an
empirical pair-wise interatomic potential, and compared it to both experimental data
and previous MD simulations. According to this model, there exist a short range order,
defined by the nearest neighborhood of an Ge atom, which consists on a Ge(Oq/2)4
tetrahedron, with the Ge-O bond length of 1.73 A, longer than the Si-O bond length
(1.62 A). Beyond this basic unit, the tetrahedra are linked each other by their vertices,
forming an angle Ge-O-Ge of ~ 130°, but randomly distributed in the space. Note
that a-SiOy has similar structure, but the Si-O-Si angle is about 142°. The dynamical
properties are characterized by two main forms of vibration: bending and stretching,
the former related to the inter-tetrahedron vibration and the latter related to the intra-
tetrahedron vibration. This property is reflected in the VDOS in two bands. The same
trend is observed in a-SiO,, but the difference is that whereas in a-GeO, the lower band
goes from 0 to 20 THz and the higher band from 20 to 30 THz, in a-SiO, these bands go
from 0 to 28 THz and from 28 to 40 THz, respectively. This shift to lower frequencies in
a-GeOs can be explained by the increased metallicity of germanium relative to silicon,
which causes a weaker Ge-O bond, and a longer bond length. Interestingly, recently
was confirmed the existence of the amorphous silica-like form of carbon dioxide, a-CO,,
which could be synthezised only at high pressure [30] and in fact, the shifted VDOS to
high frequency corresponds to a-CO,, which is supposed to be the hardest dioxide glass
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of group IV, being the a-GeO, the softest. In this way, in addition to the archetypical
silica and germania group IV dioxide glasses, now it must be included amorphous COs,
or carbonia. This reinforce the importance of a detailed description of each group IV
dioxide glasses, in order to study their similarities and differences.
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