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Abstract: This work presents the effect of pressure on the local microstructure of amorphous
Germania (GeO3). The Molecular Dynamics simulation was performed on systems at 900 K and
high pressure up to 70 GPa. The structural properties have been analyzed through the pair correlation
function, coordination number distribution, and structure factors. The structural phase transition
process starts occurring at 30 GPa. At above 30 GPa, the degree of structural order increases and the
intermediate-range order structure depends strongly on pressure. Correlation between the peaks in
the plot of structure factor and the topology of basic structural units GeOn
(n = 4-6) is also discussed in detail in this paper.
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1. Introduction

Germanium oxide with GeO, chemical formula, also called Germania, is the main component in
many important applications, such as semiconductor devices, piezoelectric materials, optical fiber,
glass,... Like SiO2, GeO; also has the tetrahedral local structure under ambient conditions. When GeO;
is under compression, there also occurs structural phase transition. However, it occurs at lower pressures
than the one in the case of SiO,. Many works indicated that the structure of GeO; strongly depends on
pressure. It changes from GeO4 to GeOs structural phase under compression [1-5]. The Ge-O bond

* Corresponding author.
E-mail address: lan.maithi@hust.edu.vn

https//doi.org/10.25073/2588-1124/vnumap.4625
31



32 M. T. Lan et al. / VNU Journal of Science: Mathematics — Physics, Vol. 37, No. 4 (2021) 31-37

length and coordination number increase under compression. Specifically, the Ge-O bond length
increases from 1.74 A at 0 GPa to 1.82 A at 13 GPa [1]. Recently, the extended X-Ray Absorption Fine
Structure (EXAFS) and XAFS spectra experiment [2, 6] for GeO, was carried out at pressure up to 44
and 53 GPa, respectively. The results show that the six-fold coordination of Ge only exhibits in the
pressure range of 25-30 GPa. The bond distance of Ge-Ge pair has two values of 2.79 A and 3.20 A at
high pressure [6]. Under normal conditions, the mean bond length of Ge-O is about 1.73 A and Ge-O-
Ge bond angle in GeO4 units is 1320. The influence of high pressure on the structure of GeO; is also
interesting for researching by experiment [5, 7-8]. The results show that the structure of GeO, changes
strongly in the pressure range from 3 to 15 GPa. The coordination number increases from 4 to 6 in the
pressure range of 7-9 GPa. However, Vaccari et al. indicated that there was no exhibition of six-fold
coordination at pressure up to 13 GPa. By using Neutron diffraction, at above 8.6 GPa, Drewitt et al. [7]
showed a change in the intermediate-range order structure of GeO, that related to increasing position
and decreasing height of the first peak in the structure factor. GeO, was also investigated intensively by
simulation [3, 9-11]. The simulated results indicate the influence of pressure on the structure of GeO..
Under compression, there is a structural phase transition from GeO, to GeOs via GeOs. The proportion
of GeOx units depends strongly on pressure. Although GeO, system has been studied extensively by
both experiment and simulation, the results of the structure of GeO. are still debatable and need to be
further investigated.

This paper presents a Molecular Dynamics simulation of amorphous GeO; structure at high pressure
up to 70 GPa. The structure of GeO, system is clarified via analyzing the structure factors, distribution
of coordination number and the pair correlation function at different pressures.

2. Calculation Method

The paper used Molecular dynamics simulation method for constructing models of Germania
system. The models applied the pair interatomic potentials of BKS type [12]: U(ry;) = q;q;e?/r;; +
A;jexp(—B;jrij) — Cijri}ﬁ. The first term (g;q;e?/;;) relates to the long-range coulombic interactions
that are calculated with the standard Ewald summation technique. The other terms consist of repulsion
and attractive interaction; where rj; is the interatomic distance between i" and j" atoms; gi and gjare the
charges of i"™ and j™ atoms; Aj;, Bij and Cj; are the parameters accounting for the repulsion terms. The
values g:= +1.5 and g. = -0.75 are the charges of Ge and O atoms. The other values are A1 = 0,
A1,=208008.8549, A»,=7693.3496 eV; B11=0, B1»=6.1293, B»=3.2851 A*; C11=0, C1,=236.6475,
C2=131.0874 eV A®. We used the Verlet algorithm to integrate Newton’s motion equation with a time
step of 4.7x10® s. The initial configuration of the system was obtained by randomly placing 1998 Ge,
O atoms in simulation box with periodic boundary conditions. Then it was heated to 6,000 K to remove
memory effect and treated over 50,000 steps. Next, the sample was cooled down to 900 K within
100,000 steps at constant ambient pressure to reach equilibrium state. From this well-equilibrated GeO,
amorphous, six amorphous samples were constructed by compressing at different pressures of 10, 15,
20, 30, 50 and 70 GPa. The structural properties of the considered models were calculated by averaging
over 1,000 configurations separated by 100 time steps during 100,000 last MD steps.

3. Results and Discussion

Before studying the structure of the amorphous Germania, we calculated the total structure factor
Sn(Q) of GeO; under ambient conditions and compared with the Neutron diffraction experiment [7] to
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test the reliability of our model. Figure 1 shows the structure factor of GeO; that has the curves fit well
with the experimental data. In this work, the diffraction peaks give 1.65, 2.65, and 4.6 A that are
comparable with the Neutron diffraction values of 1.55, 2.65, 4.65 A, respectively. The position of the
first diffraction peak is higher than the experimental data. However, in general, the simulated results are
in agreement with experiment data. Therefore, the constructed models are valid.
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Figure 1. The total structure factor Sn(Q) of GeO; under ambient conditions.

Now, we focus on investigating the structure of GeO, at different pressures via analyzing the
Ge-Ge, Ge-0, and O-O pair correlation functions g;j(r) that is displayed in Figures 2, 3, and 4. For the
Ge-Ge pair, at 0 GPa, the function gee-ce(r) in Figure 2 has the first peak at 3.20 A, but this peak is
slightly concave at a distance of 3.38 A. However, at high pressure up to 70 GPa, the first peak of
gae-ce(r) is split into two distinct peaks at positions of 2.64 A and 3.32 A. Furthermore, it also has a left
shoulder at about 2.34 A. For the function gee-o(r) (see Figure 3), we observed an increase in the position
of the first peak with pressure.
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Figure 2. The Ge-Ge pair correlation functions gj(r) at different pressures.
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Figure 4. The O-O pair correlation functions gj(r) at different pressures.

The bond distance of Ge-O pair at 0 GPa increases from 1.74 A to 1.78 A at 70 GPa. In the case of
the O-O pair correlation function in Figure 4, the go-o(r) function shows that the position of the first
peak shifts to the left under compression. Specifically, the distance between two O atoms decreases from
2.82 A at 0 GPa to 2.54 A at 70 GPa. Besides, at compressed pressure up to 30 GPa, there appears the
second peak at a position of 3.64 A. The results demonstrate that the bond distance between two Oxygen
atoms in GeO, changed significantly under compression. It is well assumed that the short-range order
structure in amorphous GeO; changes slightly, meanwhile the intermediate-range order structure tends
to become more orderly, especially in the considered 30-70 GPa pressure range. The coordination
number is determined by integrating the first peak of the pair correlation function gi(r): Z;; =

4mp forc 9i;(r)r2dr; where rc is the cut-off distance, which was the chosen position of minimum after
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fist peak of the gij(r) function; p is density of the sample. The Ge-O coordination number at different
pressures is indicated in Figure 5.
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Figure 5. The total structure factor Sn(Q) of GeO; at different pressures.
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Figure 6. The Ge-O coordination number at different pressures.

At 0 GPa, the basic structural units in amorphous GeO are the polyhedron GeO, with the proportion
of 96.78% and a small fraction of 3.22% GeOs and GeOg. When pressure increases, the fraction of GeO4
drops rapidly, whereas the rate of GeOs and GeOs increases sharply. The percentage of GeOs reaches a
peak is 52.43% at 30 GPa and goes down gradually. The proportion of GeOg increases and gets a
maximum peak of 50.81% at 20 GPa. Then it continues falling to 37.68% at 30 GPa and above 30 GPa
this fraction increases to 59% at 70 GPa. We can conclude that the structure of amorphous GeO; consists
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of the basic structural units GeO, (n = 4-6). The amorphous-amorphous phase shifts from GeO. network
to GeOs and GeOg network under compression. The GeO, tetrahedral network is the main network in
amorphous GeO; at ambient pressure. Meanwhile, the GeOs and GeOg networks are the main networks
in amorphous GeO; at above 30 GPa.
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Figure 7. The Ge-Ge structure factor at different pressures.

4, Conclusion

The amorphous GeO; exhibited a change in structure as the pressure increased to 70 GPa. The results
show that the structure of GeO, was transformed from GeQO, network at ambient pressure to GeOs and
GeOg network at 70 GPa. There was an amorphous-amorphous phase transition from GeO, network to
GeOs and GeOs network under compression at 30 GPa. The MD results show that the calculated
structure factors were in good agreement with the Neutron diffraction experiment. The change in the
peaks in Q space of the structure factor Sn(Q) was mostly observed for the Ge-Ge and Ge-O correlation
due to GeO, tetrahedral network at ambient pressure and GeOs and GeOsg network at high pressure.
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