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Abstract: The contribution is dedicated to the molecular dynamics (MD) study of the structure of
reduced germania glass of composition 1Ge 1GeO2. The work is inspired by a recent report on the
formation of Ge clusters in hydrogen reduced germanate glasses containing oxides of heavy metals.

The MD simulations have been performed in the microcanonical (NVE) ensemble, using a
simple two-body Born-Mayer-Huggins interaction potential.

A tendency of germanium atoms to agglomeration into clusters, observed in the present
calculations, is compared with an analogous tendency of Bi and Pb atoms, observed previously in
the xBi (1-x)GeO2 and xPb (1-x)GeO2 systems. The differences in the short and medium-range
order in GeO2 system between the 1Ge 1GeO2 and GeO2 glasses are discussed.
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1. Introduction
Germanate and silicate glasses containing oxides of heavy metals such as PbO,

Bi2O3 or Sb2O3 belong to a group of materials which on the high temperature an-
nealing in hydrogen atmosphere undergo significant structural changes. In particular,
at sufficiently high temperatures a certain number of hydrogen molecules (from the
high-energy tail of the Maxwell-Boltzmann distribution) react with oxygen atoms of
GeO4 or/and SiO2 tetrahedra, bonded simultaneously with metal ions. This chemical
reaction results in the appearance of H2O molecules. The H2O molecules evaporate
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from the glass, leading to a decrease of the sample mass. Simultaneously, the heavy
metal ions become neutral atoms, which agglomerate into metal granules immersed
in the germania or silica matrix. The changes of structural and other physical prop-
erties (e.g. surface conductivity) induced by high temperature annealing have been
described in references [1–11].

Recently, in germanate glasses submitted to prolonged hydrogen annealing,
in addition to metal granules also germanium clusters have been detected by X-
ray diffraction methods [12]. The present simulation work is inspired by this new
result. It is aimed to see whether and how the neutral germanium atoms agglomerate
into clusters, and to compare qualitatively the agglomeration tendency of germanium
with similar tendencies of heavy metal atoms. In particular, we describe the results
of the molecular dynamics (MD) calculations of the structure of reduced amorphous
germania of composition 1Ge 1GeO2, and compare it with the structure of pure
amorphous GeO2 (a--GeO2). Since rather qualitative and comparative results were
expected, no afford has been done to reproduce perfectly high quality experimental
structural data on a--GeO2 or a--Ge. Such a work would require the usage of three
body interactions, and their parametrisation was beyond the scope of the present
work. Instead, we have chosen rather simple two-body interactions of the Born-
Mayer-Huggins (BMH) form, given in [13]. The parametrisation of the Ge--O, Ge-
-Ge, and O--O interactions proposed in [13] allows one to reproduce well the main
structural features of glassy germania [5, 14]. The main reason of our choice of the
potential function in the BMH form was that our previous simulations of heavy atom
agglomeration in germania matrix were performed also for the BMH interactions,
so the comparison of the agglomeration tendencies in both materials becomes more
straightforward.

The paper is organised as follows. In Section 2 we present in brief the simulation
method. In Section 3 the tendency of Ge atoms to the agglomeration into granules
is described. The differences in the short-range and medium-range order in the GeO2

phase between the 1Ge 1GeO2 and GeO2 glasses are discussed in Sections 4 and 5,
respectively. Section 6 contains concluding remarks.

2. Simulation method

The MD simulations (e.g. [15, 16]) have been performed in the microcanonical
(NVE) ensemble. The two-body Born-Mayer-Huggins interaction potential has been
applied, with the parametrisation proposed in [14]. The systems were initially pre-
pared as well equilibrated hot melt, and then cooled down to the room temperature
(the average cooling rate of 2 ·1013 K/s). The numbers of atoms within the simu-
lation box and the box-edge lengths are given in Table 1. Usual periodic boundary
conditions were applied.

Table 1. The numbers of atoms within the simulation box and the box-edge lengths

Glass composition Ge4+ Ge0 O2− Box edge [Å]

GeO2 500 — 1000 29.531

1Ge 1GeO2 500 500 1000 34.33
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The structural information on short-range correlations was obtained in a
conventional way, mainly from pair and angular partial distribution functions (PDFs,
and ADFs, respectively). The PDFs were approximated by Γ-like distributions in the
following form [17, 18]:

g (r) =
N

4πρr2

2
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(
4
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σ ·β

) 4
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where N is the co-ordination number, ρ is the density, R is the average distance,
σ2 is the variance (Debye-Waller–like parameter), β is the asymmetry (skewness)
parameter, and Γ(x) is the Euler’s gamma function, calculated for x = 4/β2. The
latter formula is valid for (r−R)β >−2σ.

The medium-range order was studied via the cation-anion ring analysis, per-
formed using our recent highly efficient redundancy aware algorithm [19, 20], imple-
mented in the ANELLI programme package [21–23].

3. Spatial distributions of Ge4+ ions and Ge0 atoms
In Figure 1 we show the pair distribution functions that reveal the spatial

arrangement of Ge4+ ions and Ge0 neutral atoms in the GeO2 and 1Ge 1GeO2

systems.
The most probable Ge4+--Ge4+ distances are equal to 3.36Å and to 3.32Å in

GeO2 and 1Ge 1GeO2 systems, respectively. Moreover, the PDF peak in partially
reduced glass is wider than in unreduced system. This means that the dispersion
in the Ge4+--Ge4+ distances increases during the reduction, and so the germania
subsystem becomes more disordered. The Ge4+--Ge4+ average co-ordination number
in pure GeO2 equals to 4.02 (as read in the PDF minimum between the first two peaks,
i.e. at 3.64Å). Simultaneously, the average Ge4+--Ge4+ co-ordination number in 1Ge
1GeO2, as read in the PDF minimum between the first two peaks, i.e. at 3.60Å, equals
to about 4.08. The distributions of the co-ordinations numbers (in percent) in both
compounds, calculated up to the mentioned before cut-off radii are given in Table 2.
As one can see, although the average Ge4+--Ge4+ co-ordination numbers are rather
similar, the distributions of individual numbers of the neighbours differ strongly. Since
the Ge4+ ions are caged by oxygen ions (see Section 4), from the Table results that
the germania network in 1Ge 1GeO2 is more complicated and strained that in the
GeO2 system.

The Ge4+--Ge0 pair correlation in 1Ge 1GeO2 is also shown in Figure 1. As it is
seen, the most probable Ge4+--Ge0 distance is very long (about 3.78Å), the first peak
height is hardly higher than one. The co-ordination number read at the distance of
5Å amounts to about 3. Simultaneously, the Ge0--Ge0 co-ordination number read at
the same distance of 5Å, amounts to almost 10. This suggests a strongly non-uniform
distribution of the neutral Ge0 atoms and the Ge4+ ions.

Table 2. Distributions [%] of the Ge4+--Ge4+ co-ordination numbers in GeO2 and 1Ge 1GeO2

calculated up to the cut-off radii of 3.64Å and 3.60Å, respectively

Co-ordination 3-fold 4-fold 5-fold 6-fold Average

GeO2 0.6 96.8 2.6 — 4.021

1Ge 1GeO2 0.2 92.4 6.0 1.2 4.08
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Figure 1. The Ge4+--Ge4+ and Ge4+--Ge0 pair distribution functions
in the GeO2 and 1Ge 1GeO2 systems

In Figure 2 (left panel) we show the configuration of all the atoms in the last
simulation step of the 1Ge 1GeO2 system. For clearer presentation the neutral Ge0

atoms are distinguished by larger ball radius. An agglomeration tendency is clearly
seen. In Figure 2 (right panel) we show the Ge0 atoms only (at the same time-step as
in Figure 2 (left panel)). Previously, a similar agglomeration tendency of heavy metal
atoms, as Pb or Bi, has been observed in many completely reduced oxide systems [5,
7–10, 14]. Here, for comparison we cite our data on Pb0 atom agglomeration in the
1Pb 1GeO2 system. The spatial distributions of all, and only Pb0 atoms in the last
time step of a similar simulation performed for the 1Pb 1GeO2 system are shown in
Figure 3. The resulting configurations are qualitatively similar. In order to characterise
the agglomeration tendencies quantitatively, we calculated the fractions of neutral
atoms, Ge0 and Pb0, respectively, of auto co-ordination higher or equal than n, where
n is integer. The results are shown in Figure 4. As it is seen, the percentage of highly
auto co-ordinated neutral atoms is higher in 1Ge 1GeO2 than in 1Pb 1GeO2 one.
This means, that the Ge0 cluster has larger bulk to surface ratio than the Pb0. In our
simulations the cluster formation occurred at high temperatures, in the liquid state.

4. Short range order in the GeO2 subsystem

The best-fit parameters R, σ2, β, and N , of the first PDF’s peak, approximated
by distribution (1), together with the most probable inter-atomic distances, Ro,
i.e. the PDFs’ maxima positions, for the Ge4+--O2− and O2−--O2− pairs are listed
in Tables 3 and 4, respectively. The mentioned PDFs and the relevant angular
distribution functions (ADFs) are shown in Figures 5 and 6, respectively.

The most probable Ge4+--O2− distances, R0, are the same in both GeO2 and
1Ge 1GeO2 systems up to 0.01Å. Due to the peak asymmetry, the average distances,
R, are slightly longer, and in our simulations amount to 1.71Å in GeO2 and 1.70Å
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Figure 2. Spatial distributions of all the atoms (left panel) and neutral germanium
atoms only (right panel) in the last simulation step of 1Ge 1GeO2.
Large balls – Ge0, small light balls – Ge4+, small dark balls – O2−

Figure 3. Spatial distributions of all the atoms (left panel) and neutral lead
atoms only (right panel) in the last simulation step of 1Pb 1GeO2.
Large balls – Pb0, small light balls – Ge4+, small dark balls – O2−

in 1Ge 1GeO2. The latter values are somewhat lower (by about 1%) than the Ge4+-
-O2− bond length reported in experimental works (1.74 ± 0.02Å in [24] or 1.75Å
in [25, 26]). However, although the simulated Ge4+--O2− distances are slightly too
short, the oxygen co-ordination of Ge4+ ions determined experimentally has been
fully reproduced in our calculations. Within the range of 2.0Å practically all the
Ge4+ cations have four oxygen neighbours (98.6% and 99.5% of the Ge4+ cations in
GeO2 and 1Ge 1GeO2, respectively). The co-ordinations numbers read at the PDF
minimum after the first peak, amount exactly to 4.0.

All the Ge4+O2−
4 groups have tetrahedral symmetry, which follows from the

inspection of the averaged angular O--Ge--O and O--O--O distributions, Figure 6, as
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Figure 4. The fractions [%] of Ge0 and Pb0 atoms of auto-co-ordination
higher than n in 1Ge 1GeO2 and 1Pb 1GeO2 systems

Table 3. The parameters Ro, R, σ2, β, and N for Ge4+--O2− correlations in GeO2 and
1Ge 1GeO2

Ro [Å] R [Å] σ2 [Å2] β N

GeO2 1.70 1.71 0.002 0.30 3.931

1Ge 1GeO2 1.69 1.70 0.002 0.25 3.95

Table 4. The parameters R0, R, σ2, β, and N for O2−--O2− correlations in GeO2 and 1Ge 1GeO2

Ro [Å] R [Å] σ2 [Å2] β N

GeO2 2.70 2.79 0.036 0.68 6.211

1Ge 1GeO2 2.68 2.78 0.041 0.77 6.53

well as from the analysis of all individual local neighbourhoods of Ge4+ ions. Let us
characterise the shape of the Ge4+O2−

4 tetrahedra. The distributions of tetrahedricity
parameters T1 [27] and T2 [28], defined as:

T1 =

∑
i

(lO--O− lO--O,i)2

l2O--O
, (2)

T2 =

∑
i

(lO--O− lO--O,i)2

l2O--O
+

∑
i

(lGe--O− lGe--O,i)2

l2Ge--O
, (3)

have been calculated. In Equations (2) and (3) lO--O,i and lGe--O,i are the lengths of
the ith tetrahedrons’ O--O edge (i= 1, . . . ,6) and Ge--O distance (i= 1, . . . ,4), and lO--O

and lGe--O are the average O--O, and Ge--O distances, respectively. Shape parameters
(2) and (3) are dimensionless, and being normalised to the average inter-atomic
distances, characterise only the cation--O4 groups geometry, and do not depend on
particular values of bond lengths. The T1 parameter estimates only the overall shape
of the tetrahedra, with no reference to the position of central cation, whereas the T2

estimator additionally takes into account deviations in the cation localisation. The
ideal tetrahedron is characterised by zero-values of both estimators, T1 =T2 = 0.
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Figure 5. The Ge4+--O2− and O2−O2− pair distribution functions
in the GeO2 and 1Ge 1GeO2 systems

Figure 6. The O2−--Ge4+--O2− and O2−--O2−--O2− angular distribution functions
in the GeO2 and 1Ge 1GeO2 systems

The distributions of occurrences of the T1 and T2 values are given in Table 5.
From the table results that the Ge4+O2−

4 tetrahedra are more regular in pure GeO2 in
accordance with the best fit parameters σ2 and β in distribution (1) for the O2−--O2−

peak, Table 4.

5. Medium range order in the GeO2 subsystem

In order to characterise the medium-range order in the GeO2 subsystem in
both MD-simulated samples we have performed the cation-anion ring analysis. A
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Table 5. Occurrences [%] of various T1 and T2 values for Ge4+O2−
4 structural units in subsequent

bins of width 0.02 in the GeO2, and 1Ge 1GeO2 systems

T1/T2 range GeO2 1Ge 1GeO2

0.00–0.02 54.1% / 48.4% 50.7% / 44.8%

0.02–0.04 34.1% / 37.8% 36.8% / 40.4%

0.04–0.06 9.4% / 11.0% 8.7% / 10.6%

0.06–0.08 1.4% / 1.4% 2.1% / 2.7%

0.08–0.10 1.0% / 1.4% 1.2% / 0.5%

0.10–0.12 – / – 0.2% / 0.5%

0.12–0.14 – / – 0.3% / 0.5%

close chain of anions and cations is called a ring. The ring containing N anions and N
cations is called an N -member ring or a ring of length N [29, 30]. We have determined
the smallest set of the smallest linearly independent rings, i.e. the basis that spans
the whole set of chemically bonded germanium and oxygen atoms.

Let us discuss in brief the length distributions of the basal Ge4+--O2−--Ge4+-
-O2−-. . . rings (Table 6). In both systems the 5-member rings are dominating. In
unreduced glass, GeO2, only a marginal fraction of 2-member germanium-oxygen
rings, corresponding to edge sharing Ge4+O2−

4 tetrahedra, appear. However in reduced
glass, 1Ge 1GeO2 the edge sharing tetrahedra are more frequent. Moreover, the
percentage of longer rings is lower in the reduced sample. This means that in reduced
system the germania phase is more compact, in agreement with the increase of the
average Ge4+--O2− and O2−--O2− co-ordination numbers due to the reduction (see
Tables 3 and 4).

Table 6. Ge--O--Ge--O-... ring length distribution in GeO2 and 1Ge 1GeO2 systems

Ring length 3 4 5 6 7

GeO2 0.8% 11.6% 33.1% 37.7% 16.4%

1Ge 1GeO2 4.2% 25.5% 32.9% 27.9% 8.8%

6. Concluding remarks
In this contribution we describe the results of the molecular dynamics simu-

lation of partially reduced germania of composition 1Ge 1GeO2. The clustering be-
haviour of neutral germanium atoms observed in our simulations agrees with experi-
mental findings. In general, the agglomeration tendency of Ge0 atoms in GeO2 matrix
is similar as in the case of heavy metal neutral atoms.

The structure of GeO2 subsystem in reduced germania, 1Ge 1GeO2, as com-
pared with the structure of unreduced glass, GeO2, is more complicated and the
Ge4+O2−

4 tetrahera network is more strained. Moreover, on reduction the Ge4+O2−
4

structural units become more irregular.
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