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Abstract. Molecular Dynamics simulation was performed to gain deeper insight on the effect of compres-
sion on liquid GeOs2, in particular on the transition between low-density phases to high-density phases.
Similarities in the increase of GeO, coordination number and the number of OGey links to the density
increase allowed a characterization of the model densities at various values of pressure. The intermediate
density phase displays not only an abundance in GeOs units but also the coexistence of at least two large
GeO, clusters of varying densities. Finally, the ring structures found in the regions of various densities
suggest differing material properties that can arise from structural and topological heterogeneity. This
work covers the gap on the effect of pressure on the micro-phase separation and ring structure in liquid

germania.

1 Introduction

Network-forming oxides, such as silica (SiOz) and
germania (GeQOs), undergo structural and dynamical
transformations under high pressure [1-21]. Higher val-
ues of pressure result in the shortening of bond lengths
and an increase in coordination numbers (CN). GeOq
systems under compression, in particular, have consis-
tently displayed a shift from tetrahedral GeO, struc-
tural units to octahedral GeOg units, with the CN
increasing from 4 to 6 [1, 11, 13, 14, 16]. This structural
transformation at higher values of pressure is accompa-
nied by characteristic changes in bond angular distri-
butions [6, 8-10, 18].

Germania has often been examined and compared to
silica owing to their structural similarities [5, 9, 17, 19,
22, 23]. Both GeOy and SiO5 systems display tetrahe-
dral units at ambient pressure and undergo transition to
octahedral units. However, this transformation occurs
at lower values of pressures in GeOs9, making it a useful
analog for modeling high-pressure silicate behavior [5].
Despite having similar electronic density states, GeOs
exhibits weaker bonds and smaller bond angles [23].

#e-mail: nguyenvanyen@vnu.edu.vn (corresponding
author)

Differences also emerge in how pressures affect diffu-
sion rates of these two oxides [9, 19].

Experimental studies of GeO; systems were con-
strained by instrumentation and pressure limitations.
Techniques such as diffraction and fundamental spec-
tral methods [11, 13, 24-27] have been used to calculate
bond lengths, CNs, and oxidation levels, while spec-
troscopy [1, 14, 16, 28] can provide more information
on bond angles and rings. In the past, pressures in the
intermediate range of 8-44 GPa used to be considered
state-of-the-art in laboratories [11, 25]; only recently
have experts achieved higher pressures of at least 100
GPa [28, 29]. Complementing these efforts, simulations
using molecular dynamics (MD) and ab initio tech-
niques have extended analysis into regimes that remain
experimentally challenging, providing predictive insight
into more complex structural analyses or observation-
intensive dynamical tracking and calculations [5, 9, 10,
12, 17, 19, 30-33]. For instance, void sizes in GeOq sys-
tems were quantified across various densities [10], while
analyzing the movements of atoms enabled a micro-
scopic description on atomic pathways in the formation
of higher CN structural units [33].

Despite the growing number of studies on structural
transitions in oxide systems, there remains a research
gap for GeO; systems regarding the occurrence of
micro-phase separation and its ring structure at high
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pressure. Micro-phase separation has been reported for
silicate systems [21] and results on ring structures are
limited to the identification of dominant rings for spe-
cific cases [1, 34]. Recently, ring statistics and a Voronoi
analysis were performed for a MgSiOg3 system, shedding
light on how intermediate-range order results in sec-
ondary peaks at high pressure [35]. The effect of tem-
perature on the structure of GeOy systems has been
recently discussed [32], but the latest work on com-
pressed liquid GeO; focused on molecular diffusion and
dynamical heterogeneity [19]. In this work, we thus
expound on the structural transformations of a lig-
uid GeO; system, focusing on micro-phase separation
occurring at intermediate values of pressure, and a more
extensive thorough discussion on ring structures.

2 Methodology

We initialized a system consisting of 1833 Ge and 3666
O atoms randomly assigned in space and then heated up
to 5000K. Then, the system was gradually cooled down
to 3500 K at a rate of 2.5 K/ps. Our inhouse code uses
the Verlet algorithm to evolve the numerical equation
with a timestep of 0.48 fs. The Oeffner—Elliott (O-E)
potential was used to calculate atomic interaction [9,
22, 36, 37).

After quenching, 13 different steady-state samples
with varying pressures from 0 to 100 GPa were gener-
ated to analyze the effect of pressure. A target pressure
P, was assigned for each sample, and an isotropic feed-
back barostat adjusts the simulation cell when virial
pressure P deviates from P, i.e., every 1000 timesteps
the simulation cell rescales isotropically if |P — Py| >
AP with AP = 10~* GPa. Equilibration at each tar-
get pressure was performed in the NPT ensemble for 107
timesteps, after which statistics were collected from sev-
eral annealing/production runs using more than 1000
configurations saved every 10 timesteps.

We first calculated the pair radial distribution func-
tion (PRDF) and the total distribution function of the
system to examine the reliability of our model. The
total distribution function is calculated from the pair
distribution function g¢;;(r) according to following for-
mula [15]:

Dt o1 Cicibibigis(r)
Y0 = cicbiby

g(r) = (1)

g(r) where ¢; is fraction of atom i (Ge or O) and b;
is its neutron scattering length (bg, = 8.185 fm, bp =
5.803 fm) [38]. The structure factor S(k) can then be
calculated from the total distribution function (1) by
performing Fourier transform [39]:

o) — 2

r2dr, 2
. o (2)

S(q)=1+4ﬂ'p/
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where ¢ is the scattering vector and p is the average
atom number density.

Figure la shows the different PRDF of liquid GeO4
at 0 GPa with the Ge-O PRDF displaying an initial
peak at 1.74 A, while the peaks of the Ge-Ge and O-O
PRDFs are located at 3.32 and 2.82 A, respectively,
in excellent agreement with experiments [40, 41]. The
first peak position of the total distribution function,
which is strongly influenced by the peak in the Ge-O
PRDF is also at 1.74 A. The second peak is 2.88 A,
which was formed by the interplay of the peaks of the
Ge—Ge and O-O PRDFs and damped by the low value
of Ge-O PRDF. The structure factor of the GeOs liquid
(Fig. 1b) is also in agreement with experiments [4], with
deviations smaller than 2A~!, and no major difference
at the location of subsequent peaks and troughs were
observed. Based on these, our GeOs liquid model is
reliable and can be used to estimate other properties.

GeO, clusters can be detected by first identifying
seed Ge atoms with CN=x (i.e., with x O atoms within
the cutoft distance). Each seed Ge atom and its neigh-
boring O atoms form an initial cluster. Algorithmically,
two clusters are merged if they share at least one com-
mon O atom, and the merging procedure is repeated
until no any two cluster share a common O atom. These
number of atoms in the final clusters can be used to
obtain the cluster size distribution.

To analyze the ring structure, the no-shortcut crite-
rion was used [35, 42, 43]. This algorithm treats the
system as a network, where atoms are represented as
nodes and links are edges. For any sequence of three
connected nodes, the minimal cyclic path containing it
is identified. Specifically, as provided in the appendix
of [42], an exhaustive search of all cyclic paths contain-
ing these three connected nodes is performed, starting
from potential three-node paths, four-node paths, and
so on until a ring is identified. Any ring is validated to
not have a path between any two nodes to be shorter
than the path along the ring. When a ring is validated,
all the ring is saved into a list. This process is done
for each three connected nodes in the system. Finally,
duplicate rings arising from various permutations of the
same ring obtained from all possible three connected
nodes are removed.

3 Results and discussion

3.1 Coordination number

We first report and confirm that our model reproduces
the expected increase in coordination number (CN),
correctly characterizing how pressure influences local
GeOQOs structure and short-range order. The CN of an
atom is the number of other atoms that are located
within the distance from the central atom to the first
minimum position of the PRDF; between Ge and O
atoms this cutoff is rqe_o < 2.36 A (Fig. 1a). Since the
CN varies for each atom in a system, the CN for each
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Fig. 1 a Calculated PRDF of Ge-Ge (blue), Ge-O (red), O-O (magenta) and the total distribution function of liquid
GeOg (black); b structure factor for this study (solid line) and experiments (circles) [4]

type of atom was calculated as the average of all the
CNs of atoms of that type.

As pressure increases, the atoms become more
packed, increasing local density and leading to higher
values of CN (Fig. 2a). The CN of Ge rapidly increases
from around 4 to nearly 5.5 at 20 GPa, after which
there is a slowdown in terms of increase from 40 to 60
GPa, and nearly stabilizing just below 6. Such a rapid
increase in mean CN at low to intermediate values of
pressure and a tapering increase at higher values is sim-
ilar to experiments in amorphous GeOs and other sim-
ulations. Meanwhile, the mean number of Ge atoms of
linked to O follows a similar shape, rising from 2.1 at 0
GPa to 2.7 at 40 GPa, and saturating below 2.8 GPa at
100 GPa (Fig. 2b). This progression shows that there is
substantial molecular change from ambient pressure to
intermediate values of pressure, diminishing increases
starting from 20 GPa, and stabilization above 40 GPa.

Next, we analyzed the structural mapping of the CN
with the units of the system and identify transitions
between low-density (LD) and high-density (HD) con-
figurations. The increase in CN is accompanied with
structural change at the microscopic level, i.e., a CN of
4 defines a system composed predominantly of tetrahe-
dral LD GeQO, units, while a CN of 6 corresponds to
that dominated by HD GeOg unit. Indeed, at ambient
pressure, the predominant units are GeOy (95%), fol-
lowed by GeOjs (4.2%) and GeOg (0.8%) (Fig. 3a). We
remark that the presence of non-tetrahedral units are
consistent other numerical simulations at high tempera-
ture [8, 9]. As pressure increases, the system transforms
from predominantly tetrahedral to octahedral network
structure, with increasing CN. At 100 GPa, GeOg is
most dominant (89%), with GeOs and GeOg account-
ing for 10% and 0.1%, respectively. The proportion of
GeOs5 units increases at low pressure, reaches a max-
imum value of 43.9% at 15GPa, and decreases there-
after. This suggests that as pressure increases GeQy is

converted to GeOg through the intermediate density
(ID) state GeOs.

GeQ, structural units are also connected through
shared oxygen atoms between Ge atoms, coincidentally
forming OGey and OGeg links (Fig. 3b). The fraction of
OGe; units is dominant at ambient pressure (hence CN
is near 2), while at high pressure the fraction of OGes
units is very large at about 80%, aligned with the fact
that CN~2.8 (Fig. 2b). The transition on either GeO,
or OGe, dominance occurs roughly at 15-20 GPa, when
the number of GeOs units started to decline. This
shift from low-to-high-density units is expected, since
as pressure increases, molecular units become packed
and forces molecules to adjust their structures.

3.2 Characterizing density

Given the clear structural evolution and density config-
urations at the local level, we next examine how these
changes relate to the overall density of the system.
Figure 4a shows the system density increases rapidly
in a nearly linear manner before decelerating from 20
GPa. This shape interestingly resembles the increase in
the number of OGes subunits (Fig. 3b). The similarity
suggests that the number of bonds connected to O at
various values of pressure can be used to estimate the
density p via the formula [21]:

p=apLp + (1 — a)pup, (3)

which is a weighted average of the densities at the low-
est pressure value of 0 GPa (pLp = 3.69g/cm?) at and
100 GPa (pgp = 6.55g/cm?®) and where « is the pro-
portion of the OGes links. The density calculated using
(3), which assumes a linear combination of LD and
HD values, provides an excellent estimate of pressures
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Fig. 3 Relative distribution of a GeO, and b OGe, structural units as a function of pressure

below 40 GPa (Fig. 4a). Above this value, the calcu-
lated density stagnates after 40 GPa, whereas the actual
density continues to increase. The strong agreement at
low—intermediate values of pressure suggests that the
system density correlates with, the local densities gov-
erned by coordination numbers. However, the calcula-
tion based on oxygen linkages above raises a warning
that such density estimates may only be valid for low-
to-moderate densities. It may be possible to use the
coordination number of Ge, but the intermediate stage
via GeOs makes approximations at low pressure inac-
curate, i.e., the number GeOg linkages does not increase
as rapidly as the increase in density.

@ Springer

We also characterized the dependence of density on
the CNs by providing an order parameter n through
which we aim to define if the entire system has low or
high density. For this, we use the number n, of GeO,
units (z = 4,6) [30]:

Nne — N4
ne + Ng

n(p) = (4)

Clearly, |n| < 1. When ng = 0, the dimensionless
number 77 = —1, describing phases when mostly GeOy,
present; and when the system is mostly octahedral, then
n = 1. This curve takes on values below -0.9 when p <
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number 71 as a function of pressure

12 GPa and exceeds 0.95 when p > 40 GPa (Fig. 4b).
We can thus extend the definition of local density to
the system density phases by dividing the n values into
the following ranges:

e Low density (LD phase):—1 <n < —0.9
e Intermediate density (ID phase): —0.9 <7 < 0.95
e High density (HD phase): 0.95 < n < 1

The shape of 1 at various values of pressure (Fig. 4b)
mimics the HD units in the system (Fig. 3a). At
pressure values within the ID phase, more than one
type of molecular structure is significantly present in
the system, i.e., the proportion of GeO, (z = 5, 6)
units exceeds 0.25, whereas the number of GeO4 units
decrease. For values —1 < n < —0.9 (LD phase), the
probability of finding the GeO4 units is highest, indi-
cating that the LD phase is primarily formed by LD
units. The ID phase corresponds to —0.9 < n < 0.95,
where the probability of finding a mix of different GeO,
units is highest and particularly the presence of GeOs.
For 0.95 < 1 < 1 the probability of finding the GeOg
coordination number is highest, and the number of LD
and ID units have significantly diminished.

3.3 Microscopic phase separation

The discussion above shows how the overall system den-
sity increases with pressure nonlinearly and how the
structural units rearrange when pressure increases. It
does not reveal how the structural units are spatially
arranged and clustered. To explore possible spatial het-
erogeneity, we now examine how GeQO, units cluster at
different pressures.

Using model visualization, we have identified a sam-
ple of purely GeOy clusters (red), GeOs clusters (green)
and GeOg clusters (blue) (Fig. 5). The dispersal of LD,

ID, and HD regions in the model at the same pressure
suggest microphase separation in intermediate values
of pressure (15 GPa), meaning that all three density
phases simultaneously exist in the model in different
regions, i.e., the units do not convert from LD to ID
to HD homogenously. Rather, units are more likely to
transition to a denser phase when it is nearby an exist-
ing dense cluster. At higher values, less GeO4 and GeOj
units can be seen (40 GPa).

Figure 5 reveals evidence of micro-phase separation
during the transition between LD and HD phases and
how separate regions of various densities coexist, form-
ing a heterogeneous network, and this can be quantified
by examining cluster sizes, as shown quantitatively in
Fig. 6 and illustrated in Fig. 7.

Clusters of varying densities and of different sizes
appear across pressures. At 0 GPa, a large GeOy cluster
with 5360 atoms exists, while only three GeOg cluster
consists of 7 atoms (Fig. 5a). While the GeOs clusters
are not negligible, they are small in size, with the largest
containing 19 atoms. Thus, microscopic phase separa-
tion at 0 GPa is not observed. At 12 GPa, phase sepa-
ration becomes apparent: two large GeO,4 (2841 atoms)
and GeOs (3035 atoms) clusters are visible and pocket
clusters of all densities are distributed. The pressure
value of 15 GPa is unique among our models, because
at this stage, there is a single dominant cluster of GeOs
units (3360 atoms); the next biggest cluster is a GeOy4
cluster of 565 atoms. The conversion of GeO,4 and GeOs
units to higher order units immediately proceed at 20
GPa, where a big GeOs cluster (296 atoms) coexists
with a GeOg cluster (2685 atoms). At 40 GPa, there
remain numerous GeQy clusters, while a large GeOs
cluster (2001 atoms) and an even bigger GeOg clus-
ter (4426 atoms) are present. Interestingly, there are
only two HD clusters, suggesting that small HD regions
quickly merged. Finally, at the extreme value of 100
GPa, only a handful of GeO, clusters exist with few
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Fig. 5 Spatial distribution
of clusters at 15 GPa and
40 GPa, showing GeOy4
clusters (red), GeOs
clusters (green), and GeOg
clusters (blue)
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atoms. One huge HD cluster (5101 atoms) exists, while
several clusters of ID phases are scattered.

The main trend above is the formation of a large
cluster of a specific phase that corresponds to the sys-
tem density, i.e., a huge cluster of LD units is seen at
low density, and a huge cluster of HD units is found at
high density. This means that these units tend to form
into one large cluster, although the formation of smaller
clusters appear as well. Interestingly, GeOs clusters
appear at all values of pressure, signifying the presence

of high local density clusters at LD, and local regions
of lower density at HD. Nevertheless, a large cluster of
ID also appears when the system has ID. The ID phase
is also characterized by the presence of another large
cluster of LD GeO4 or HD GeOg units. This suggests
that, when increasing pressure, the large cluster of lower
density does not transform collectively; rather, it is
more likely that first, small regions of higher densities
form, and then these small regions combine to make a
new cluster of higher density; meanwhile, a large cluster
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of low density becomes smaller as its units transform to
higher densities.

3.4 Ring structure

The effect of density on the formation of clusters of
varying densities does not provide insights on the struc-
tural shape of the clusters. Large quantities of small
rings will point to a more convex structure with less

@ Springer

holes, while larger rings denote more chain-like for-
mations. An n-fold ring of GeO, units is a circular
sequence of n units, connected via O atoms. In this
work, we considered both rings made of units of vari-
ous densities, i.e., for all x = 4, 5, 6, and rings consisting
of a specific unit type. Figure 8 gives an illustration of
such rings.

The distribution of rings at 0 GPa appears to have
a Gaussian-like distribution from 2-folds to 13-folds,
with a peak between 6 and 7 units (Fig. 9). As pres-
sure increases, the clusters become tighter, resulting in
smaller rings. The peak of the distribution shifts to the
left. At the highest pressure considered in this study,
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high-n n-fold rings are rare and small rings are most
dominant: fivefold rings are most common (25.47% of
all the rings), closely followed by fourfold rings.

Larger rings at lower pressures can be associated
with a more open network topology in space. In
contrast, a higher fraction of smaller rings at high
pressure indicates a locally constrained and tightly
connected structure. This suggests that high pressure
germania may exhibit lower possibility of structural
heterogeneity and topological rearrangement compared
to the low density states. In addition, the smaller ring
structures result in higher density, which contributes
to a higher refractive index, altering the non-linear
optical properties of the material. This insight is
particularly valuable for the mechanical applications
of GeOy material and their fabrication processes.

To elaborate on the ID phases with micro-phase sepa-
ration, we study rings, where the units connected are of
a specific GeO,, unit (Fig. 10). GeOy4 rings are typically
normal at low pressure, with a shape not far from the
overall ring distribution. As pressure increases toward
the ID phase, the peak shifts toward smaller n, denot-
ing smaller ring sizes. At this point, GeOjs units start
to appear and form rings. Interestingly, the ring distri-
bution of ID units display more than one mode: one at
n = 2 (denoting a small ring with a shared edge) and
one at a much higher n. At 12 GPa, two large clusters
are prominent: one LD (GeOy) and one ID (GeOj), and
the LD (GeOg) units have a ring distribution skewed to
the right, while a significant portion of ID (GeOs) rings
have n = 12, 13, 14, accounting for a combined total of
more than 25%. If small ring sizes are the signature of
large dense spherical clusters, then high-n rings corre-
spond to chain-like structures that have just begun to
form a cluster. At slightly higher pressure 20 GPa, 1D
(GeOs) and HD (GeOg) units display a similar distri-
bution: huge number of n = 2 rings and another peak at
high n, with a difference on which peak is more promi-
nent. In both cases, the rings suggest a presence of a
dense cluster (contributing to a large value of twofold
rings) and several less convex clusters external to it.
Finally, GeOg rings display a large-n peak at moder-
ately high values of pressure, approaching a nearly uni-
form distribution at 100 GPa.

4 Conclusion

Using molecular dynamics simulations, we investigated
the structural evolution of liquid GeOs under com-
pression. Our results showed a transformation from
LD GeOg4-dominated configurations to HD GeQOg-rich
structures with GeOj serving as an intermediate state
at moderate values of pressure. This transition is
accompanied by a rapid increase in density below 30

Page 9 of 11 20

GPa and saturation afterward. Models based on OGe,
proportions or number of GeO,, (z = 4, 6) units were
proposed to estimate the system density.

More interestingly, a spatial analysis of the atomic
configurations revealed that the system exhibits micro-
phase separation at intermediate pressures. Thus,
instead of transforming homogenously, certain parts of
the system display higher density than other parts. The
shape of the local structures was also characterized via
ring analysis, which showed a transition from large, flex-
ible rings at low pressure to smaller rings at high pres-
sure. This suggests that liquid germania at high pres-
sure is highly densified, which limits local topological
rearrangements.

Our work provided a detailed picture of structural
and topological evolution of liquid germania at 3500 K
and extreme values of pressure. A natural extension of
this work is to examine the structural configurations
and ring analysis in the high temperature-high pres-
sure phase space. Since the melting point of GeOs is
1388 K [44], extending temperature alone from our cur-
rent study of 3500 K may not result in drastic quali-
tative changes. Indeed, higher temperature may result
in broader bond-length distributions, lower average
coordination, and higher diffusion rates, as well as lower
propensity to form large clusters and rings owing to
higher disorder. It will nevertheless be interesting to
see the temporal evolution of such clusters responding
to the interplay of extreme pressure and temperature.

Experiments are, however, limited in such a regime,
and numerical simulations may suffer theoretical limi-
tations with regard to the optimal potential used in MD
simulations. A potential approach here is to use ab ini-
tio MD, but the utilizing the appropriate system size
and evolutional timescales will require large comput-
ing resources. Recently, machine-learning interatomic
potentials have been used in classical MD simulation
after being trained on data obtained from ab initio
models [45-47]. In future work, employing such poten-
tials would allow us to examine pressured-induced local
and system structural configurations in extreme envi-
ronments.
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