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Melts and glasses are important geological and technological materials. Knowledge of their
structure is the key to understand their physical and thermodynamic properties from an atomic-
scale perspective. However, the development of structure models for melts and glasses is still
challenging due to the complex dependence on pressure, temperature and chemical composi-
tion. Combined experimental and computational investigations are a promising approach to
achieve progress in this field. Here, we present results of some recent molecular modelling
studies of complex oxide and silicate melts and glasses. The first example is concerned with the
structural origin of the glass-forming ability of calcium aluminate melts. Next, we discuss the
structural evolution of SiO2 glass up to very high pressures. Finally, a computational method
to predict trace element partitioning between two immiscible melts is critically assessed. All of
these computational studies are motivated by experiments and require high performance com-
puting resources.

1 Introduction

The structure of oxide and silicate melts and glasses is of great interest in physics, materials
and Earth sciences but also for industrial applications. Their physical properties strongly
influence magmatic processes ranging from the Earth’s surface to its deep interior and from
its early history to the present day. Glassy materials have a wide range of applications
from window glasses to the immobilisation of radioactive waste. The relation between the
atomic structure of a melt or glass and its physical or chemical properties has been subject
to intense research for decades but it is still a challenging task. In contrast to crystalline
materials, glasses and melts do not possess a long-range structural order and the local
or short-range order is much more diverse and determined by statistics. The addition of
chemical components even increases the structural complexity. Variation in pressure and
temperature leads to a continuous change in the structure, which is also different from
crystals where structural transitions occur at discrete state points.

Experimentally, the structure of melts and glasses is often studied using x-ray or neu-
tron diffraction methods. The Fourier transformation of the measured structure factor
yields the radial distribution function g(r), a radially averaged function of atomic den-
sity fluctuations as a function of distance r from a central atom. For systems consisting of
more than one chemical element g(r) is an average of partial radial distribution functions
gij(r) weighted by the scattering length and the concentration c of elements i and j. gij(r)
is defined as

gij(r) =
1

cicjρ0N

〈
Ni∑

a=1

Nj∑

b=1

δ(r− (ra − rb))

〉
(1)
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where N is the total number of atoms, Ni is the number of atoms of element i and ρ0 is
the atomic number density. ra and rb are atomic position vectors of atoms a and b, r is a
distance vector with length r. δ is the Kronecker delta.

For chemically simple systems (not more than two to four different elements) the inte-
gration over the first peaks of g(r) provides information about average nearest neighbour
distances and coordination numbers. However, the three-dimensional structure of the melt
or glass cannot be reconstructed from the experiment. Furthermore, the x-ray scattering
power for the light major elements of natural silicate melts (Si, Al, Mg, O) is very similar
and interpretation of the total scattering function is complicated due to the overlap of the
contributions from different ion pairs, e.g. Al-O and Mg-O. Hence, diffraction methods are
often not element specific enough and other experimental approaches such as x-ray absorp-
tion spectroscopy, Raman spectroscopy or NMR spectroscopy may have to be employed in
addition to obtain a comprehensible information about the glass or melt structure. Finally,
experiments at high temperature and/or high pressure add additional challenges.

Molecular modelling, e.g. using molecular dynamics simulations, in combination with
supercomputing power has become a powerful approach to complement and interpret ex-
perimental data to resolve the structure of disordered materials. The accuracy of the pre-
dicted structure depends on the atomic interaction potential and on the ability of the sim-
ulation to reach an equilibrium state (or in the case of glasses a relaxation state similar to
the experiment) with a finite simulation cell (typically 102 to 104 atoms) and in a finite
simulation time (typically 10−11 to 10−8 seconds). While classical interaction potentials
are computationally cheap and allow simulations of larger systems over longer times, they
generally have a more limited range of applicability in the description of chemical bond-
ing than computationally much more expensive quantum-mechanical (ab initio) methods.
In our research on melts and glasses we perform ab initio molecular dynamics simula-
tions on high performance supercomputers such as JUQUEEN or JURECA. In parallel we
develop advanced classical interaction potentials for classical molecular dynamics simula-
tions. Subsequently, the structure models obtained from both approaches are assessed by
comparison to experimental data. Having obtained confidence in the predicted simulation
model we extend the simulations to experimentally unexplored conditions and/or derive
physical and thermodynamic properties. In the following we present some details about
the computational approach and discuss a few examples of our recent research on melts
and glasses using high performance computing resources.

2 Methods

Ab initio simulations were performed in the framework of density-functional theory (DFT)
using a planewave basis set as implemented in the CPMD1 or CP2K2 codes. The exchange-
correlation functional was treated in the generalised gradient approximation according to
Perdew et al.3 and norm-conserving pseudopotentials were employed. The planewave cut-
off was chosen between 80-160 Ry depending on the specific configuration. Car-Parrinello
or Born-Oppenheimer molecular dynamics simulations were performed with time steps be-
tween 0.1 and 1.0 fs. Typical system sizes ranged from 100 to 300 atoms and production
runs between 10 and 50 picoseconds. For simulations of the melts at ambient pressure,
temperatures of at least 2500 K were chosen to allow for breaking and formation of strong
bonds, e.g. Si-O4, on the timescale of the simulation. Glasses or melts of SiO2 at very

334



high pressures were equilibrated at 4000 K to allow for sufficient dynamics and assum-
ing that the structural difference between the melt and the glass was small compared to
the pressure-induced changes. Ab initio molecular dynamics simulations are computa-
tionally very demanding and require the use of high performance supercomputers such as
JUQUEEN, where the CPMD code shows reasonable scaling up to bg size = 1024 (16384
cores). CP2K scales reasonably well up to a bg size = 512 if the farming option is em-
ployed. On JURECA both codes scale well up to a few hundred cores.

Classical molecular dynamics simulations were made on JURECA using advanced po-
larisable ion potentials5, 6 as implemented in the CP2K code2. The interaction potentials
were optimised by fitting forces, ionic dipoles and quadrupoles as well stress tensors pre-
dicted by the classical force field to corresponding DFT data for a number of reference
structures5. The molecular dynamics simulation cells representing the oxide and silicate
melts and glasses contained typically between 1000 and 2000 ions. Production runs lasted
for at least 50 to 100 picoseconds with a time step of 1.0 fs. Glasses were produced from
the melts (equilibrated at 2500 K) by slow cooling with a quench rate of 4 × 1012 K s−1.
CP2K simulations using the classical potential show a good scaling behaviour on JURECA
of up to at least 72 cores.

3 Structure of Calcium Aluminate Melts and Glasses

The glass-forming ability of silicate and oxide melts depends on the amount of network-
forming anions. While pure alumina (Al2O3) melts are not glass-forming, the addition of
Ca increases the O:Al ratio and facilitates the formation of an AlO4 network. Recently,
we finished a combined experimental and simulation study of the structure of Ca3Al2O6

melt7. Ca3Al2O6 is at the Ca-rich end of the glass-forming composition range such that
glasses are only formed in container-less levitation experiments. The method of isotopic
substitution in conjunction with neutron diffraction experiments were used to elucidate
specifically the Ca coordination environment in the melt.

Complementary to the experiment we performed both classical and first-principles
molecular dynamics simulations of this liquid. Structural models from the molecular dy-
namics simulations were refined using reverse Monte Carlo simulations. The latter did
not change the structure significantly, which provided confidence in the molecular dy-
namics results. Also, classical and first principles simulations yielded a consistent struc-
tural model. Our simulation results show that, although significantly depolymerised, liq-
uid Ca3Al2O6 is largely composed of AlO4 tetrahedra forming an infinite network with a
slightly higher fraction of bridging oxygen atoms than expected for the composition (Fig. 1,
left). With increasing Ca concentration, the AlO4 tetrahedral network gets less connected.
From the simulation results we concluded that the glass-forming ability is closely related
to a percolation threshold at which the glass can no longer support the formation of an
infinitely connected AlO4 network. Calcium-centred polyhedra exhibit a wide distribu-
tion of four- to sevenfold coordinated sites, with higher coordinated calcium preferentially
bonding to bridging oxygens (Fig. 1, right).

335



Figure 1. Snapshots from classical molecular dynamics simulations of Ca3Al2O6 melt at 2500 K. The left figure
shows the infinite network of corner-sharing AlO4 tetrahedra (yellow) from which small clusters (blue) and iso-
lated tetrahedra (red) are excluded. The right figure shows a typical Ca environment in 5- and 6-fold coordination
(yellow) connected to AlO4 tetrahedra (green). Figures were modified from Drewitt et al.7.

4 SiO2 Glass at Very High Pressures

Silicate melts have played an important role on Earth throughout its entire history. Mag-
matism and volcanic activity are well known phenomena but even today it is suspected that
silicate melt pockets exist at the core-mantle boundary, i.e. at almost 3000 km depth . Due
to the high pressure (about 136 GPa) the structures of these melts must be very different
from those of ambient pressure melts. Even higher pressures are expected in the interior
of larger planetary bodies. From high pressure phase transitions of crystalline silicates it is
known that the coordination of Si changes from tetrahedral to octahedral between 10 and
25 GPa. In melts and glasses a continuous transition from 4-fold to 6-fold is observed in
the pressure range from 15 to 40 GPa. The evolution of silicate melt structures at pressures
above 100 GPa has remained elusive for a long time.

Very recently, we succeeded to perform the first successful x-ray diffraction study of
SiO2 glass up to pressures of 172 GPa8. The experiments showed that above 50 GPa the
coordination of Si increases continuously above 6-fold to reach an average of 6.8 at the
highest experimental pressure. Ab initio molecular dynamics simulations support this ob-
servation and predict a further increase in Si coordination upon further compression. In
Fig. 2 (left) we show the evolution of the Si-O radial distribution function with increasing
mass density. It is interesting to note that the Si-O nearest neighbour distance initially
increases with increasing pressure up to about 30 to 40 GPa, which indicates that com-
pression is mainly driven by increasing the coordination number. At higher pressures com-
pression is also accompanied by shortening of Si-O bonds. A snapshot of the SiO2 glass
structure at a density of 7.0 g/cm3 with a mean Si coordination of 7.3 is shown in Fig. 2
(right).

To rationalise the structural change beyond 6-fold coordinated Si we use the concept
of oxygen-packing fraction9. The maximum packing fraction of a close packed structure
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Figure 2. Si-O radial distribution functions of SiO2 glass/melt at 4000 K as a function of density from ab initio
molecular dynamics simulations (left). The lowest two densities correspond to those of the crystalline polymorphs
quartz and stishovite. Increasing pressure first leads to a small increase of the nearest neighbour Si-O distance
while at very high pressures (above 40 GPa) the Si-O distance decreases. The figure on the right shows a snapshot
of the SiO2 glass with a density of 7.00 g/cm3 and a mean Si coordination of 7.3. Coordination polyhedra are
coloured grey for SiO6, red for SiO7 and blue for SiO8.

of spheres is about 0.74. Assuming oxygens are close packed the Si atoms have to occupy
tetrahedral or octahedral interstitial sites, the latter being larger and thus preferred at high
pressure. At very high pressure, the oxygen ions are increasingly compressed and the size
of the much less compressible Si becomes significant. In a limiting scenario both ions
reach the same size and form a close packed structure of Si and O atoms with a oxygen-
packing fraction of only 2/3 of 0.74 (= 0.49). Thus, increasing the Si coordination above
6-fold leads to a decrease in oxygen-packing fraction. This picture has been confirmed by
both our experiments and our simulations8.

5 Prediction of Trace Element Partitioning between Silicate Melts

The (re-)distribution of chemical elements, which happens in the course of many geologi-
cal processes, is determined by thermodynamics, i.e. by small differences in the Gibbs free
energy due to different coordination environments in different phases. A measure of the
element distribution between two phases is the partition coefficient Dα/β

X that is expressed
as the ratio of concentrations of the element X in one phase (α) relative to another phase
(β). For a quantitative understanding of this problem, a relation is sought between the
measured partition coefficients and the molecular structure and energetics of the different
phases. While the structure of the crystalline phases is usually well known and respective
partition coefficients are well described by the empirical lattice strain model10, the treat-
ment of the energetics in disordered materials (melts, glasses, fluids) is much less obvious.
So far, very simple approximations were made to account for the influence of the fluid or
the melt on partitioning, or the latter was ignored at all. However, some experimental stud-
ies show a strong dependence of the partition coefficient of some trace elements (especially
rare earth elements) between mineral and melts on the melt composition11, 12.
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Our goal is to develop an efficient computational method to predict from first princi-
ples element partition coefficients at geologically relevant conditions including disordered
phases. We combine electronic structure calculations with less expensive classical potential
simulations to establish the technique and to explore the accuracy needed to obtain reliable
results. Energetic differences of element exchange between different phases are obtained
using the method of thermodynamic integration. The major goal of this project is to un-
derstand (and predict) why the partition coefficients of some elements depend strongly on
melt composition whereas for other elements they do not. Results of our pilot studies have
just been published13, 6 but there remains a lot to do to make such predictions more accu-
rate. Here, we summarise our recent work on trace element partitioning between different
(immiscible) silicate melts.

For the study of trace element partitioning a single trace element atom, e.g. of yt-
trium, was introduced into the classical or the ab initio melt. The alchemical transmutation
method of thermodynamic integration was used to evaluate the equilibrium constant of an
exchange reaction between two melt phases whereby a trace element cation (e.g. Y3+) was
exchanged with a main element cation (e.g. Al3+). An exemplary reaction would be the
exchange of Al and Y between a gabbro and granite melt:

Y 3+
granite +Al3+

gabbro 
 Al3+
granite + Y 3+

gabbro (2)

This reaction was split into two separate sub-reactions. In each melt the trace element atom
was transmuted into the main element atom (or vice versa) along the reaction path λ with
typically three intermediate steps (λ = 0.25, 0.5, 0.75) to obtain the free energy difference
∆F

∆F =

∫ 1

0

〈
∂Vλ
∂λ

〉

λ

dλ =

∫ 1

0

〈VAl − VY 〉λdλ (3)

VAl − VY is the difference in total energy when occupying the exchange site with one
element or the other . The angular brackets indicate the average over time (see example in
Fig. 3).

At room pressure the Gibbs energy difference ∆G is well approximated by ∆F and
thus the Gibbs energy difference of the exchange reaction is then readily obtained by

∆Gexchange = ∆FY→Algranite −∆FY→Algabbro (4)

The equilibrium constant is defined as

Kexchange = exp

(
−∆Gexchange

RT

)
(5)

Assuming similar activities of the elements in both melts and insignificant partitioning of
the main element, Kexchange is a good approximate of the trace element partition coeffi-
cient Dgabbro/granite

Y . In the example shown in Fig. 3, we determined an yttrium partition
coefficient of four between a gabbro and a granite melt, i.e. yttrium prefers to partition into
the less polymerised melt. This result from classical simulations is in good agreement with
an experimental value of 9.3, which was measured at a lower temperature (1450 K)12. So
far, the ab initio simulations yield a lower partition coefficient of about one at a temperature
of 3000 K. Further systematic studies of the various parameters (interaction potential, pres-
sure, temperature, finite size and simulation time effects, etc.) are needed to understand

338



0 0.25 0.5 0.75 1
transmutation parameter λ

-2000

-1500

-1000

-500

0

<V
Al

 - 
V Y> 

(k
J/

m
ol

)

gabbro melt
granite melt

2 4 6 8 10
distance r (Å)

g Y/
Al

-O
(r)

Kexchange
gabbro/granite           = 4.0(2) @ 2500 K

λ = 1
100% Al

λ = 0
100% Y

Figure 3. Average energy difference for different transmutation states during exchange of Y and Al in two dif-
ferent melts based on classical molecular dynamics simulations. The area between the two curves corresponds
to the free (or Gibbs) energy difference of the exchange reaction as explained in the text. The inset shows the
evolution of the radial distribution function between the exchanged atom and oxygen atoms during transmutation
(figure modified from Wagner et al.6).

this difference and to evaluate the predictive power and possible accuracy of our modelling
approach.

6 Concluding Remarks

Ab initio and classical molecular dynamics simulations provide unique insight into the
structure of complex oxide and silicate melts and glasses. Furthermore, they open new
perspectives for linking structural to physical and thermodynamic properties of these ma-
terials. Understanding these relations is extremely useful for designing materials with
desired properties but also to interpret observations in nature and from experiments. In the
Earth science context these computational approaches, which are only possible thanks to
the availability of high performance computing facilities, have the potential to reveal the
atomic-scale mechanisms for many geological processes that happen on different time and
length scales and that are still insufficiently understood. Furthermore, they are capable to
predict properties at conditions that are not (yet) accessible by experiments.
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