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Abstract

Structural and dynamic properties of silicate melts and glasses (SiO, and its mixtures with Na,O and Al,O5) are derived from Molecular
Dynamics simulations and compared to pertinent experimental data. It is shown that these mixtures exhibit additional intermediate order as
compared to pure silica, where the characteristic length scales stem from the tetrahedral network structure. While sodium ions show much
faster diffusion through percolating channels than the silicon and oxygen ions forming the surrounding network, aluminium ions are
incorporated into the network (leading to tricluster formation) and do not show such an enhanced mobility.
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1. Introduction

Molten silica and its mixtures with various oxides are of
basic interest both in materials science, for the glass and
ceramics industry, and for the earth sciences, since most
minerals and rocks have been formed from such melts
underneath the earth crust. Despite intense research for
decades, structure—property relations on the atomistic level
still involve many challenging problems. This paper
describes some progress obtained recently via Molecular
Dynamics simulations [1-15].

The Molecular Dynamics (MD) method [16] reduces the
statistical mechanics of a condensed matter system to
averages along trajectories through the phase space of the
chosen model system generated via classical mechanics.
Thus, Newton’s equations of motion are integrated (e.g.
using the Verlet algorithm [16]) relying on simple effective
potentials that describe the interactions between the ions. In
the work described here, the well-known BKS potential [17]
for silica and a (modified) [11,15] extension due to Kramer
et al. [18] is used.
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It is important to realize that this approach ignores all
quantum-mechanical effects: while quantum effects asso-
ciated with the delocalization of the ions are normally very
small at the high temperatures of interest, the fact that all
effects associated with the electrons are incorporated in
effective potentials clearly involves a serious approxima-
tion: effects such as charge transfer between ions, induced
dipole moments, change of the character of the bonding
from covalent to ionic depending on the local environment,
etc., cannot be accounted for. In fact, more accurate methods
that take effects from the electrons to some extent into
account, such as the Car-Parrinello “ab initio Molecular
Dynamics” (CPMD) [19], when applied to the present
problem do reveal small but systematic differences in the
local structure and in the corresponding forces [20-22].
However, it must be emphasized that for the simulation of
such viscous melts and glasses it strongly depends on the
context whether or not the chemically more realistic
simulations using CPMD [19-22] are “better”’ than simple
MD: while MD can easily deal with rather large systems of
the order of 10* ions [2—15] or more, CPMD is restricted to
the use of the order of 10 ions only. Such small systems are
clearly unsuitable to study problems such as intermediate
range order [14] or microphase separation [15] in melts and
glasses. Also one needs to be very careful in the judgement
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whether finite size effects are a problem or not. For pure
silica it has been demonstrated [2] that important size effects
are found (for systems containing 10° ions or less) in
dynamic properties, such as the intermediate scattering
functions Fs(g,1), ¢ being the wavenumber and ¢ the time,
while the partial structure factors S,g(g) and other static
properties show no size effect at all. In addition it must be
noted that CPMD needs many orders of magnitude more
computational effort than classical MD. Already the latter
method requires a very small time step (6t =1.6 fs is
appropriate [1-5] if the BKS potential [17] is used), and
hence equilibrating a melt for a real time of about 20 ns is
already a major calculation (note that the treatment of
pseudo-Coulomb interactions in the BKS potential [17] via
Ewald summation methods is very time consuming [5]).
Such a time span just suffices to equilibrate a pure SiO, melt
at temperatures as high as 7 = 2750 K [5], SiO,-Al,03
mixtures [15] at T = 2300 K, and SiO,—Na,O mixtures at
2100 K [11-14]. In contrast, CPMD runs can explore only
the picosecond time ranges and hence can equilibrate melts
only at much higher temperatures than classical MD.
Unfortunately, if one ignores the need to perform very long
runs to properly equilibrate the melts and simply cools down
very fast to the temperatures of interest, one finds a strong
dependence of many properties on the cooling rate [1].
These differences between properties predicted for different
cooling rates, which in the simulations are in the range from
10'% K/s to 10" K/s while in the experiments they are many
orders of magnitude smaller, i.e. they are of the same order
as differences between properties predicted from distinct
parametrizations for pair potentials, or differences between
MD and CPMD results. Thus, the judgement of small
differences in detail obtained from different calculations is
subtle.

2. Summary of results for pure silica

Since the model and the simulation method are well
documented in the literature [1-10], we here recall very
briefly the main results of these studies only. Several
quantities have been compared to corresponding experi-
ments in order to check the quality of the BKS potential,
which originally was validated for crystalline phases of SiO,
only. For example, using the simulated partial structure
factors and the known neutron scattering lengths, a
comparison with experiment [23] could be performed
without invoking any adjustable parameter whatsoever. The
striking agreement between experiment and simulation is a
first indication that the BKS potential is good enough for the
present purposes.

However, it is not enough to consider the static structure
only if one wishes to make sure that the potential is
reasonable—also dynamic properties need to be tested. The
temperature dependence of the sound velocities, in the glass
as well as in the melt, characterizes fast collective length

scales in the system, and is readily extracted from an
analysis of suitable dynamic correlation functions in the
simulation [9]. Again impressive agreement with corre-
sponding data [24] was found, without adjusting any fit
parameters. Very slow collective motions in the melt are
characterized by the shear viscosity. This quantity could be
obtained from the simulations only at very high tempera-
tures [5], 7> 3000 K, complementing the range where
experimental data are available [25]. But the activation
energy (Ex~5.3 eV) extracted from the simulation [5]
agrees very well with the experimental result. A similar good
agreement was found for the self-diffusion constants, which
experimentally are rather difficult to measure [26,27], while
the simulations yield them straightforwardly, following the
mean square displacement of tagged particles and applying
the Einstein relation [5].

Of course, these simulations not just only reproduce and
complement experimental data, but they also yield a lot of
physical insight. For example, the results for the viscosity
and the diffusion constants deviate at very high temperature
from Arrhenius laws very strongly, just as they do for the so-
called “fragile” glassformers [28]; in fact, the analysis of
the intermediate scattering function reveals that mode
coupling theory [29] does account for the dynamics of SiO,
at very high temperatures, with a critical temperature of
T.~ 3330 K. Thus, the distinction between ‘“‘strong’ and
“fragile” glassformers [28] presumably is not as strict as
originally thought.

3. Mixtures of molten silicondioxide and sodiumoxide

Sodium silicates are paradigms of ionic conductors: at
low temperatures the sodium ions are much more mobile
than the silicon and oxygen ions. While in pure silica melts
the dynamics is controlled by the “lifetime” of the Si-O
covalent bond [3-8], the behavior in molten sodium silicates
is much more complicated, since the sodium ions in their
local environment partially destroy the disordered tetra-
hedral network that occurs in pure silica, with Si ions in the
centres of the tetrahedra and O ions at the corners, such that
every O ion is shared by two tetrahedra (“‘bridging oxygen’’)
[30]. Again MD is a very valuable tool to clarify the structure
and hence explain how it is possible that the diffusion
constants of the Na ions can be orders of magnitude larger
than those of Si and O (Fig. 1).

First of all the model potential was again tested by
comparing the static structure factor to neutron scattering
data [31], and good agreement was found [7]. However, the
partial structure factors Syg(g) accessible in the simulation
(but not accessible in the experiment!) showed a structural
feature associated with a characteristic length / ~ 7 A, which
shows up as a pronounced “prepeak” at g~ 0.9 A~in the
NaNa and SiSi correlations (Fig. 2). While there was no
evidence whatsoever in the early experiment [31], later
careful work [32] compellingly verified this theoretical
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Fig. 1. Arrhenius plot of the self-diffusion coefficients of Si, O, and Na
in SiO, and (Na,O)(x-SiO,) [denoted as NS x in the figure] plotted vs.

inverse temperature. Straight lines indicate the Arrhenius relations,
Doexp[—Ea/(kgT))], and the various activation energies Ea are quoted.

prediction. A detailed analysis [12—14] revealed that this
prepeak is due to the formation of a percolating network of
Na-rich channels, in which fast diffusion of the Na ions is
possible. There have been suggestions of such mechanisms
since a long time [33,34], but only the extensive recent
simulations [12—-14] and their analysis in conjunction with
the new careful experiments [32,35] could settle this
controversial issue.

4. Mixtures of molten silicondioxide with
aluminiumoxide

While the introduction of Al,O3 also weakens the random
network structure of the glassforming fluid, as is evident
from the behavior of the diffusion constants of (Al,O3)(2
-Si0,) [denoted as AS2] in comparison with those of pure
Si0,, see Fig. 3, it is clear that the diffusion constants of Al
and of Si and O are very similar. Thus, unlike Na the Al ions
do not separate out in separate channels but rather they are
incorporated into the tetrahedral network. However, the
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Fig. 2. Partial structure factors Snana(g) (solid lines), Ssina(g) (dotted
lines) and Sn,0 (dashed lines) for (a) NS2 at 7 = 2100 K and for (b) NS20
at T = 2750 K. The vertical lines mark the positions of the prepeak (at
q1~0.95 A~") and the peak characteristic for the nearest neighbor distance
of the cations (at g ~2.1 A")A From Horbach et al. [14].
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Fig. 3. Arrhenius plot of the diffusion constants of silicon, aluminium, and
oxygen: comparison of the systems AS2 and SiO,. The dashed lines for SiO,
indicate the power law fits [S] D(T) = Do(1 — T./T)? with T.= 3330 K.
From Winkler et al. [15].

stoichiometry of Al,O5 and that of SiO, do not fit together:
when two SiO, units are replaced by an Al,O5 unit the
chemical rules of the network (each oxygen is neighbor of
two silicon ions, each silicon has four oxygen neighbors)
cannot be maintained. This problem has led to the
hypothesis [36-38] that “triclusters” occur, i.e. structural
units where an oxygen atom is surrounded by these cations,
whereby at least one of them is an aluminium atom.

The occurrence of these triclusters can be inferred rather
directly from the MD simulations by sampling the
distribution of coordination number P,g(z) (Fig. 4). Here
Pyp(z) gives the probability that a particle of type « is
surrounded by exactly z neighbors of type B within a
distance r < rﬁfn, where 1y, corresponds to the position of
the first minimum in gep(r). It is seen from Psio and Pajo
that at low temperatures most of the Si and Al atoms are
four-fold coordinated by O atoms. Thus, also Al is integrated
in the tetrahedral network structure, but the ““packing” of the
tetrahedra is different from pure silica: only 70% of the O
atoms are two-fold coordinated but around 30% of the O
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Fig. 4. Distributions of coordination number Pyg(z) for the temperatures
T = 4000 K, 2300 K, and 300 K for AS2: (a) Psio(z), (b) Paio(z), (c)
Posi,aly (2), and (d) Pos;(z) and Poaj(z). The three curves that at z = 2 have
the largest values correspond to Posi(z). From Winkler et al. [15].
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Fig. 5. Partial static structure factors Sqg(g) for AS2 and the three temperatures 7 = 4000 K, 2300 K, and 300 K: (a) Ss;isi(¢), (b) Ssio(q). (¢) Soo(q), (d)

Sa1a1(q), (e) Saio(g), and (f) Ssiai(g). From Winkler et al. [15].

atoms are three-fold coordinated by (Si, Al) atoms, as Fig. 4¢c
shows. This is the signature of the triclusters.

Although Al thus is incorporated into the network, its
distribution is nonrandom. This again is seen from a study
of the partial structure factors (Fig. 5). Again in both the
Si-Si correlations and the Al-Al correlations a prepeak at
q=~0.5 A~"is seen, while the peaks at 1.6-1.7 A" are due
to the order from the tetrahedral network structure. The
prepeak, however, implies that AlO, tetrahedra are
preferentially surrounded by other AlO, tetrahedra, and
thus Al-rich regions form. The O ions, however, are
homogeneously distributed (Fig. 5c). The clustering of AlO,
tetrahedra may be considered as a precursor effect to the
unmixing transition, that is known to occur [39] in
metastable Al,O03-SiO, melts for T < T, = 1920 K. How-
ever, a direct simulation study of this phase separation on
macroscopic scales is a challenging problem that must be
left to future work.

5. Conclusions

Examples have been presented to show that MD
simulations can give a very useful and detailed information
on the structure, dynamics, and thermodynamic properties
of molten silica and its mixtures with various other oxides
and the glasses that can be formed from cooling these
materials to low temperatures. These simulations can
complement experiments in several ways, e.g. data can be
obtained at high temperatures and pressures that are not
accessible in the laboratory. Quantities can be determined
which are not easily available in the experiment (e.g. partial
structure factors, see Figs. 2 and 5, or the ring statistics
[1,15], etc.). While here only work on bulk properties has
been mentioned, surface properties are accessible as well
[22,40]. A particular strength of these simulations is that

from a simple model Hamiltonian a multitude of observables
can be obtained simultaneously, atomic configurations are
accessible in arbitrary detail, and hence structure—property
relations of materials can be comprehensively investigated.

However, the basic limitations of the approach must not
be forgotten: there is the need to carefully watch out for
finite size effects, and the accessible time span (of the order
below 1 ws) restricts also the temperature range that is
accessible (or necessitates the use of unrealistically large
cooling rates). And clearly the most pressing problem is the
lack of transferable effective potentials that could be used
for wide classes of materials. For example, good pair
potentials exist for SiO, [17] and for GeO, [41], but the O-O
interactions in both potentials are rather different, and hence
already the treatment of SiO,—GeO, mixtures is a
formidable problem. At the time of writing, a convenient
recipe for the construction of effective potentials for this
system and related cases has not yet been found.
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