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Abstract

We report on the dynamic and structural characterization of lithium metasilicate Li;SiO3, a
network-forming ionic glass, by means of molecular dynamics simulations. The system is
characterized by a network of SiOy4 tetrahedra disrupted by Li ions which diffuse through the
network. Measures of mean square displacement and the diffusion constant of Si and O atoms
allow us to identify the mode-coupling temperature, 7, ~ 1500 K. At a much lower
temperature, a change in the slope of the specific volume versus temperature singles out the
glass transition at Ty ~ 1000 K, the temperature below which the system goes out of
equilibrium. We find signatures of both dynamical temperatures in structural order parameters
related to the orientation of the tetrahedra. At lower temperatures we find that a set of order
parameters which measure the relative orientation of neighbouring tetrahedra cease to
increase and stay constant below 7. Nevertheless, the bond orientational order parameter,

which in this system measures local tetrahedral order, is found to continue growing below T
until 7, below which it remains constant. Although these structural signatures of the two
dynamical temperatures do not imply any real thermodynamic transition in terms of the order
parameters, they do give insight into the relaxation processes that occur between 7t and T, in
particular they allow us to characterize the nature of the crossover happening around 7.

Keywords: glass transition, mode-coupling theory, molecular dynamics simulations, silicate
glasses

(Some figures may appear in colour only in the online journal)

1. Introduction

Silicate oxide glasses are the most used and studied kind
of inorganic glasses. They have many applications ranging
from window glasses to optical fibres [1]. Typically, the local
structure of these systems are tetrahedra of silicon (Si) and
oxygen (O) atoms, which are connected to form a network. The
presence of lithium atoms (Li), which are called modifying
cations, disrupts the connectivity of some tetrahedra and is
responsible for important physical properties of the system,

0953-8984/14/155104+08$33.00

as for example electric conduction [1-3]. SiO4 tetrahedra
are formed at a sufficiently high temperature, where they
diffuse together with the free Li atoms. This is the liquid
state of lithium metasilicate Li;SiO3. As the temperature
decreases, the Si and O atoms slow down until a temperature
T; where both atoms stop diffusing, although the Li ions keep
travelling in the network of tetrahedra. This happens at the
glass transition temperature Ty, at which the relaxation times
of Si and O rise beyond accessible laboratory time scales.
Below T, the system displays an ionic glass phase.

© 2014 IOP Publishing Ltd  Printed in the UK
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In the last decades much effort has been made to under-
stand the nature of the glass transition and characterize the
glassy phase in many different systems [ 1, 4—6]. One important
question is if there is any structural signature accompanying the
strong slowing down of the dynamics as the system approaches
the glass transition. While there is no definitive answer to
this question yet, the search for such structural signatures
(besides the obvious relevance to the whole picture of the
glass transition) is important as it gives new insights into the
nature of the slowing down [7]. Among theoretical approaches,
an important reference has been the mode-coupling theory
(MCT) [8]. MCT accounts well for some aspects of the initial
slowing down of the dynamics, in particular the appearance of a
two-step relaxation of correlations with a non-trivial short time
B regime and a structural, long time « regime [8—10]. It predicts
a critical-like divergence of relaxation times at a characteristic
temperature 7. > T,. Nevertheless, it is well known that in real
systems there is no actual divergence of relaxation times at 7,
which has to be interpreted as a crossover temperature from a
relatively fast relaxation regime to a much slower one.

Systems like lithium metasilicate have a local structure
given by a network of tetrahedra. The short-range order of
tetrahedra is very robust, even in the liquid phase, posing
strong orientational constraints to relaxation. In this case, it
is important to use a description that is able to capture this
short-range order and analyse its influence on the dynamical
properties of the system.

In this work we report a molecular dynamics study of
the dynamical and structural properties of Li»SiO3 using two
complementary approaches. (i) We first analyse the dynamics
by measuring the mean square displacement of each kind of
atom and the self-correlation function of its positions. We mea-
sure the diffusion coefficient D and relaxation times, which
allow us to define the critical mode-coupling temperature
T., i.e. the temperature at which the extrapolated D of the
Si and O atoms goes to zero. The crossover nature of this
transition is evident in our results, which show a continuously
relaxing system even below T, as will be discussed below.
At a much lower temperature, T, we observe a change in
the slope of the specific volume versus temperature curve
where the systems falls out of equilibrium, signalling a glass
transition. For T < T, the dynamics shows ageing and it
is not possible to equilibrate the system within the avail-
able computer time. (ii) We also measured two orientational
quantities. The first quantity is the bond orientational or
Steinhardt order parameters, from which it is possible to
identify the local structure of the network [11]. To go beyond
this local measure we computed a set of recently defined
quantities, called the ‘Rey parameters’ [12], which quantify
the relative orientations of nearby tetrahedra. We find that
the two characteristic temperatures extracted from dynamics,
namely 7 and T, have counterparts in the behaviour of the
orientational parameters: T, corresponds to the temperature
below which the relative orientation between tetrahedra (Rey
parameters) remains fixed, while the system is still relaxing
at the atomic level, as made evident from the growth in
the bond orientational parameters for Ty < T < T¢. In turn,
T;; corresponds to the temperature below which the average

positions of the atoms that make up the tetrahedra freeze in
the time scales of the simulations.

The paper is organized as follows: in section 2 we define
the model and details of the molecular dynamics protocol. In
section 3 we analyse the dynamics of the system in the context
of mode-coupling theory. In section 4 we define and analyse
orientational order parameters. In section 5 we end with a
discussion of our results.

2. The model

We have performed classical molecular dynamics simulations
of Li;SiO3 containing N = 3456 particles, of which Np; =
1152, Nsj =576, No = 1728 correspond to Li, Si and O atoms,
respectively. The interaction potential was chosen to be of the
Gilbert—Ida type [13] with a r® term:

¢ aigj_cicj
v drey r ro
+ fo(bi +bj)exp I:W—j_r} (1)
b; +bj

where the pair of indices i, j characterizes different pairs
Li-Li, Li-Si, Li—O, etc and r is the corresponding distance.
The first term in (1) is the Coulomb interaction with the
effective charges ¢g; for Li, Si and O. The long-range nature of
the Coulomb interaction was taken into account by means of
the Ewald summation method [14, 15]. The second term is a
dispersive interaction and the last term is a Born—Meyer type
potential that accounts for repulsive short-range interactions.
The potential parameters were attributed on the basis of
ab initio molecular orbital calculations [16, 19]. Their validity
was checked in the liquid, glassy and crystal states under
constant pressure conditions showing good agreement with
experimental data [17, 18]. The simulations were implemented
with the software LAMMPS [20], and a Verlet algorithm with
a time step of 1 fs was used to integrate the equations of
motion [14, 15]. The box size was determined by performing
simulations in the NPT ensemble at atmospheric pressure,
which allows us to reach the same density as the experimental
data for any temperature within the experimental error.

The system was equilibrated at 3500 K for more than
0.5 ns, starting from a random configuration, using the NVE
ensemble. After that, the temperature was decreased until
3200 K followed by 2 ns in NPT, 1 ns in NVE and 1 ns in
the NVT ensemble to ensure the absence of a drift in pressure
and temperature. Then, the system was equilibrated in a 2 ns
run using the NVE ensemble. Finally, after this equilibration
procedure, trajectories of 1-10 ns were generated in the NVE
ensemble for analysis [14, 15].

In this work we present simulations for a wide range of
temperatures, 600 K < 7 <3200 K. At each temperature the
system was equilibrated following the same protocol before
starting the production run.

Structurally, ionic silicates are formed by a network
of SiO4 tetrahedra in which Si is surrounded by four O
atoms, disrupted by the presence of modifier alkali atoms.
The glassy matrix is a result of the chain formation of these
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Figure 1. The radial distribution function g(r) for Si—O pairs in
lithium metasilicate and the coordination number N (r).

tetrahedra sharing their apses (bridging oxygens (BO)). The
incorporation of a small amount of Lio O (modifier oxide) does
not destroy the SiO4 tetrahedra but replaces a covalent bridge
(BO) by non-bridging oxygen atoms (NBO) [21]. In figure 1
we show the radial distribution function (RDF) g(r) between
Si and O atoms. The integral of g(r) gives the coordination
number of the Si atoms:

N@r)=4mp /r rzg(r) dr, 2)
0

where the existence of four neighbouring O atoms is evident.

3. Dynamic characterization of lithium metasilicate

Our simulations show the presence of a glass transition at
T; ~ 1000 K, as can be seen in figure 2 by the change in
the slope of the specific volume as function of temperature.
Similar results have been obtained by other authors [18, 22].
At this temperature the system goes out of equilibrium. We
verified this by noting, among other signatures, the presence
of ageing effects in relaxation functions. Instead, for 7 > T,
we were able to equilibrate the system within the available
simulation time.

Changes in the structure of the system for the range of
temperatures studied were monitored through the RDF g(r).
As can be seen in figure 3(left), the RDF for Si—O has one large
peak which corresponds to the distance between a Si atom and
its first neighbour O atom that form the tetrahedral structure.
Note that the Si—O RDF changes very little with temperature
over the whole temperature range, signalling the robustness of
the tetrahedra. The RDFs of Si—Si (figure 3(centre)) and Si-Li
(figure 3(right)) pairs have well defined peaks, reminiscent of
a periodic solid structure.

From the behaviour of the RDF one can conclude that
there are no strong structural changes over the wide range of
temperatures studied, in particular around the glass transition
temperature T,. In spite of this structural robustness, the
dynamical behaviour of the three types of atoms is very
different. In these super-ionic glass formers the alkali atoms
move on atimescale which is, at low temperatures, many orders
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Figure 2. Specific volume as a function of temperature. A change in
the slope of the curve occurs at Tg ~ 1000 K signalling a glass
transition.

of magnitude faster than that for the atoms constituting the
matrix (Si and O). In figure 4 the mean squared displacement
(MSD) of O, Si and Li atoms is shown. The different time
scales for relaxation for the matrix and Li atoms is evident.

MCT has been used to rationalize several dynamical
characteristics of ionic silicates [4, 8, 17, 23]. When it applies,
a distinctive prediction of MCT is a diffusional arrest at
a characteristic temperature 7, which is usually above the
corresponding glass transition temperature T,. The theory
predicts a power law divergence of the structural relaxation
time 7 and a corresponding dropping of the diffusion constant
to zero with the same power law, i.e. with a common exponent
v [8]:

D(T) o< (T —To)Y
(T (T —T.)77.

3
“

We have extracted relaxation times from the relaxation of the
incoherent intermediate scattering function defined as

Ns

Fi(k.1)= % ) (exp lik - i (1) — 7 (0)])

i=1

&)

where the index § labels the different species of atoms. For
isotropic systems, F? (k, t) depends only on the modulus of the
wavevector. In figure 5 Ff (k, t) are shown for Si and O atoms
at different temperatures above 7. The wavevector was chosen
tobe k =2.1 A~!, which corresponds to the nearest-neighbour
distance between Si atoms. The relaxation time t was defined
as the time at which Ff (k, t) decays to 0.1. Figure 6 shows
the temperature dependence of the diffusion constant and the
structural relaxation time for Si and O atoms. The inset of
figure 6 shows that D(T) and t(7) obey a common power
law scaling for a range of temperatures, as expected by MCT.
Linear fits to these data give a value of the exponent y & 2.5.
We verified that this value is robust for other values of the
wavevector k. In the main figure we show that extrapolation of
the data to low temperatures results in a point at which all data
sets intersect at a characteristic temperature 7, ~ 1500 K. We
then associate this 7. with the mode-coupling temperature
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Figure 3. Radial distribution function between different species of atoms for the range of temperatures 600 K < 7' <3500 K: left, Si-O;
centre, Si—Si; right, Si-Li. Asymptotically, all RDFs go to one, as expected.
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Figure 5. Self-intermediate scattering function of Si (left) and O (right) atoms for different temperatures and a common wavevector

(see text).

of the system, as discussed above. Nevertheless, note that
the behaviour of the relaxation times and diffusion constant
already departs from a power law at temperatures T > T¢.

We conclude this section noting that it is possible to
identify at least two characteristic temperatures of the system
where the dynamics goes through qualitative changes: the glass
transition temperature 7 ~ 1000 K, which is the temperature
at which the system falls out of equilibrium in the accessible
time scales of the simulation, and the mode-coupling tempera-
ture, T, ~ 1500 K, which is frequently interpreted as signalling
the dominance of an activated dynamics [24, 25]. We have also
verified that no structural signal of these dynamical transition
temperatures is observed in the radial correlation functions, as
usual. In section 4 we show that it is possible to characterize
the mode-coupling crossover from the change in behaviour of
static (equilibrium) orientational order parameters.

4. Orientational measures

4.1. Local orientational order around Si atoms

Local orientational order can be determined by the Steinhardt
or bond orientational order parameters (BOO) defined as [11]:

1/2

I
4 - 5
= m s 6
O ZH_lm—E_z'Ql | (6)

where Qi = (Qim(r)) and Qu (F) = Yim (0 (F), ¢ (F)) are
spherical harmonics with 6 (7), ¢ (¥) the polar angles of a bond
measured with respect to some reference coordinate system
and where the average is taken over some suitable set of bonds.
A ‘bond’ is a line that connects the centres of two neighbouring
atoms. The matrix of tetrahedra in Li»SiO3 is disordered in the
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Figure 6. Scaled diffusion constant and structural relaxation time of
Si and O atoms versus temperature. The (extrapolated) intersection
defines the mode-coupling critical temperature. Inset: the same data
in a log-log scale which show good agreement with the power laws
predictions of MCT (see text). The diffusion coefficients are very
similar to the ones that are reported in [18].

sense of simple crystalline order, and we do not expect to obtain
meaningful information computing BOO parameters beyond
first or second neighbours. Nevertheless, they can give valuable
information on the evolution with temperature of short-range
order, i.e. tetrahedra.

In this work we considered BOO of the neighbourhood
of Si atoms, as determined by the first peak of the g(r)
of Si—O. Figure 7 shows a bar plot with the values of Qy
from [ =1 to [ = 10 comparing three different systems: a
perfect tetrahedron, the crystalline structure of the system [26]
and the glass structure of metasilicate at 7 = 600 K. The
small differences in Q; values between a perfect tetrahedron
and SiOy4 tetrahedra in silicates is because in the latter the
tetrahedra are not mutually independent (isolated)—most are
linked by bridging O atoms which distort the optimal structure
somewhat. The existence of such a BO type impedes the perfect
orientation of individual tetrahedra, even in the crystalline
phase. The dominant symmetry is given by [ = 3 which reflects
the three-fold symmetry of tetrahedra [6, 27]. In figure 8 we
show how (Q3) evolves with temperature. Averages were
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Figure 7. Bond orientational order parameters Q; fori =1, ..., 10
comparing a perfect tetrahedron, a tetrahedron from the crystalline
cell of the system and one in the low temperature glass phase at

T =600 K.

taken from 30 different configurations of the whole system
to improve statistics. In each configuration 576 tetrahedra (the
number of Si atoms) were analysed, resulting in a total of
17 280 tetrahedra at each temperature. In figure 8(a) the lower
(black) points correspond to instantaneous configurations
along a molecular dynamics trajectory and the upper (red)
points correspond to measures in the inherent structures from
equilibrium configurations at each temperature. It can be seen
that up to approximately 7 ~ 900 K both data sets behave
similarly and show no variation with temperature. The system
is effectively frozen in its glass phase in this regime. Above
T ~ 900 K orientational order of instantaneous configurations
decreases, signalling a change in the tetrahedron structure
around Si atoms. Nevertheless, the corresponding inherent
structure measures show a constant value up to 7' ~ 1500 K.
This means that tetrahedra in the interval 900 K < T < 1500 K
are robust structures, i.e. they can deform and accommodate in
order to find more stable global configurations of the network,
but the landscape is characterized by a common tetrahedral
structure in the entire temperature range. In figure 8(b) the
distribution of instantaneous Q3 values is shown for a wide
range of temperatures. The distribution is peaked around the
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Figure 8. Left: Temperature dependence of Q3 for instantaneous (black) and inherent structure (red) configurations. Right: distribution of

instantaneous Q3 values for different temperatures.
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mean value at low temperatures and broadens, as expected, as
temperature increases, but otherwise we can see no obvious
signs of structural changes from the form of the distribution
in a wide temperature range. This spread in the distribution of
Q3 was previously observed for Si systems in the supercooled
phase [6] and used to quantify the modification of the local
structure when the system experiences a phase transition.
It is important to note that although the distribution of
instantaneous Q3 is large, its mean value is well defined from
nearly 17000 independent measures. If we were to plot the
error bars in figure 8(a), they would be smaller than the size
of the symbols. Note that for temperatures as high as 2500 K
the probability of finding a tetrahedral structure of O around
a Si atom is relatively high, i.e. tetrahedra are very robust
structures.

4.2. Relative orientations between tetrahedra

Note that the BOO parameter Q3 described in the previous
section captures the local orientational order between a Si
atom and the O atoms surrounding it. In the system under
study, this amounts to characterizing the geometry of single
tetrahedra for different temperatures. If one wants to go further
in the characterization of orientational order it is important
to understand how the tetrahedra correlate in space, how
they organize relative to each other when the temperature
changes. In general, if local order is simple, as is the case in
simple molecular liquids forming highly symmetric crystals
at low temperatures, then the spatial correlations of the
BOO parameters can be used to search for medium- and
long-range order in the system. In the case of LiySiOg,
which forms a complex silicate network of tetrahedra modified
by Li ions, a useful correlation function of the local order
parameter should capture the relative orientation between
tetrahedra. To quantify this relative orientational order in
tetrahedron-forming systems Rey introduced a useful quantity
for the case of carbon tetrachloride [12] which we here adapt
to ionic silicates.

The Rey parameters are defined as follows: take two Si
atoms Si; and Sip and define the vector 7j» that connects
them. Then define the two planes passing through the Si atoms
and perpendicular to 71;. Then count how many O atoms are
shared by the two Si atoms between these planes and define
different ‘orientational classes’. Note that, due the tetrahedral
character of the network, there are a few possibilities for
O-sharing configurations: if there are two O atoms between
the planes, this is the 1:1 ‘corner-to-corner’ configuration. If
there are three O atoms then this is the 2:1 or ‘corner-to-edge’
configuration, and so on. At most, the two Si atoms can share
three O atoms each, corresponding to a face of the tetrahedron.
This is the 3:3 or ‘face-to-face’ configuration. In figure 9
we show some configurations and their respective names.
Each configuration defines one class of the Rey parameters.
Different from carbon tetrachloride, in which each Cl atom
is connected with a single C atom, in Li»;SiO3 a fraction of
the O atoms are ‘bridging’, i.e. are at a vertex connecting
two tetrahedra. Then, we adapted the original definition in
order to accommodate this possibility: bridging O atoms are

1-1 1-1

i !
i
1 !
i !
3, Z \ {
d h [ 4n 0
with only one BO oxyge : with two NBO oxygeri \

2-2

Figure 9. Definition of the classes of the Rey parameters. Possible
relative orientations of a couple of tetrahedra showing the number of
shared O atoms of the two Si atoms. Note that there are two
possibilities in which two Si share one O each: a common BO and
two NBOs (see text).

considered to belong to both Si atoms, and then counted twice
in the corresponding cases.

Figure 10 (left) shows the percentage of each class, f, as
a function of the distance between Si atoms for 7 = 1500 K,
together with the radial distribution function Si—Si. Within the
first peak of the RDF there appear only three classes with a
finite contribution: corner-to-corner (1:1), corner-to-edge (1:2)
and edge-to-edge (2:2). Up to the second maximum of the
RDF the relative percentages of the different classes fluctuate
considerably. Nevertheless, at short distances configurations
with a few sharing O atoms are favoured. In figure 10 (right)
the three dominant configurations near the first peak of the
RDF are shown as a function of distance between Si atoms for
different temperatures. It can be seen that there are no strong
qualitative variations with temperature except for a change in
the height of the peaks.

Next, we address the behaviour of the Rey parameters
for Si atoms at the first peak of the RDF (nearest neigh-
bours). Figure 11 shows the temperature dependence of all
classes for two nearest-neighbour Si atoms. It is evident
that for two nearest-neighbour tetrahedra at any temperature
600 K < T <3200 K the only configurations with sizeable
probabilities are 1:1, 2:1 and 2:2. Furthermore, classes 1:1
and 2:1 are more probable than 2:2 at any temperature. At
T ~ 1500 K an interesting bifurcation in the probabilities of
the two more probable classes occurs. It is seen that coming
from high temperatures where the probabilities of each class
approach those of a random configuration of tetrahedra, the
three more probable configurations change continuously until
T ~ 1500 K, below which no more changes in the values of
any of the classes are observed. Interestingly, this temperature
is consistent with the mode-coupling temperature 7, found by
an analysis of relaxation data. Below this temperature any two
nearby tetrahedra keep their relative orientations frozen, i.e.
no more orientational rearrangements occur in the network.
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Figure 11. Variation with temperature of the percentages f of the
Rey parameters for pairs of Si atoms at a distance corresponding to
the first peak of the Si—Si RDF (nearest-neighbour atoms).

Note that, although this points to an orientational freezing of
the local structure at 7, ~ 1500 K, the instantanecous BOO
parameter (Q3) continues growing down to a much lower
temperature 7 ~ 900 K, near the glass transition temperature.
Nevertheless, the BOO measured for the inherent structures
shows a behaviour similar to the Rey parameters, as seen in
figure 8.

We finish this section by noting that for the Rey parameters
for a distance corresponding to the second maximum (second
neighbours) no interesting signal is evident. All classes show
an approximately constant value in the whole temperature
range. The values correspond roughly to a random distribu-
tion, or a ‘gas’ of tetrahedra [12], although for the Li;SiO3
system tetrahedra are never completely random because of the
presence of bonding O atoms.

5. Discussion and conclusion

The results described in the previous sections are summarized
in figure 12, where we show four plots comparing the out-
come of dynamical and thermodynamical measures. In our

simulations of lithium metasilicate we observed qualitative
changes in the dynamics at two characteristic temperatures:
the glass transition temperature 7Ty, which is detected from
the discontinuity in the slope of the specific volume versus
temperature, and the mode-coupling temperature 7, defined
as the temperature at which the extrapolated diffusion constant
D of the Si and O atoms goes to zero. We find 7 ~ 1000 and
T, ~ 1500. Although the RDF does not present any important
modification at these temperatures, we found that two types of
orientational parameters do show qualitative changes at T, and
T.. The bond orientational order parameter (Q3) characterizes
the local symmetry of the system. Its behaviour as a function of
temperature is presented in the right panel of figure 12: (Q3) is
constant at low temperatures and show a steady decline above
T =900 for instantaneous configurations. Another set of ori-
entational quantities, the Rey parameters, quantify the relative
orientation between neighbouring tetrahedra. We found that
one of the most frequent relative positions between tetrahedra
was the 1-1 configuration. As shown in the left panel of
figure 12, the corresponding parameter tends to the value of
randomly oriented tetrahedra at high temperatures, increases
upon lowering the temperature and finally stabilizes around
T ~1500.

The fact that (Q3) is constant below T, is not very
surprising, it lies in the very definition of the glass transition
temperature. However, the marked change in the Rey param-
eters observed at 7 is more interesting. The extraction of T
requires an extrapolation from high temperature data; D only
behaves as a power law as predicted by MCT down to some
T > T.. Our results in figure 6 clearly show this behaviour,
where the measured value of D is actually different from zero
at T;. Moreover, around T, the system was at equilibrium, e.g.
no ageing effects were observed. This implies that the freezing
in the Rey parameters at T¢ is not a consequence of lack of
thermalization at the time scales reached by the simulations.
Then, we were able to observe a mode-coupling-like scenario
and also to give an interpretation on the origin of the slowing
down of relaxation at 7. for the metasilicate, namely, the
freezing of orientational degrees of freedom.

The limitation of MCT in describing the glass transition
is frequently attributed to the lack of ‘hopping processes’ in its
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Figure 12. The four plots illustrate the presence of the two characteristic temperatures T¢ and Tg at which dynamical and thermodynamical

quantities show some sort of singularity, as explained in the text.

formulation, which are activated events that presumably grow
in frequency around 7; and dominate the low 7 dynamics
which preempts the glass transition [24]. Our work sheds light
on this issue for more complex systems such as metasilicates:
at Ty the degrees of freedom associated with the rotation of
tetrahedra freeze, and the only source of relaxation remaining
may come from O atoms jumping between different corners of
tetrahedra. We have observed some support for this interpreta-
tion in our simulations. This could be further supported by the
fact that (Q3) for inherent structures is constant for T < T.
This could be a good starting point for future investigation
of the presence of hopping processes in tetrahedron-forming
systems.

To finish, we note that the existence of two separate tem-
peratures, T, and Ty, is certainly not exclusive to this system.
It would be interesting to check if the present description in
terms of orientational order parameters at local and medium
distance scales may apply in different models of glasses. For
systems that form tetrahedra the application of this idea would
be straightforward. However, for simpler models such as the
popular Lennard-Jones binary mixture, the identification of
the relevant orientational degrees of freedom, if they exist at
all, is more of a challenge.
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