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The structural and dynamical properties of densified sodium
silicates are investigated using molecular dynamics (MD)
simulations. From the analysis of the first sharp diffraction peak
(FSDP) in the amorphous phase, it is shown that some of its
characteristic parameters (position, width) in partial structure
factors display minima in a certain pressure interval defining a
window. The pressure window can be correlated with
anomalies in transport properties (diffusion, viscosity) and
their activation barriers. The count of topological constraints,
sensitive to pressure and temperature, is also computed. In the
pressure window, we find evidence that an adaptative behavior

1 Introduction The first sharp diffraction peak
(FSDP), or prepeak, is one of the most prominent features
which appear in diffraction patterns of network-forming
glasses and liquids [1, 2]. Given its position, typically at
a wavevector of 1-2A ™", it is supposed to be related to
the presence of a non-random structural ordering at an
intermediate lengthscale which also manifests in real space
by well-defined peaks in the pair distribution functions up
to 8-10A. Two decades ago, several interpretations were
proposed in the literature in order to understand how and
why the FSDP manifests. The first scheme highlights the
possibility that clusters and low density regions (voids)
contribute to the typical second and fourth-neighbor
correlation distances giving rise to the FSDP [3]. Such
elegant models have received support from numerical
simulations on a variety of network glasses including SiO,
or amorphous silicon [4]. On the other hand, it has been
proposed that the FSDP is simply the result of a characteristic
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takes place as angular constraints soften and reduce the
increasing network connectivity related strain induced by
pressure. These findings display striking similarities with the
Boolchand intermediate phase (IP) found in rigidity driven by
composition. The present numerical results also suggest that
structural signatures for the IP should be found from a detailed
analysis of neutron structure factors involving the partials.
Finally, on a more general ground, the present study links for the
first time to the best of our knowledge characteristic features of
the FSDP with transport properties in the liquid.
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distance involved in the inter-layer separation of crystalline-
like structures [5] or quasilattice planes [6]. The latter ideas
have served to understand the behavior of the FSDP in
chalcogenides [7] which have, at least for some of them, a
natural layered-like structure in their crystalline polymorphs
[8]. This second scheme has been ruled out by an ab initio
study of liquid GeSe, and SiO,, which has shown [9] that the
appearance of an FSDP is not correlated to crystalline-like
layers while cluster-void correlations were indeed found.
Unfortunately, these layered-like structures also manifest
in systems which do not exhibit a FSDP. Furthermore, the
void-cluster model [4] fails to explain changes in the FSDP in
alkali silicate glasses for which a heterogeneous distribution
(channels) of modifier atoms is found [10]. Given the
modified network structure, it becomes difficult to define
voids. Furthermore, Li- and Na-silicates have an identical
medium-range order structure but they differ substantially
in terms of their FSDP intensity [11]. Finally, it has been
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demonstrated [12] that both layers or voids can contribute to
intermediate range order and the FSDP, as exemplified by a
study on liquid ZnCl,.

Given these contradictory results on a controversial
subject, one is left with the impression that, in fact, both
layers or voids may contribute to the FSDP, and that their
ratio may be highly system dependent, and may eventually
be driven by e.g., the underlying crystalline network
structure. The FSDP also depends on the thermodynamic
conditions as it is known that its intensity and position
change with composition [13], pressure [14] and temperature
[15], or even isotope substitution [16]. The debate on the
origin of the FSDP is far from over, and there is space for
entertaining new ideas, including new correlations that we
describe in this contribution for the first time.

Here we investigate by molecular dynamics (MD) the
behavior of the FSDP with changing pressure in a model
silicate glass, 2Si0,—Na,O (called NS2 hereafter). Results
show that the characteristic features of the FSDP (peak
position, peak width) display anomalies (extrema) with
pressure in a certain pressure interval. In the latter, dynamic
anomalies in diffusion or viscosity take place in the liquid
[17, 18], and corresponding activation energies are found to
be minimum. These are signatures of a rigid intermediate
phase (IP) that is determined from MD-based topological
constraint counting, a phase located between a low-
connected (low density) flexible phase, and a highly cross-
linked (high density) stressed rigid phase [19, 20]. In contrast
with previous studies on the subject, rigidity is not tuned by
composition as in base network glasses [21], but by pressure
which induces an increase in e.g., the Si coordination number
[22], thus in network connectivity and rigidity. Our results
therefore provide a clear evidence that the IP has some
explicit structural signatures coming from the FSDP.
Experimentally, corresponding investigations-based solely
on the neutron or X-ray total structure factor have been
unsuccessful [13, 23, 24]. Recently however, an X-ray
absorption near edge structure (XANES) experiment has
shown that there are weak structural signatures of the IP [25].
Here, it is shown that the IP should be detected from neutron
diffraction through a detailed analysis of the partial structure
factors. On a more general ground, it is shown for the first
time that the structural properties at intermediate range order
embedded in the characteristic features of the FSDP at low
temperature, are associated with dynamical properties of the
corresponding glass-forming liquid. The latter correlations
should be useful for an improved understanding of the nature
of the IP and the FSDP.

At this point, and before presenting the details of the
calculations and the connection with rigidity theory, it is
probably useful to review some of the salient features of the
IP which is one of the most intriguing discoveries [26] in the
field of network glasses. According to the seminal work of
Phillips and Thorpe [27, 28], and following the pioneering
work of Maxwell on mechanical trusses, glasses with a low
connectivity (or alow network mean coordination number 7)
have usually more degrees of freedom 7y than mechanical
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constraints n, imposed by nearest-neighbor (bond-stretch-
ing, BS, and bond-bending, BB) interactions (n. < n ). Such
networks are flexible because local deformations are
possible which manifest in model networks due to low-
frequency (floppy) modes in the vibrational density of states
[29]. Since 7 can be increased by appropriate compositional
or pressure changes, at some point the network will undergo a
rigidity transition and one will have a stressed rigid phase
characterized by n.>ny with nearly no more local defor-
mations possible. However, when n. nearly balances np,
during cooling and relaxation the network can adapt over a
finite compositional (or pressure) domain to reduce the stress
imposed by the increased number of constraints, thus leading
to a special phase, an IP, that is rigid but unstressed [30].
This has led to the introduction of self-organized networks
[19, 20, 31] as a clue for the understanding of the IP.

Experimentally, one of the most obvious signatures of
the IP arises from a modulated differential scanning
calorimetry (mDSC) measurement [30]. The latter splits
the usual DSC signal into a reversing part which tracks the
temperature modulation at the same frequency, and a
residue, characterized by a non-reversing heat flow, AH,,,,
which contains most of the kinetic events associated with the
slowing down of the relaxation close to the glass transition.
In the IP, it has been found that AH,, nearly vanishes [26].
The use of calorimetric methods to detect the boundaries of
the IP has not been without controversy, mostly because the
measurement of AH,, is hardly reproducible without special
care. First, one has to take into account frequency corrections
[32] in order to avoid spurious effects arising from the
frequency-dependence of the specific heat [33]. Secondly,
this quantity appears to be extremely sensitive to impurities
and inhomogeneities [34]. Careful sample preparation has
therefore become the very crucial prerequisite prior to the
investigation of the IP [35, 36].

Unfortunately, while many studies have spent time
lambasting on AH,, measurements, other alternative and
obvious signatures of the IP and some of its anomalous
properties have been overseen [26]. Figure 1 displays a
survey of some of such properties for three families of
glasses with widely different chemical bonding, although
they display similar features in terms of rigidity: covalent
Ge,Se; _,[34,37],ionic (1 —x)AgPOs;—xAgl [38] and iono-
covalent (1 — x)GeO,—xNa,O glasses [39]. In all, rigidity is
tuned by a change in composition. When the atomic sizes are
comparable (e.g., rge=1.22 10\, and rg. = 1.17A for the
covalent radius in Ge-Se), it has been found that because of
the absence of stress [19], networks will pack together more
easily in the IP as manifested by a minimum in the molar
volume (Fig. 1a and c). The stress-free nature of the IP has
been detected from pressure experiments [37] showing the
vanishing of the threshold pressure (Fig. la) prior to a
pressure-induced Raman peak shift. The latter behavior
serves usually to measure residual stresses in crystals.
Finally, in ionic conductors (Fig. 1b), onset of ionic
conduction appears only in the flexible phase when the
network can be more easily deformed at a local level because
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Figure 1 (online color at: www.pss-b.com) A survey of different
quantities showing an anomalous behavior in the IP. (a) Raman
threshold pressure P. [37] and molar volume [34] (right axis) in
Ge,Se; _ ,as afunction of Ge composition. (b) lonic conduction and
zero-frequency permittivity (right axis) in (1 — x)AgPOs—xAgl as a
function of Agl composition [38]. (¢) IR-TO vibrational frequency
and molar volume (right axis) in (1 —x)GeO,—xNa,O as a function
of Na,O composition [39]. The gray areas correspond to the
reversibility windows determined from mDSC. The flexible phase
is signaled.

of the presence of floppy modes [38] thus promoting
mobility. This leads to an exponential increase of the
conductivity. However, in the IP an intermediate conductive
regime sets in, which also shows anomalous behavior for a
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typical jump distance [40], dc permittivity ¢(0) (Fig. 1b) [38]
or the frequency vro [39] associated with the imaginary part
the complex dielectric function (Fig. 1c¢).

In the following, we build on these concepts and
investigate numerically the structural and dynamical proper-
ties of a densified sodium silicate glass and liquid. We
analyze the rigidity of such systems and identify the IP.
Obvious correlations emerge from the investigations, and
these are discussed in the following.

2 Computational methods We now consider a
3000 atom Na,0O-2SiO, (NS2) ensemble containing 660
silicon, 670 sodium, and 1670 oxygen atoms. A two-body
Teter potential [41] has been used as interaction potential,
and its accuracy has been demonstrated for structure [42] and
dynamics [10, 18]. Transport properties (diffusion and
viscosity) have been found to be comparable to experimental
data, and are substantially improved with respect to
alternative potentials [43].

After an equilibration stage at 6000 K over 1 ns (loss of
initial configuration), the integration time using the Verlet
algorithm being 2 fs, the system has been placed at various
(T, P) thermodynamic conditions. At a first stage, we have
used an NPT Ensemble to calculate the box size, prior to a
simulation in NVT Ensemble for the accumulation of the
trajectory. For instance, a pressure of —1.9 GPa corresponds
to a box length of 32.39 A allowing to recover the
experimental density p=2.37 gcm > at 300 K [44].

Next, we examine the structure of the glassy NS2
by following the total neutron weighted structure factor
Sni(k) with pressure. Our results are then compared with a
constraint analysis [45] introduced recently, which allows to
identify the boundaries of the IP, together with calculated
dynamical properties at 2000 K: diffusion D (computed from
the long-time limit of the mean-square displacement),
viscosity n (computed using the Green—Kubo formalism),
and corresponding activation energies E, which are
extracted from an Arrhenius plot of both D and n. We refer
the reader to Ref. [18] for the details on the calculation of
these transport properties.

3 Results In Fig. 2 we show the total computed
structure factor, obtained from a linear combination of the
partial structure factors S;(k), defined by

> cicibib;Sy (k)
7

(5

where S;(k) have been calculated from the Fourier
transform of the pair distribution functions. As seen from
the figure, at ambient pressure the computed Sy(k) reproduces
rather well the neutron diffraction results [461. Most
importantly, the measured position at kgspp= 1.85 A~ and
the width Akggpp of the FSDP are fairly well reproduced.
With increasing pressure, the principal peak (PP) found at

Sn(k) = ; (D
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Figure 2 (online color at: www.pss-b.com) Total simulated struc-
ture factor Sn(k) of amorphous NS2 at increasing pressures. From
bottom to top: 0, 3, 12, 50 GPa. The circles are experimental data
by Misawa et al. [46]. The red curves are the Lorentzian fits (see
text for details). The insert shows the Si—O partial structure factor
at three selected pressures, together with the position kgspp.

5.3 A~ remains nearly constant in intensity and wavevector
position whereas the second PP at 3A~" builds up and
becomes dominant at elevated pressures. The FSDP is found
to steadily upshift from kgspp from 1.85 to 2.3 A" as
pressure increases to 25 GPa (Fig. 3).

The most relevant partial structure factors are
represented for three selected pressures in the inset of
Fig. 2. Forall (Sx(k), S;(k)), aLorentzian fitis used in order to
extract the position kgpgpp and width Akggpp. Results on the
FSDP (Fig. 3) show an anomalous behavior in some of the
partial structure factors. For instance, the position kgspp
maximizes for the partials involving the network-forming
species (Si-O, O-O, Fig. 3, left panel) with an FSDP
increasing from 1.53to 1.9 A" at 5 GPa for Soo(k), and then
decreasing at higher pressures. The behavior contrasts with
the one found for the total Sx(k). The width of the FSDP
(Fig. 3 right) also shows anomalies in the same pressure
interval between approximatively 2 and 13 GPa with a
pronounced minimum found for Akggpp in the total Sy(k)
and the partial Sg;o(k).

As the position of the FSDP reflects some repetitive
characteristic distance between structural units, the present
findings suggest that in a certain pressure interval, a typical
lengthscale of distance L =7.7/kgspp (4.05/0\ for the O-O
correlations) emerges, and then decreases. Here the factor
7.7 relates to the first maximum of the spherical Bessel
function jo(kr). Similarly, the broadening of the FSDP is
indicative of a correlation length, following the well-known
Scherrer equation for microcrystals which connects the width
of a Bragg peak with the average size of the microcrystals.
This leads to the definition of a correlation length defined by
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Figure 3 (online color at: www.pss-b.com) Left: Position kgspp

of the FSDP (in Afl) of different partial structure factors. Right:

Width Akggpp of the FSDP (in A”). The gray zones correspond

to pressure regions of dynamic and rigidity anomalies (see text

for details).

& ="17.7/Akgspp. From Fig. 3, one realizes that in the pressure
window all atomic pairs give rise to a typical correlation length
&. For instance, this correlation length is equal to 8.10 and
4.97 A for the Sn(k) and Ss;o(k), respectively. Other partials
display a Akgspp With a broader minimum.

4 Link with rigidity theory We have shown that
some of the characteristic features of the FSDP (position,
width) display anomalies (minima) in a certain pressure
interval. These are found to be correlated to rigidity
properties as discussed next. But before we describe this
correlation, there is need to recognize that constraints or
rigidity are tuned by external pressure.

4.1 A pressure window as an intermediate
phase We now analyze the rigidity of the obtained
densified systems by applying recently introduced methods
for computing BS and BB topological constraints [45].
Given the weak radial or angular excursions of, respectively,
bonds or angles associated with the Si atoms, focus is made
on the more sensitive BB constraints of bridging oxygens
defined by two adjacent SiO,,, tetrahedra.

For each individual atom k, the angular motion over
the time trajectory leads to a single bond angle distribution
P(6) characterized by a mean 6 (the first moment of the
distribution), and a second moment (or standard deviation
0q,)- The latter represents a measure of the strength of the
underlying BB interaction. In fact, if oy, is large (one has

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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usually og, >15-20° [45]), it suggests that the BB restoring
force which maintains the angle fixed around its mean
value 6 is ineffective. Consequently, the corresponding
BB topological constraint should be broken, and does not
contribute to network rigidity. The opposite reasoning
can be applied for low values of oy, which will give rise
to an intact BB constraint and contribute to n.. Finally,
the average over the whole system leads to a distribution
flo) of standard deviations which can be analyzed and
tracked with pressure or temperature.

Figure 4 shows the distribution of angular standard
deviations for the bridging oxygen in a 2000 K liquid for
increasing pressures (0 < P < 20 GPa). At ambient pressure,
a bimodal distribution is found, similarly to Ref. [45]. The
high and low contributions (o, and o;, respectively) are
assigned to broken and intact constraints. This assignement
is rather obvious: at ambient pressure and at elevated
temperatures (4000 K, [45]), all constraints must be broken
because of thermal activation whereas at low temperature
(300K) the standard deviations are found inside a sharp
distribution centered at low o (<10°). In the intermediate
temperature interval (e.g., 2000 K), both contributions vary,
and lead to the displayed bimodal distribution (Fig. 4).
From the latter, the fraction of intact BB constraints can be
computed and is equal to g(2000 K) =0.77. As observed in
the figure, the main feature is the progressive vanishing of
the peak centered at o, which suggests that the thermally
activated broken constraints are restored with applied
pressure.

The fraction g(P) of intact constraints can be computed
along the isotherm 7=2000K (Fig. 4 insert), and a clear
minimum is found in a pressure window approximatively
located over the interval 2 <P < 13GPa. The present
anomaly in g(P) results from an interplay between the

0.9
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Figure 4 Standard deviation distributions f{o) (right axis) of
liquid (2000 K) NS2 at increasing pressures showing a bimodal
distribution centered at 0; and o;,. The insert shows the correspond-
ing computed fraction of intact constraints g(P) with pressure,
defining a pressure interval (gray zone). See text for details.
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increase of connectivity (and thus of stress) due to the
pressure-induced tetrahedral to octahedral coordination
change [10], and the softening of the oxygen BB constraints
which reduces rigidity. It is found that at P = 0, the NS2 glass
and liquid are flexible (n, =2.56 at low temperature [47]).
Since the average silicon and oxygen coordination numbers
7si and 7o increase with pressure because of the growth of
Si¥, SiV!, and O™ species [22], the number of constraints per
atom increases by An, =0.50 at P = 10 GPa. However, this
global increase of n. can be reduced during a certain pressure
interval by breaking the softer BB constraints, resulting in a
decrease of g(P) atlow pressure. With growing pressure (and
increasing 7s; and 7p), the adaptive behavior can hold only
up to a certain threshold pressure (~13 GPa at 2000 K).
For P > 13 GPa, no accomodation is possible any more and
q(P) now increases steadily. This behavior not only defines
a pressure window (gray zone in the insert of Fig. 4),
but also bears large similarities with the self-organized
Boolchand IP where growing stress induced by composition
is released by network adaptation in self-organized networks
[19, 20, 31] which maintains n. ~ 3 as long as possible, once
the network has undergone the flexible to rigid transition
(identified here at P =P, (1) ~2 GPa) but not the rigid to
stress transition at P = P, (2) ~ 13 GPa.

4.2 Evidence for dynamic anomalies The trend in
pressure of the fraction of intact constraints g(P), the position
krspp and the width Akgspp of the FSDP for some partial
structure factors appears to be correlated with a certain
number of transport anomalies in the liquid state. Figure 5
shows that in the same pressure window where BB
constraints soften and reduce from ¢(P)=0.82 to 0.72 at
10 GPa (Fig. 4) in order to lower rigidity induced by pressure,
diffusion, and viscosity are found to be maximum and
minimum, respectively. Other related quantities display
anomalies as well. In fact, the Arrhenius plot of the viscosity
(insert of Fig. 5) shows a linear behavior indicative of a
function of the form n=nyexp[Ea/kgT] where E is the
activation energy for viscous flow. Note that the same kind
of behavior is obtained for the diffusion constants of the
network forming species (Si,0). When the corresponding
activation energies E for viscous flow or oxygen diffusion
are plotted as a function of pressure, they also exhibit a
minimum in the same pressure window as g(P) or kgspp.

Taken together, Figs. 3, 4, and 5 underscore the fact that
there is a link between structural, dynamical, and rigidity
properties, which manifest in a certain pressure window
where most of these properties display an anomalous
behavior.

5 Establishing correlations Having calculated
these various structural, dynamic, and rigidity properties,
can more correlations be sketched on a general ground ?

5.1 Optimal glass formation and fragility The

fact that at fixed temperature, the system is able to show a
minimum in melt viscosity, indicates that this pressure
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Figure 5 (online color at: www.pss-b.com) Top: Activation
energy E4 for viscosity (filled circles) and oxygen diffusion (open
boxes) as a function of pressure. The former is extracted from
the insert which shows the viscosity as a function of 10*T~"
for three selected pressures (0, 6, and 22 GPa) together with
experimental data from Bockris et al. at ambient pressure [48].
Bottom: Viscosity (filled circles) and diffusion (open squares,
right axis) as a function of pressure at 2000 K.

window may well be the location of optimal glass formation
which is one of the salient features of the IP. Richet has
observed [49] that glass-forming tendency is in fact
increased for systems that are able to increase their melt
viscosity down to lower temperatures. At eutectics where
freezing-point depressions exist, glasses form more easily as
these depressions bring the liquid to lower temperatures and
higher viscosities. Such observations correlate rather well
with observed minima in the critical cooling rate that is
needed in order to avoid crystallization [50]. Following this
reasoning, it is therefore expected that along an isotherm
(e.g., the one shown in Fig. 5, bottom), glass-formation will
be optimized for systems having a lower melt viscosity in
the pressure window.

The evolution of the numerical glass transition tempera-
ture T, with pressure has not been computed. Therefore,
it is not possible to rescale the behavior of the viscosity
from n(1/T) to n(T,/T) at fixed pressure in order to esti-
mate the liquid fragility defined by M = 9 log,o n/d(T,/T)
at T=T,. However, recalling that for an Arrhenius behav-
ior of the viscosity, one has the known formula [51]:
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M =Eln g 2/kgT,, and assuming that T, does not depend
too much on pressure, one can expect that in the present
system the intermediate pressure phase coincides with a
minimum in fragility. This conclusion is consistent the one
obtained from a simplified Kirkwood—Keating model of the
glass transition [51] showing that glass-forming liquids in
the IP are strong (with a low M), and that activation energy
for viscosity or relaxation time are minimum when n. >~ 3.

The present results indicate a general correlation
between paramaters characterizing the FSDP in partial
structure factors, fragility, and ease of glass formation. In
fact, intermediate range order which contributes to krspp
or Akgspp is strongly affected by the thermal history leading
to glass formation, and keeps track of the anomalies
taking place in the liquid at selected pressures.

5.2 Low frequency modes and typical
lengthscales It has also been suggested that a lengthscale
associated with low-frequency excitations [52] can contrib-
ute to the FSDP. Specifically, it has been shown that for
several glasses Akgspp can be correlated to the boson peak
maximum found in the low frequency part of the vibrational
density of states, and that kpspp/Akgspp is nearly a constant.
Given our results displayed in Fig. 3, the latter situation
obviously does not seem to be fulfilled for the NS2 system.
However, floppy modes which contribute to the boson peak
in chalcogenides [21], do exist in NS2 at ambient pressure
and disappear as the rigidity of system is changed [53].
One may therefore anticipate a correlation between the
calculated structural, dynamic and rigidity properties, and
low-frequency vibrational properties [22]. Work in this
direction is in progress.

6 Concluding remarks In summary, this study links
for the first time characteristic features of the FSDP with
transport properties in a liquid silicate. We have investigated
the structural, dynamical, and rigidity properties of densified
sodium silicates using MD simulations. It has been found
that some of the parameters characterizing the FSDP were
displaying an anomalous behavior in a certain pressure
interval which coincides with the interval where anomalies
in transport properties take place. An analysis using MD-
based topological constraint counting shows that BB
(angular) constraints involving the bridging oxygen between
two tetrahedra soften in the same pressure interval. This
leads to the definition of a pressure window where obviously
the network-forming liquid self-organizes and lowers the
number of BB constraints in order to reduce the rigidity
induced by the increasing pressure. In this respect, the
present findings can be seen as the pressure analog of the
Boolchand IP found in rigidity driven by composition.
More generally, these numerical results on the FSDP
suggest that structural signatures for the IP should be found,
and these should come from a detailed analysis of neutron
diffraction experiments involving the partial structure
factors. Up to now, only calorimetric, optical, and thermo-
dynamic signatures of the IP have been found.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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