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Abstract.

We study the static and dynamic properties of liquid silica over a wide
range of temperature T and density p using computer simulations. We find
a change in the potential energy landscape as T decreases that underlies a
continuous transition from a fragile liquid at high T to a strong liquid at
low T. We also show that a specific heat anomaly is associated with this
fragile-to-strong transition, and discuss the relationship of this anomaly to
the polyamorphic behavior of amorphous solid silica.

1. Introduction

Liquid silica is the canonical “strong liquid”. Almost all liquids display a
faster-than- Arrhenius increase of viscosity 7 as the temperature T decreases
toward the glass transition temperature Tj. In Angell’s classification of
glass-forming liquids, the greater the deviation from Arrhenius behavior,
the greater is the “fragility” of the liquid [1]. Liquids that exhibit behavior
that is close to Arrhenius are termed “strong”. Liquid silica is one of only a
very few liquids having an essentially perfect Arrhenius behavior as T — T,
making it the extreme case of a strong liquid [2].

The strong behavior of liquid silica underlies the central role of silica-
based compounds in glass science. 7 for a strong liquid varies over a smaller
range within a given T' interval above T, than does a fragile liquid. This
makes it easier to hold the melt just above T, in a workable, high-viscosity
liquid state (suitable e.g. for glass- blowmg) without precise temperature



control. The more fragile the system, the narrower is the working range of
T within which the liquid must be held, and consequently, the more difficult
the material is to manipulate. It is therefore important to understand, at
a fundamental level, how it is that silica is such a strong liquid.

Some analyses of experimental data for silica suggest that, rather than
being strong at all T', the liquid may be fragile at very high T' [3,4], and
converts to a strong liquid only as the liquid is cooled. Recent simulations
support this view [5-7]. Simulations [6] of the BKS [8] model of silica be-
tween T' = 2750 and 6000 K show that BKS silica is a fragile liquid at high
T, yet starts to transform continuously to a strong liquid near T = 3300 K.

Amorphous solid silica, the material formed by cooling the liquid well
below T,, also displays polyamorphism: distinct amorphous solid states,
differing in density and structure [9, 10]. The signature of polyamorphism
in silica is a relatively abrupt increase in density when the amorphous solid
formed at ambient pressure is subjected to high pressures [11]. Polyamor-
phism is observed even more prominently in amorphous solid water [12], a
structural analogue of silica in that both systems exhibit tetrahedral molec-
ular coordination at ambient pressure. In water, it has been proposed that
polyamorphism is a sub-T, manifestation of a liquid-liquid phase transi-
tion [13, 14]; this same possibility has recently been shown to be consistent
with the thermodynamic behavior of liquid BKS silica [15]. The idea of
a “fragile-to-strong” transition was first proposed for the case of deeply
supercooled water by Angell [16], who conceptually connected the thermo-
dynamic transition associated with polyamorphism to the dynamical one
that occurs as the liquid passes from fragile to strong.

The precise relationship between a polyamorphic thermodynamic tran-
sition and a dynamic fragile-to-strong transition can be quantified using
the concept of the potential energy hypersurface (PES), or “energy land-
scape” [17, 18]. Recent studies of the PES of liquids have demonstrated the
controlling influence of the PES on transport properties as T — T, [19-
23]. However, these studies have only addressed liquids that are fragile at
all T > T,, and so the relationship of the PES to a “fragile-to-strong”
transition could not be studied.

Here, we present results obtained from extensive simulations of BKS sil-
ica over a wide range of T and p [24]. These results permit us to (i) examine
the fragile-to-strong transition, (ii) identify the energy landscape behavior
that underlies it, and (iii) seek the connection between the landscape fea-
tures found, to polyamorphic thermodynamic anomalies. The results clarify
our understanding not only of the origins of silica’s status as a strong liquid,
but also of the dynamical behavior of a wider class of liquids that are to
some degree silica-like, most notably water and silicon [25], but also other
systems such as BeF, [26].



2. Dynamics and the Potential Energy Landscape

The results presented here are obtained from molecular dynamics computer
simulations, in which the diffusion coefficient D can be evaluated from
(r?), the mean squared particle displacements, using the Einstein relation,
D = limy_, 00 (r?)/6t. Like 1, D is a characteristic transport property whose
deviations from the Arrhenius law serve to classify a liquid as strong or
fragile.

The theory of Adam and Gibbs (AG) [27] states that D is related to
the configurational entropy, S. via,

D = Dyexp(—A/TS,), (1)

where the parameters Dy and A are commonly assumed to be T-independent.
S quantifies the number of distinct configurational states explored by the

liquid in equilibrium. These states have been proposed to correspond to

the “basins” of the PES sampled by the liquid [17,18]. A basin is the set

of points in phase space representing configurations having the same local

minimum. The local minimum configuration is termed an inherent struc-

ture (IS), and is identified in simulation by a steepest descent minimization

of the potential energy.

Following the IS thermodynamic formalism of Stillinger and Weber [17],
the internal energy of the liquid can be expressed as F = ers+ Engrm~+ Eanhs
where erg is the average IS energy and the last two terms are the average
contributions to £ due to thermal excitations about the IS. ., is the av-
erage harmonic contribution determined from a quadratic approximation to
E around each IS minimum, while F,,;, is the remaining, necessarily anhar-
momnic contribution. The harmonic and anharmonic potentials characterize
the shape of the basin.

If the shape of a basin does not depend on the basin’s IS energy (a
condition satisfied here; see below), then S, can be calculated along an
isochore by integrating the T' dependence of ers at constant volume V' [20]:

T 1 /0erg
SC:SS+/TOT—,<~5T{§—)VdT’, (2)

where SU is the value of S, at a reference T = Tj. Eq. 2 highlights that the
T dependence of S, arises solely from changes in eyg [17, 20]. Evaluation of
S. when the basin shape depends on ejg is also feasible [22, 28, 29].

For a strong liquid that satisfies Eq. 1, the T" dependence of S, must
approach a constant to recover Arrhenius behavior. From Eq. 2, if S, is
constant, then so must be the variation of e;g with 7. This behavior would
be qualitatively different from that found in simulations of fragile liquids.
For example, recent studies [21,22] of a binary Lennard-Jones liquid have



shown that e;s o« —1/T, a dependence that is not consistent with the
approach to a constant at low 7.

3. Methods

Our results are based on molecular dynamics simulations of BKS silica.
All data are obtained from systems of N = 1332 atoms (888 O and 444
Si atoms), except for the p = 2.36 g/cm® isochore, where we employ 999
atoms to facilitate equilibration at low T'. At p = 2.36 g/cm® 8 independent
runs for each state point are performed. All data reported here are for lig-
uid states in equilibrium. Equilibration is confirmed by ensuring that runs
are longer than the slowest relaxation time in the system as evaluated from
the collective (coherent) density-density correlation function. The lowest T
runs exceed 80 ns. Simulations are carried out in the constant-(N,V, E)
ensemble, and long-range electrostatic interactions are accounted for by
Ewald summation. We evaluate erg by conducting conjugate gradient min-
imizations of up to 1000 equilibrium liquid configurations and averaging
the results.

We calculate the configurational entropy as the difference between the
total entropy and the vibrational entropy: S, = S — S,;5. Details of our
calculations of S and Sy may be found in Ref. [24]. The assumption that
underlies the validity of Eq. 2, that the shape of the basins is independent
of ers along an isochore, is based on two observations: (i) We find ‘that the
vibrational density of states is independent of erg along an isochore. (ii) The
anharmonic energy of IS configurations heated from T = 0 to a chosen T
follows the Fuup = E — Epgrm — e1s curve calculated from equilibrium
simulations. This is only possible if the anharmonic character of the basins
is also independent of ejg.

4. Results

The fragile-to-strong transition of BKS silica is demonstrated in Fig. 1. The
curvature of the data for log D vs 1/T at high T, both along an isochore
and an isobar, fades as T decreases, approaching a linear behavior at low
T.

Fig. 2 shows the T dependence of erg along two isochores. The shape of
the higher p isochore is similar to that found for fragile liquids. However, at
the lower p—which is close to the experimental p at ambient pressure—ejg
exhibits an inflection, passing from concave downward at high 7' to.concave
upward at low T'. Fig. 2 also shows the potential energy Ey at' T = 0 of
the corresponding equilibriumn crystalline system for the same p. Since the
energy of the lowest IS cannot be less than Fy, Ey sets a lower bound on
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Figure 1. (a) Arrhenius plot of 1/D along the ambient pressure isobar, found by interpo-
lating our isochoric data; and along the p = 2.36 g/cm?® isochore. Note the non-Arrhenius
to Arrhenius crossover observed both at constant p and at constant P. All D values re-
ported here are for Si atoms. (b) Plot of D versus 1/T'S. along two isochores.

ers.- The value of Ey relative to the measured erg curves confirms that an
inflection occurs.

Like erg, S, also exhibits an inflection along our lower p isochore (Fig. 2).
In the same range of T, we find (Fig. 1) that along each isochore D satisfies
the AG relation within numerical error. That is, despite the change in
the nature of the T" dependence of S, the transport properties of the liquid
adjust (from non-Arrhenius to Arrhenius) so as to maintain the AG relation,
a finding that demonstrates of the robustness of Eq. 1 [22, 30, 31]. The low
p data thus reveal the signature in the energy landscape of a fragile-to-
strong transition. The rapid variation of landscape properties at high T
corresponds to a fragile regime. As T decreases, the inflections of erg and
S, mark the onset of a regime in which the rate of change of these quantities
decreases, consistent with the system’s approach to the strong liquid limit.

The influence of the energy landscape is sufficiently prominent to appear
in the total thermodynamic properties [32]. The isochoric specific heat Cy
can be written as Cy = C{7 + 3R+ C#™" where each term is the derivative
with respect to T of the corresponding contribution to F, and R is the
gas constant. The inflection in the T dependence of erg corresponds to a
maximumn in C'{,S (Fig. 3) that is the origin of a Cy anomaly, in the form of a
peak, in the interval of T' corresponding to the fragile-to-strong transition.
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Figure 2. (a) ers as a function of T along two isochores. At T' = 0 we show the energy
Eq of the crystalline system at p = 2.36 g/cm® (filled square) and p = 3.01 g/cm® (open
square). Fy is found by calculating the V dependence of the potential energy at T = 0
of three crystal polymorphs of silica (stishovite, coesite and quartz), and then using the
common tangent construction to determine the potential energy of the heterophase of
coexisting crystals that would be the ground state at the required bulk value of p. (b) S,
as a function of T' along two isochores.

An analogous Cy anomaly has recently been predicted to occur in the
silica-like liquid BeF; [26], and in theoretical models designed to reproduce
a fragile-to-strong transition [33]. High T experimnents that test for this
anomaly, though challenging, can thus directly seek the thermodynamic
signature of the fragile-to-strong transition in these systems.

5. Discussion

As shown in Fig. 4, the peak we find in Cy occurs at T near the tempera-
ture of maximum density of BKS silica, and in the vicinity of a maximum
of the isothermal compressibility K predicted for this model [15]. Thermo-
dynamic anomalies, such as peaks in Cy and Kr, are associated with the
physics of liquid-liquid transitions and with polyamorphism in glasses. The
Cy maximumn we observe in connection with the fragile-to-strong transition
is located in the appropriate region of the phase diagram to be the thermal
anomaly associated with polyamorphism. Along different isochores we find
that the T at which the Cy maximum occurs decreases with increasing p,
as would be expected for an anomaly related to polyamorphism in silica.
In sum, these results indicate that the fragile-to-strong transition of
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Figure 3. Upper panels: Isochores of the liquid potential energy U. Lower panels:
Cv — (3/2)R (solid lines) and C7° (dashed lines) as a function of T. In the upper panels
are shown lines of slope %R whose values at T = ( are the potential energies of the
corresponding crystalline systems, calculated as described in Fig. 2; these lines are lower
bounds for U of the liquid.

BKS silica is the dynamical transition corresponding to the thermodynamic
crossover in the liquid that presages polyamorphisin [33]. The phase be-
havior proposed in Fig. 4 for BKS silica accounts for the continuous nature
of the fragile-to-strong transition that we observe, despite the fact that a
discoutinuous, first-order liguid-liquid phase transition may occur in BKS
silica: the fragile-to-strong transition seen in Fig. 1 occurs along paths that
do not intersect the line of first order transitions. This line of first order
transitions is predicted to occur in a region where it is extremely difficult
(at present) to conduct equilibrium simulations from which D would be
calculated. However, when such simulations are feasible, we expect that
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Figure 4. Phase behavior of liquid BKS silica. Lines are estimates for liquid state fea-
tures calculated in Ref. [15]: spinodal lines (stability limits) for both the liquid-liquid
and liquid-gas phase transitions; the line of K+ maxima; and the temperature of max-
imum density gTMD) line. The filled circle locates the maximum of Cy identified at
p = 2.36 g/cm”. The arrows indicate the estimated slope of the line of Cy maxima at
this point. The anomalies of density, K+ and Cy demarcate the boundary between the
region of strong liquid behavior at low T and P, and that of fragile liquid behavior at
higher T and P.

the fragile-to-strong transition so observed would itself be discontinuous,
and similar to that found in simulations of liquid silicon [25].

Taken together, the above results provide a basis for conjecturing that
all strong liquids are candidates for polyamorphism: a strong liquid arises
via a fragile-to-strong transition, associated with which may be thermody-
namic anomalies that are the liquid-state precursors to polyamorphism.

It is also interesting to note, at low p, how close U for the liquid ap-
proaches that for the crystal ground state (Fig. 3, upper left panel). The
rate of decrease of U with T up to the inflection point is sufficiently great
that, if not for the inflection, the liquid U would easily cross below that of
the crystal at finite 7". In this sense, the inflection in the T-dependence of



U has the effect of avoiding an “energy crisis,” in analogy to the “entropy
crisis” of the so-called “Kauzmann paradox” [34]. Although such an “en-
ergy crisis” would not be a violation of any thermodynamic law, it would
lead to the surprising case where the liquid (or, more precisely, its ideal
glass) would be the ground state of the system at 7' = 0.

In the present case, the energy crisis is avoided via a thermodynamic
anomaly, which is in turn associated with a fragile-to-strong crossover in the
dynamics mediated by the shape of the energy landscape. Hence, for BKS
silica, fundamental phenomena associated with (i) the Kauzmann Paradox,
(ii) polyamorphism, and (iii) a fragile-to-strong transition, are all inextri-
cably interconnected.
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