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Network Topology and the Fragility of Tetrahedral Glass-Forming Liquids
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Network-forming liquids comprising tetrahedral motifs are investigated by large-scale molecular
dynamics computer simulations within the framework of an ionic interaction model. The network
topology is controlled by varying the anion polarizability, which governs the intertetrahedral bond angle,
for different system densities. A coupling is found between the growth in magnitude and range of
extended range oscillations and the appearance of ordering on an intermediate length scale. The
interrelation between the system fragility and the structural arrangements on these two different length
scales shows the trends that are observed for glass-forming systems. In particular, the fragility increases

with number of edge-sharing motifs.
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The nanoscale ordering in network glass-forming mate-
rials at distances larger than the nearest neighbor, and an
account of the associated dynamics, are of crucial impor-
tance for understanding the process of glass formation
along with the general physico-chemical properties of
liquids and glasses [1,2]. In general, basic structural units
such as tetrahedra link by their corners or edges to give
ordering on an intermediate range which manifests itself in
the measured diffraction patterns by the appearance of a
first sharp diffraction peak (FSDP) at a scattering vector
kpspp = 1-1.5 A™! that is smaller than for the principal
peak at kpp = 2.1-2.7 A~! [3,4]. In view of the small k
position and sharpness of the FSDP, the associated order-
ing is often assumed to have the longest range. Recently
this viewpoint has, however, been challenged by the ob-
servation of extended range ordering in network glasses, of
periodicity given by 277/ kpp, that persists to distances well
beyond the domain of the FSDP [5,6]. But what is the
relationship, if any, between the structural arrangements on
these length scales and the underlying system dynamics?
Can the relative “fragility,” a measure of the rate at which
the dynamical properties of a liquid change on approaching
the glass transition [1,7], be rationalized in terms of an
interplay between ordering on the intermediate and ex-
tended length scales [6,8]?

In this Letter a systematic search is made for a link
between the structure and fragility of tetrahedral network
forming MX, liquids by using large-scale molecular dy-
namics simulations within the framework of a polarizable
ion model (PIM). The anion polarizability, ay, and system
density are used to control the M—X-M bond angle be-
tween the structural motifs and hence the network topology
while the fragility of the system is assessed by investigat-
ing the temperature dependence of the self-diffusion coef-
ficients. We find that when the anion polarization is
increased, greater extended range order develops until an
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alignment occurs in the principal peak positions of the
partial structure factors when ay = 20 au. This growth
in magnitude and range of the extended range order is
accompanied by the appearance of ordering on an inter-
mediate range which shows a coupling between the struc-
tural arrangements on these length scales. Moreover, an
interrelation is found between the structure and fragility
which displays the measured trends. Stronger liquids with
a fragility index m = 20-28 that are representative of
systems such as SiO,, BeF,, and GeO, [9] occur when
the peak position in the M—X—M bond angle distribution
from corner-sharing units 6$3,, = 155-120° [10,11]
which corresponds to ay = 0-10 au. More fragile liquids
with m = 30-60 that are representative of ZnCl,, ZnBr,
[12], GeS, [13], and GeSe, [14] occur when 6%, =
120-85° [6,10,15,16] which corresponds to ay =
15-25 au. Once the threshold at = 120° is reached, the
fragility increases with number of edge-sharing units, mo-
tifs that are often neglected when modeling network prop-
erties [17].

The chosen models are based on relatively simple po-
tentials in which the ions interact through pairwise additive
Born-Mayer functions [18] augmented by a description of
anion polarization using a (dipolar) PIM [19]. The use of
computationally tractable energy functions allows access
to the appreciable length and time scales required to study
ordering on an extended range, which are generally inac-
cessible to electronic structure methods. In the PIM, ay
controls the M-X-M angle via the presence of induced
dipole moments on bridging anions which act to screen the
repulsive Coulombic interaction between cations. In ex-
treme cases (large ay and/or highly polarizing cation) this
effect may become large enough to stabilize edge-sharing
connections [20]. Anion polarizabilities of between zero (a
rigid-ion model or RIM) and 25 au are employed, noting
that @y = 20 au corresponds to the model previously used
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to best describe ZnCl, [21]. The simulations were per-
formed using tetragonal cells containing 3270 ions in the
NVT ensemble at number densities of 0.01126 and 0.00800
molecules A3, The higher density allows a direct com-
parison with the experimentally-determined functions for
ZnCl,, while the lower density allows the effect of expand-
ing the network to be investigated. In order to study pos-
sible relationships between the underlying network length
scales and glass-forming properties, simulations were also
performed using 999 ion systems which allowed ion self-
diffusion coefficients to be determined from their mean-
squared displacements by averaging over time origins for
runs of ~2 ns duration.

Figures 1(a)-1(c) show the Faber-Ziman partial struc-
ture factors S, (k) (@, B = M, X), calculated for models
using three anion polarizabilities which emphasize differ-
ing relationships between the peak positions and hence the
inherent length scales. For the RIM (ay = 0) the principal
peaks in Sy,x(k) and Syy(k) are at kpp = 1.90 A™! and ~
1.95 A~ whereas kpp = 1.55 A™! for S,;,(k). When
ay = 20 au, kpp = 1.98 A~! for all three functions and
an FSDP now appears in Sy, (k) at kggpp = 1.12 A~!. The
principal peak in Sy;,,(k) for the RIM is therefore “‘split”
to low and high k by the anion polarization to form the PIM
function [22]. For ay = 25 au (representative of GeSe,
[15]) the principal peaks in Sy,x(k), Syx(k) and Sy, (k) are
at 1.99,1.97 and 2.14 A", respectively. Figure 1(d) shows
the evolution of the peak positions in the three partial
structure factors as a function of the anion polarizability.

The partial pair distribution functions g,z(r) for the
ay = 20 and 25 au models display many of the features
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FIG. 1 (color online). The Faber-Ziman partial structure fac-
tors, S,4(k), for the M—M (broken blue curve), X-X (black
curve) and M—X (red curve) correlations as calculated at 7 =
900 K for the high density model with (a) ay = 0 au (RIM),
(b) axy =20 au or (c) ay = 25 au. Vertical dashed lines are
drawn to highlight the relative positions of the principal peaks.
Panel (d) shows the evolution of the first peak positions in Sxx(k)
(black curve), Syx(k) (red curve) and S,,(k) (broken blue
curves) with ay. Two curves are plotted for the latter corre-
sponding to the high polarizability FSDP/principal peak and the
low polarizability peak-and-shoulder structures.

found experimentally for ZnCl, [5] and GeSe, [15], re-
spectively. For example, in the case of ZnCl, significant
ordering on an extended range is observed and each func-
tion rh,g = r{gap(r) — 1] shares a common wavelength
of oscillation given by a; = 27/kpp. The extended-range
oscillations for the different models were fitted at long
range to expressions suggested by theory [6,23] of the
form rh,g(r) = 2|A,glexp(—agr) cos(a;r — 6,5) where
ay' is a decay length. The results reveal a growth in
magnitude and range of the extended range order as ay
is increased from zero to 20 au. A full discussion of these
results and the validity of the associated “mixing rules’” for
the amplitudes, |A |, and phases, 6,5, will be undertaken
elsewhere [24].

Figure 2 shows the cation self-diffusion coefficient, D,
as a function of temperature, 7, for selected anion polar-
izabilities. The data were first fitted to a Vogel-Fulcher-
Tammann (VFT) law of the form D = Dyexp[—B/(T —
T,)] where B and T control the function curvature and
hence characterize the fragility [7,25] (the T,/B ratio is
shown as an inset). The fitted VFT function was then used
to generate an effective glass transition temperature, 77,
corresponding to In(D/Dy) = —10, which was used to
scale the temperature axis in Fig. 2 [7]. For both system
densities, the fragility increases when ay> 15 au and the
high density data show an Arrhenius temperature depen-
dence (Ty/B = 0) when ay = 15 au.

Figure 3(a) shows the measured relation between the
fragility index m for a variety of MX, glass-forming net-
work systems and the peak position 6$%,, for corner-
sharing units in the M-X-M bond angle distribution
n(6yxm)- The fragility is small and approximately invari-
ant for high bond angles, characteristic of networks domi-
nated by corner-sharing units in systems like BeF,, SiO,,
and GeO, [6,8,10]. The fragility then increases when
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FIG. 2. Dependence of the scaled cation self-diffusion coeffi-
cient, D/Dy, on the reduced temperature, /T, for ay = 15 au
(Oor®),17.5au (dor M), 20 au (A or A)and 25 au (V or V)
where the open and filled symbols correspond to the high and
low density simulations, respectively. The lines indicate fits to a
VFT expression (see the text). The inset shows the dependence
of T,/ B (effectively the system fragility) on a for the high (O)
and low (@) density models.
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FIG. 3 (color online). (a) Measured fragility index, m, for a
series of MX, glass-forming systems as a function of 6$3,,. The
measured bond angle data (abscissa, from left to right) corre-
spond to BeF, [10], SiO, [11], GeO, [11], ZnCl, [10], GeS,
[16], ZnBr, (estimated) and GeSe, [6]. The fragility data are
from Refs. [9,12—-14]. (b) The M—X—-M bond angle distributions
calculated from the low density models for ay = 0, 5, 10, 15,
17.5, 20, 22.5 and 25 au (peaks appearing from left to right).

055 = 120° as edge-sharing units become an important
feature in systems like GeS, and GeSe, [15,16]. Edge-
sharing tetrahedra also appear as dynamic entities in liquid
7ZnCl, and ZnBr, [21,26], the corresponding M—-M dis-
tances contributing to the low-r side of the first peak in the
M—M partial pair distribution function [21] as opposed to
forming a distinct peak as in GeS, and GeSe, [15,16]. The
simulations also show this trend; e.g., the fragility of the
low density model increases when oy = 15 au (Fig.2)asa
second peak due to edge-sharing units appears in the
M-X-M bond angle distribution at HﬁsXM [Fig. 3(b)].

The evolution with ay of several structural parameters is
shown in Fig. 4 where (a) gives the fraction, f;, of corner-
and edge-sharing units, (b) gives the peak positions 655,
and 6%, in the M-X-M bond angle distribution and
(c) gives the mean coordination number (n). The structural
units in Fig. 4(a) are classified according to their local
tetrahedral connectivity [27] where three configurations
are possible. Motifs labeled by “0” are purely corner
linked, those labeled “1”° are linked by a single edge-
sharing and two corner-sharing units, while those labeled
“2” are linked by two edge-sharing units alone. For both
densities studied the fraction of “2” units, f,, increases
strongly for ay > 15 au. Indeed, the most fragile system
corresponds to the low density liquid with @y = 25 au
which is dominated by such edge-sharing motifs. In this
limit the structure has effectively changed from a true
three-dimensional network to a pseudo one-dimensional
system dominated by polymerlike charge-neutral percolat-
ing edge-sharing chains. The change in fragility at high ax
can, therefore, be directly attributed to the formation of
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FIG. 4 (color online). Structural properties of the high (open
symbols) and low (filled symbols) density models at 7 = 900 K
as a function of the anion polarizability ay. (a) Fraction f; of
corner- and edge-sharing units labeled 0 (O or @), 1 (A or A)
and 2 (OJ or M). (b) Peak positions 6%, (upper curves) and
0%y (lower curves) in the M-X-M bond angle distribution
n(6yxa) which has two peaks at high ay values as edge-sharing
units become more prolific. (¢) The mean coordination number,
(n), where the horizonal dashed line highlights the ideal tetrahe-
dral network value of (n) = 8/3 which corresponds to fourfold
and twofold coordinated cations and anions, respectively.

edge-sharing units. By comparison, the behavior of the
system fragility at low anion polarizabilities appears
more complex. For ay = 15 au the networks are domi-
nated by corner-sharing motifs and it is feasible that the
self-diffusion coefficients are related to the mean coordi-
nation number. For example, the strongest system corre-
sponds to the high density liquid with ay = 15 au where
the network has the least number of defects and (n) ~ §8/3
as expected for an ideal tetrahedral network.

In experiment, it is not feasible to vary the M:X ratio for
halides like BeF, and ZnCl, or oxides like SiO, and GeO,.
However, it is possible to vary the composition in the case
of the chalcogenides in order to explore the relation be-
tween fragility and edge-sharing motifs. For example, in
the case of Ge,Se|_, (0 = x = 1) viscosity data just above
the glass transition temperature 7, show a minimum in the
fragility at x = 0.225 [28]. This lies within the so-called
“intermediate phase” which extends over the range
0.20(1) <x < 0.26(1), thus including the composition
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x = 0.2 where the mean coordination number (n) = 2.4
[29]. The results from Raman spectroscopy [29,30] and
first-principles molecular dynamics simulations [31,32]
point to a corresponding reduction in the ratio of edge- to
corner-sharing tetrahedra as x is decreased from 0.33 to 0.2.
In the case of the Ge-S system, diffraction experiments on
the glass also show a reduction in the fraction of edge-
sharing units from 0.44(3)-0.47(5) at x = 0.33 to 0.32(3) at
x = 0.2 while Raman scattering experiments show the
appearance of Sg rings for x < 0.2 [16,33]. Viscosity
data show a decrease in fragility of the Ge,S;_, system
as x is reduced from 0.33 to 0.30 [13] whereas low fre-
quency Raman spectroscopy measurements on the glass
indicate an increase in fragility as x is reduced from 0.33 to
0.2 [34]. Further experiments are therefore required in
order to better establish the fragility of the Ge-S system
and the role played by Sg rings. Indeed, it would also be
useful to characterize the fragility of both the Ge-Se and
Ge-S systems with increasing pressure since a transforma-
tion from edge- to corner-sharing tetrahedra is indicated by
experiment [16,35]. In the case of the ternary glass-
forming system Ge-As-Se, a fragility minimum is reported
for several compositions with (n) = 2.4 [36]. In this ma-
terial, and in fluorozirconate liquids near 7', edge-sharing
polyhedra are regarded as fragile structural elements
[36,37].

In summary, the relation between the structure and
fragility of tetrahedral glass-forming liquids has been ex-
plored by using large-scale molecular dynamics simula-
tions with a polarizable ion model. The results show
ordering on intermediate and extended length scales that
is fully consistent with experimental diffraction data. The
system fragility systematically increases when the anion
polarizability ay > 15 au, matching the trends that are
observed experimentally. This increase in fragility is cor-
related with an increase in number of edge-sharing units,
thus emphasizing the importance of these configurations in
tetrahedral glass-forming liquids. It would be informative
to extend the present molecular dynamics approach to
explore the relation between network topology and dynam-
ics in modified network glass-forming systems such as
Na,0-Si0O, where the fragility increases when a modifier
is added [38]. The methodology can also be used to inves-
tigate more fragile ionic glass-forming systems such as
KCI-BiCl; [39] and Ca,K5(NO3); [40] where m =~ 85-93
[38].
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