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ABSTRACT

Using large-scale molecular dynamics simulations, we investigate the surface properties of lithium, sodium, and potassium silicate glasses
containing 25 mol % of alkali oxide. The comparison of two types of surfaces, a melt-formed surface (MS) and a fracture surface (FS), demon-
strates that the influence of the alkali modifier on the surface properties depends strongly on the nature of the surface. The FS exhibits a
monotonic increase of modifier concentration with increasing alkali size while the MS shows a saturation of alkali concentration when going
from Na to K glasses, indicating the presence of competing mechanisms that influence the properties of a MS. For the FS, we find that larger
alkali ions reduce the concentration of under-coordinated Si atoms and increase the fraction of two-membered rings, implying an enhanced
chemical reactivity of the surface. For both types of surfaces, the roughness is found to increase with alkali size, with the effect being more
pronounced for the FS than for the MS. The height-height correlation functions of the surfaces show a scaling behavior that is independent
of the alkali species considered: The ones for the MS are compatible with the prediction of the frozen capillary wave theory while the ones for
the FS show a logarithmic growth, i.e., on the nanoscale these surfaces are not self-affine fractals. The influence of the modifier on the surface
properties are rationalized in terms of the interplay between multiple factors involving the size of the ions, bond strength, and charge balance
on the surface.
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. INTRODUCTION

Controlling the properties of the surface, such as composition,
local structure, and roughness on intermediate length scales, is cru-
cial for many practical application of silicate glasses. For instance,
some structural units that are uniquely present on the surface are
known to control its reactivity and thus to influence the chemi-
cal stability and corrosion resistance of the surface, properties that
are of great importance for biomedical and pharmaceutical usages
of glasses."” Surface morphology is another characteristic of high
relevance since it has been shown to play a key role in many func-
tional properties of glasses, such as friction and adhesion.” '’ In
addition, morphological investigations of glass fracture surfaces, via
techniques such as atomic force microscopy (AFM), have allowed to
obtain a better understanding of the failure mechanisms of glasses,
documenting the importance of the surface for the mechanical
properties of glasses.'”

Significant progress in our understanding of the surface proper-
ties of glasses has been made by using a combination of experimental
techniques such as low-energy ion scattering (LEIS) spectroscopy
and AFM,” " as well as molecular dynamics (MD) computer
simulations.”” "’ Regarding the chemical composition of silicate
glass surfaces, it is well established that on surfaces the concentration
of oxygen and modifiers, e.g., sodium, are usually higher than in the
bulk, making that of silicon atoms lower.”””*** This compositional
difference between the surfaces and the bulk is related to their dif-
ferent geometries: Due to the presence of the vacuum, glass surfaces
have a higher concentration of non-bridging oxygen (NBO), which
in turn requires more positively charged modifiers in their vicinity
for the sake of charge neutrality.”” Moreover, the production his-
tory of the surface influences the composition and structure on the
surface: The melt-formed surfaces (MSs) of sodium silicate glasses
have been found to be more enriched in Na and NBO than the frac-
ture surfaces (FSs), whereas the latter have more structural defects,
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such as two-membered (2M) rings (i.e., closed loops of two oxygen
and two silicon atoms) and under-coordinated Si.”*"” This depen-
dence has been attributed to the different mechanisms that govern
the formation of these two types of surfaces: The MS is created in
the liquid state, which allows more Na to diffuse to the surface and
thus to reorganize the surface structure. The FS, by contrast, is gen-
erated by creating a surface at room temperature and therefore one
can expect that only very little reconstruction of the fracture surface
occurs once the crack has passed.”

A further consequence of the different production history is
that for silicate glasses the FS is rougher than the one of MS and
also shows a stronger dependence on composition.'”*’ Moreover,
experiments and simulations show that geometrical features of the
topography of MSs is described well by the theory of capillary
waves that freeze in at the glass transition.'”'>*’ In contrast to this,
early experiments indicated that the structure of FSs is given by a
self-affine fractal down to the nanometer scale.'”"' However, this
conclusion could be flawed due to limitations in the lateral resolu-
tion of surface measurement.”” ** In fact, a recent large-scale MD
simulation study of the FS of sodium silicate glasses with atomic
resolution has demonstrated that the FS is not a self-affine frac-
tal on length scales below 10 nm.*” However, it remains to be
confirmed whether or not this conclusion also holds when the
glass composition is changed, e.g., glasses containing other alkali
oxides.

Alkali oxides are a key component for modifying the proper-
ties of silicate glasses. Previous experimental and theoretical studies
of alkali silicate glasses have mainly focused on their structural
properties in the bulk,"”” " and the correlations between structure
and various physical properties, such as density,”*”’ phase separa-
tion and transformation,”’ transport coefficients,””** and elastic
behavior.”"** The observed influence of the alkali species on the var-
ious glass properties were frequently associated with the difference
in cation field strength (i.e., the ratio between the charge and ionic
radius of the cation), which is 1.69, 1.00, and 0.66 eA™! for Li, Na,
and K ions, respectively.®” It has been suggested that some anoma-
lies of lithium silicate glasses, such as the increase in medium-range
order’” ™ and elastic moduli””" with increasing alkali concentra-
tion, are directly related to the high field strength of lithium ions
(and thus a high strength of the Li-O bond) since other alkali silicate
glasses show the opposite trend. In contrast to this, a recent ab initio
molecular dynamics study indicates that the trends observed in the
various physical properties of bulk alkali silicate glasses are related
to a complex interplay between multiple competing factors, such as
bond strength, bond length, and the local environments.”” Also rele-
vant for the present study is the observation that the surface tension
of molten alkali silicates decreases with increasing alkali radius’' (for
a given temperature and composition), which is expected to affect
the properties of the glass surfaces, although so far this dependence
has not been clarified. Thus, despite these previous studies, there are
at present still many important open questions on how the chem-
ical nature of the alkali modifiers affects the surface properties of
silicate glasses, and the goal of the present work is to advance our
understanding on this subject.

The main objective of this work is to investigate how the sur-
face properties of binary alkali silicate glasses are influenced by the
alkali type. Specifically, we will elucidate the effects of modifiers
on the composition, structure, and topographical properties of MSs
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and FSs. To this end, we consider the alkali species Li, Na, and K
since they are among the most widely used additives for the produc-
tion of commercial silicate glasses and are also the key components
for chemical strengthening of glasses via ion-exchange at the glass
surface.”””” Our results are thus not only of practical relevance for
the design of novel glasses with new/improved properties but also
useful for obtaining a deeper understanding of the fracture behavior
of these glasses.

The rest of the paper is organized as follows: In Sec. II, we intro-
duce the simulation methods that consist of the preparation of glass
using MD and identification of the outermost surface layer using a
geometric approach. Next, in Sec. III, we present and discuss the
main results regarding the properties of MSs and FSs. Finally, we
summarize and conclude this work in Sec. I'V.

Il. SIMULATIONS
A. Preparation of the glass samples

The glass samples we investigate have the nominal composition
A,0-3Si0; (hereafter denoted as AS3, with A = Li, Na, or K) and
are produced by means of classical MD simulations. The interac-
tion between atoms is given by a pairwise effective potential (named
SHIK),”* which has been found to give a good quantitative descrip-
tion of the density, structure, and mechanical properties of bulk
silica and alkali (Li, Na, K) silicate glasses.(“*’"; Its functional form
is given by

Vi) = B | 4 i/By) - & 1)
(rj) = dreor; ij exp (=7ij/Bj) ri6j’

where r;; is the distance between two atoms of species i and j. In order
to achieve high computational efficiency, the long-range interactions
given by the Coulomb term in Eq. (1) are evaluated using the method
proposed in the work of Wolf et al.”® where the long-range cutoff
is set to 10 A; more details of this implementation can be found in
Refs. 74 and 77. A previous study’® has shown that this treatment of
long-range forces has negligible influence on various properties of
the silica and sodium silicate systems while allowing for significantly
improved computational efficiency, and thus large-scale simulations
can be performed.

The values of potential parameters A;, Bjj, Cjj are given in
Ref. 74. The effective charges for Li, Na, K, and Si are 0.5727,
0.6018, 0.6849, and 1.7755 e, respectively. We note that these charges
are compatible with those of the partial charges reported in first-
principles simulations of similar glass compositions.”” The charge
for oxygen is composition-dependent in order to maintain overall
charge neutrality’* (the charges for oxygen are —0.9245, —0.9328,
and -0.9566 e for LS3, NS3, and KS3, respectively). Our recent MD
studies have shown that the SHIK potential also allows one to obtain
reliable results on the surface properties of silica and sodium sili-
cate glasses.””"” The present work is the first study that uses this
interaction potential for simulating the surface properties of Li and
K containing silicate glasses, thus allowing to investigate how these
alkali atoms influence the properties of the glass surface and how
these modifications depend on the alkali type.

For each composition, ~2 300 000 atoms were placed randomly
in a simulation box with a volume given by the experimental value
of glass density at room temperature.”* The box dimensions were
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roughly 20, 30, and 50 nm in the x, y, and z directions, respectively.
Previous studies have shown that such large samples are needed to
allow for accurate determination of the surface properties and the
mitigation of finite size effects for the fracture process.””*’ Using
periodic boundary conditions in three dimensions, these samples
were equilibrated at 6000 K for 80 ps in the canonical ensemble
(NVT) and then cooled and equilibrated at a lower temperature T;
(still in the liquid state) for another 160 ps. This temperature T1 was
2000, 2000, and 2200 K for LS3, NS3, and KS3, respectively. (The
higher T for KS3 is to take into account the slower dynamics of the
sample due to the large alkali ions.) Subsequently, we cut the sample
orthogonal to the z-axis and inserted an empty space, thus creating
two free surfaces, i.e., the sample has the geometry of a slab. Periodic
boundary conditions were applied in all three directions. In order to
ensure that the two free surfaces do not interact with each other, the
thickness of the vacuum layer was chosen to be 14 nm. These sam-
ples were equilibrated at T for 1.6 ns, a time span that is sufficiently
long to allow the reconstruction of surfaces and equilibration of the
interior of these samples. Subsequently, the samples were cooled via
a two-stage quenching process: A cooling rate of y, = 0.125 K/ps
was used to quench the samples from T to a temperature T> and
a faster cooling rate p, = 0.375 K/ps to cool them from T to 300 K.
Finally, the samples were annealed at 300 K for 800 ps. The tem-
perature T, at which the cooling rate is changed was chosen to be
1200 K, which is well below the simulation glass transition tempera-
ture Ty (around 1400 K). (Note that the determination of T, for the
sample with free surfaces is more difficult than for the bulk sample
since the faster dynamics of the surface regions blurs the transition
from liquid to glass.) At T, we also switched the simulation ensem-
ble from NVT to NPT (at zero pressure) so that the generated glass
samples were not under macroscopic stress at room temperature.
The so obtained samples had thus two surfaces and were used to
determine the properties of the MS.

After preparation of the glass samples, we introduced on one of
its free surfaces a linear “scratch” in the form of a triangular notch
spanning the sample in the x-direction of width and depth 3 and
2 nm, respectively. Subsequently, we applied to the sample a strain in
the y-direction, using a constant rate of 0.5 ns~ ', until it broke. (Note
that this rate is sufficiently low so that the fracture behavior,””* as
well as the properties of the resulting fracture surface, do not depend
on it in a significant manner.’*"’) Due to the presence of the notch,
the place at which the fracture initiated could be changed at will, thus
allowing us to reuse the undamaged glass sample for several fracture
processes.

Temperature and pressure were controlled using a
Nosé-Hoover thermostat and barostat, respectively.m’m All sim-
ulations were carried out using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS)*** software with a time
step of 1.6 fs.

The results presented in the following paragraphs correspond
to one melt-quench sample for each composition. However, we
emphasize that the system size considered is sufficiently large to
make sample-to-sample fluctuations negligible.”” For the MS, the
results for the two surfaces on the top and bottom sides of the glass
sample were averaged. For the FS, we averaged the results over six
surfaces, resulting from three independent fracture (by changing the
location of the notch). The error bars were estimated as the standard
error of the mean of these samples.
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B. Identifying the surface

In order to have a reliable description of the surface, one
needs a method that allows mapping the positions of atoms onto
a well-defined mathematical surface. The algorithm that we used for
constructing this surface mesh is based on the alpha-shape method
of Edelsbrunner and Miicke.*® It starts with the Delaunay tetra-
hedrization of the set of input points, i.e., the atoms in the sample.
For each of the resulting tetrahedra, one evaluates its circumsphere
and compares it to a reference probe sphere that has a radius Rs. The
elements with circumsphere radius R that satisfy R < R, are classi-
fied as solid, and the union of all solid Delaunay elements defines
the geometric shape of the atomistic solid. A robust realization of
this algorithm is implemented in OVITO.*

It is important to mention that the probe sphere radius Ry is
the length scale determining how many details and small features
of the solid’s geometric shape are resolved. To construct the geo-
metric surfaces for the glass samples, we use Ry = 3.2 A, ie., the
typical distance between neighboring Si atoms. This choice allows
us to resolve fine surface features but avoids the creation of artifi-
cial holes in constructed surfaces. The number of atoms identified
on a MS is around 9000, and for a FS, this number is around 17 000,
weakly influenced by the glass composition. We note, however, that
a small change in R, (e.g., by £0.5 A) will not significantly alter the
results presented in the following (see Refs. 38 and 79 for details).
Note that, by definition, the surfaces are two-dimensional objects.
Finally, we point out that for the FS, we have not considered the
parts of the surface that are closer than ~5 nm to the top/bottom MS
in order to avoid the influence of these surfaces onto the properties
of the FS.

Once the geometric surface is constructed, i.e., the mesh points
of the surface are identified, we first fit a plane to the set of mesh
points using a least squares fitting procedure, and defined this plane
to be z = 0. Finally, a linear interpolation is applied to the triangular
mesh to obtain a uniform quadratic grid that is subsequently used
to determine the morphology and roughness of the surface. Recent
studies that used similar simulation protocols and surface analysis
strategies have demonstrated that this approach does indeed allow
to determine the surface characteristics of silica and sodium silicate

38,40,79
glasses.”™"

lll. RESULTS AND DISCUSSION
A. Composition and structure of the surface

In this subsection, we present how the composition and local
structure of the surface depend on the alkali type and how the pres-
ence of the surface affects the structural properties of the subsurface
layer.

Figure 1 shows how the surface composition depends on the
alkali and surface type. Overall, we note that the influence of mod-
ifiers is more complex than the simple monotonic dependence that
one might expect, in that several compositions saturate, indicating
the presence of competing mechanisms. The differences between the
two types of surfaces can be attributed to their production history,
which affects the thermodynamics and kinetics of their formation
(see below for a more detailed discussion). Panels (a) and (b) show
that, with respect to the bulk, both kinds of surfaces are significantly
enriched in alkali and oxygen and that this enrichment in alkali is
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FIG. 1. Surface composition and charge. (a)—(c) Elemental concentration of O,
alkali (A), and Si, respectively, for the two types of surfaces and the bulk (dashed
line). (d) Per-atom atomic charge on the surfaces.

more pronounced for the MS, results that agree with a previous sim-
ulation study on sodium silicate glass surfaces.”® Consequently, the
two surfaces are strongly depleted of Si relative to the bulk, panel
(c), and this depletion is more pronounced for the MS. The com-
positional difference between the MS and the FS can be related to
the fact that the MS was created in the liquid state, which allows
more alkali ions to diffuse to the surface, resulting in a more pro-
nounced change of composition with respect to the bulk. In contrast
to this, the FS was generated by dynamic fracture (i.e., with a crack
velocity on the order of 10° m/s)'wJ at room temperature, and thus
the atomic diffusion is very limited, resulting in the compositional
change at the FS being smaller than that of the MS.*

Furthermore, one notices that the compositional difference
depends not only on the surface type but also on alkali species: With
increasing alkali size, the composition of the FS changes monoton-
ically, while the MS shows a notable change of surface composition
from LS3 to NS3, but basically no difference between NS3 and KS3,
implying a possible saturation of the modifier effect. The mono-
tonic change of composition from LS3 to KS3 for the FS can be
rationalized by considering the difference in the A-O bond strength:
The force constants inferred from the frequency of the characteris-
tic vibrational modes of the A-NBO interaction have been reported
to be 347, 180, and 113 cm™! for Li-O, Na-O, and K-O, respec-
tively.*® Therefore, Li atoms are bound significantly more strongly
to the matrix than the two other alkali atoms and hence their ther-
modynamic driving force for migration to the surface is smaller. For
the MS, the saturation of composition from NS3 to KS3 might be
attributed to the delicate balance between two trends, i.e., the afore-
mentioned bond strength and ionic size, with the latter resulting in
decreasing mobility of the large alkali ions.

The deviation of surface composition from the bulk has
the consequence that the net charge on the surface is not zero,
see Fig. 1(d). Here, we define the per-atom atomic charge as

ARTICLE scitation.org/journalljcp

Q(r) = X, 9, fa(r), where q, and fu(r) are, respectively, the charge
of atomic species « and its number fraction at distance r from the
surface [r =0 for the surface charge as shown in Fig. 1(d)]. We
also note that in the rigid ion model we use, the charge g, is fixed,
i.e., is independent of whether one considers bridging oxygen (BO)
or NBO. Taking into account the fact that the charge difference
between NBO and BO is relatively small (usually <10%*"), the
obtained surface charge can be expected to be very close to that of a
calculation in which the difference in charge between BO and NBO
is taken into account. As a consequence, the value of the charge
at the surface has to be interpreted with a bit of caution. Further-
more, we recall that in this work the surfaces properties are probed
in vacuum, while in reality the surfaces are usually in contact with
an environment that contains atoms and molecules, notably water.
For such circumstances, the surface NBOs can be expected to be ter-
minated by hydroxyls bringing the surface charge closer to charge
neutrality.

We find that the MS and the FS are negatively charged and the
negativity (per atom) is more pronounced for the MS than for the FS.
This imbalance of surface charge weakens with increasing alkali size
since larger alkali ions have a larger positive effective charge.” This
charge imbalance can be expected to give rise to a driving force for
the migration of alkali cations to the outermost surface in order to
reach surface charge neutrality.”>*’ The importance of this mecha-
nism with respect to the ones invoked above is hard to estimate since
the effective charges depend somewhat on the alkali type. It can,
however, be expected that this dependence is weaker than that of the
bond strength (which varies by more than a factor of 3) and there-
fore we think that the charge-compensation effect is not that relevant
for understanding how the properties of the surface depends on the
alkali type. Finally, we mention that this charge imbalance decreases
quickly with distance from the surface and thus charge neutral-
ity is restored within a few nm below the surface, see below for
details.

Next, we show that not only the surface composition but also
the network connectivity is influenced by the alkali type. This is
reflected in the fraction of bridging oxygen (BO), i.e., oxygen that is
bonded to two Si, and the fraction of non-bridging oxygen (NBO),
i.e., oxygen that is bonded to a single Si and thus forms a dangling
SiO™ bond, Fig. 2(a). First, we note that in the bulk the alkali type
does not affect the network connectivity, in agreement with previ-
ous ﬁndings.“’“'(“\) Second, one observes that both the MS and the FS

Fraction (%)

LS3 NS3 KS3  LS3 NS3 KS3

FIG. 2. Surface structure. (a) Fraction of bridging and non-bridging oxygen atoms,
BO and NBO, respectively. The fractions are with respect to the total number of
surface (bulk) atoms. (b) Fraction of the most abundant types of Q" species on the
surfaces.
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(a) NS3: MS

FIG. 3. Snapshots of the representative atomic configuration near the MS (a) and
the FS (b) of the NS3 glass. O, Si, and Na are represented by spheres in red,
blue, and green, respectively. The Si-O bonds that are shorter than 0.2 nm are
denoted by solid sticks. The interactions between a Na and its nearest neighbor
oxygens are indicated by dashed lines. The two [SiO4] tetrahedra that are inter-
acting with the Na are shaded light blue and are labeled by their Q" type. Bridging
oxygen (BO), non-bridging oxygen (NBO), and edge-sharing (es) atoms in the
neighborhood of the Na are also labeled.

are significantly more depolymerized than the bulk structure and the
depolymerization is more prominent for the MS (i.e., higher fraction
of NBO). This result is directly related to the fact that the MS is more
enriched in modifiers, Fig. 1(b), and one sees that these two quanti-
ties do indeed track each other very closely. In fact, one finds that
the ratio NBO/alkali is around 1.0 (bulk), 1.2 (MS), and 1.1 (FS) and
depends only weakly on the alkali type.

To characterize the network connectivity on length scales larger
than the nearest neighbor distance, one can probe the concentra-
tion of the so-called Q" units, defined by a four-fold coordinated
Si atom connected to exactly n bridging oxygen atoms. Figure 2(b)
shows the fraction of the two most abundant Q" units for the sur-
faces as well as the bulk and one recognizes that the bulk sample is
mainly composed of Q* and Q® units, demonstrating that the Si-O
network is highly cross-linked, independent of the alkali type con-
sidered. These Q" values for the bulk are in good agreement with
those reported in a previous simulation study of the structure of
alkali silicate glasses™ but are about 20% off the values given by
NMR.* This discrepancy is likely a consequence of the high cool-
ing rates typically used in MD simulations exceeding by orders of
magnitude those of experiments.”””" In comparison with the bulk,
the surface structures are significantly less connected, favoring the
formation of less-polymerized units in that the MS has no longer Q*
units but is instead mainly composed of Q® and Q? structures (the
latter are presents in the bulk only with a small concentration) and
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for the FS one finds more Q* units than Q*, opposite to the case in
the bulk (see also the snapshots in Fig. 3).

Figures 4(a) and 4(b) demonstrate that the nature of the mod-
ifier influences also the concentration of the defect structures in
the network and that this effect is particularly pronounced for the
FS since this surface was generated from a highly nonequilibrium
dynamic fracture process. Panel (a) shows that over 60% of Si atoms
on the FS are edge-sharing (esSi), i.e., forming two-membered (2M)
ring structures [see the snapshot in Fig. 3(b)], and that this proba-
bility grows with increasing alkali size. (Note that basically no 2M
rings are found in the bulk since these structures are energetically
very unfavorable.) This finding can be linked to the dependence of
the medium-range order on alkali type: A recent simulation study,
using the same potential as in the present work, has demonstrated
that in (bulk) alkali silicate glasses with 20% alkali oxide, the frac-
tion of small-sized rings (less than five Si-O linkages) increases
as the alkali varies from Li to K/* (In Ref. 74, the ring size was
defined by using the primitive ring criterion, i.e., none of the iden-
tified rings can be decomposed into two smaller rings.”””’). These
small rings, which are likely to be broken during fracture because
of their high internal stress, are favorable structures for the for-
mation of 2M rings since the creation of larger rings, although
energetically more favorable than short rings, takes much more
time because it requires an atomic rearrangement on larger length
scale.”® Figure 4(a) also shows that for the MS the concentration
of 2M rings is very small and panel (b) shows that the fraction of
Si® is basically zero (for the FS the latter concentration is signifi-
cantly higher). These low concentrations can be attributed to the
fact that for the MS, the high temperature at its creation as well as
the long time for the cooling allows the surface structure to reorga-
nize and thus to eliminate these energetically unfavorable structural
units.

Figure 4(b) shows that for the FS, the fraction of threefold
under-coordinated Si, Si’, although small in absolute value, is
reduced by a factor of five when increasing the alkali size from Li
to K. This strong dependence is likely due to the abovementioned
fact that the alkali-NBO energy decreases significantly with increas-
ing alkali radius, thus making it easier for a under-coordinated Si
atom to pick up an additional oxygen atom. However, it cannot be
excluded that some other aspects of the fracture process or the relax-
ation of the local structure shortly after the fracture depend on the
alkali species, thus giving rise to the observed dependence of the Si’
concentration.
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FIG. 4. Surface structure. (a) and (b) Fraction of edge-sharing Si (esSi) and threefold coordinated Si (Si®), respectively. Note that the fractions are relative to the total number
of Si on the surface. Error bars smaller than the symbol size are not shown. (c) Coordination number of the modifiers. The cutoff distances for determining the coordination
number of the alkali are 2.5, 3.0, and 3.6 A for Li, Na, and K, respectively, corresponding to the locations of the first minimum in Gao(r).
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Finally, we demonstrate that also the local environment of the
modifiers on the surface is different from the one in the bulk and
that it depends on the alkali type. To quantify this dependence, we
have determined the coordination numbers, Za.0 and Za.ngo, of
the modifiers by counting the number of oxygen and NBO atoms,
respectively, up to the first minimum in the pair distribution func-
tion of A-O, g, (7). Figure 4(c) shows that for the bulk the mean
Za-o are, respectively, 3.4, 5.0, 7.2, for Li, Na, and K, comparable
with the values reported in previous simulation works for the same
glass compositions but using different interaction potentials.”*"’
The coordination numbers of the alkali ions on the surfaces are
smaller than the bulk values: For the MS, the mean Z4_o are 2.7, 3.9,
and 5.3 for Li, Na, and K, respectively, and the corresponding values
for the FS are only slightly smaller. This considerably reduced coor-
dination number of the modifiers on the surface is due to the fact
that the modifiers are located at the outermost atomic layer and thus
have no oxygen atoms on the vacuum side to be bonded to. For the
MS, the coordination number between a modifier and a NBO is basi-
cally the same as in the bulk, i.e., the reduction of the coordination
number found in Z4.o is not seen. This implies that the decrease
in Za-o at the surface is because the modifier reduces the number
bridging oxygen atoms but not NBO, since the latter can be more
easily accommodated at the surface, in agreement with Fig. 2. The
value of Z5.npo is around 2.5 and slightly increasing with increasing
alkali size. This value can be related to the fact that the most abun-
dant Q" units on the MS are Q* and Q?, contributing respectively
one and two NBOs for potential bonding with the alkali on the sur-
face, see Fig. 2(b). By contrast, the FS is primarily composed of Q
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and Q* and consequently the number of candidate NBOs for bond-
ing with the modifier is significantly less, resulting in a considerably
smaller mean coordination number Z4_ngo around 0.5, a value that
increases slightly with increasing alkali size. The snapshots of the
two surfaces of the NS3 glass, Fig. 3, illustrate the representative
atomic structures and coordination environments near the surfaces.
The bulk (although it is more polymerized than the surfaces) has
a Za-nso comparable to that of the MS, which can be ascribed to
the presence of NBOs in all directions around the modifier, con-
trasting the situation on a surface. Finally, we note that the modifier
effect is reflected by the fact that the Za ngo generally increases with
increasing alkali size.

In addition to the properties of the surface monolayer, we have
also investigated how the composition evolves with increasing dis-
tance r from the surface. Here, we define this distance as the length
of the shortest path from a given atom below the surface to any atom
on the surface, and thus r = 0 represents the surface monolayer.
Figures 5(a)-5(c) show that for < 0.1 nm, the fractions of O and
Na decrease very rapidly with 7, while the Si concentration increases
steeply, indicating that the topmost surface layer is strongly enriched
in O and alkali and is followed by a layer that is mainly com-
posed of Si atoms. This layered arrangement of different atomic
species propagates toward the interior of the glass, although the
fluctuations of the composition gradually decay with increasing
r. For the Si concentration, the details of this layering effect are
found to depend on the type of alkali atom in that larger mod-
ifiers give rise to more pronounced peaks in the region close to
the surface, i.e., less than 0.7 nm, see panel (c), and at the same
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FIG. 5. (a)-(c) Depth profiles of elemental concentrations with respect to the surfaces. For better visibility, the data for the FS are shifted upward by 0.2. In practice, the
composition at distance r is the mean over a layer with thickness 0.11 nm. The triangles on the right ordinate axis indicate the corresponding bulk values. (d)—(f) Double-
logarithmic plots of the absolute value of the atomic charge Q as a function of distance from the surface. The black solid lines are power-laws with exponent —2 that help to
distinguish the decay behavior of Q. For the sake of comparison, we include in (d) the data for the FS of silica glass as well.3
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time the location of the peaks shifts to slightly larger distances.
These effects can be directly ascribed to the size of alkali ions since
their presence at the surface will push the Si atoms to larger r.
From panel (b), one observes that the fluctuation of alkali concen-
tration decays faster than that of the Si and O, reaching the bulk
value (indicated by the triangles on the right ordinate) already at
r~ 1 nm. This observation can be attributed to the higher mobil-
ity and thus higher flexibility of the alkali ions relative to the Si
and O.”

To quantify the decay of the compositional fluctuation with
increasing distance from the surface, we use the per-atom atomic
charge Q(r) defined above as an overall structural indicator.
Figures 5(d)-5(f) show the r-dependence of the absolute value of the
charge Q in a double-logarithmic representation. For LS3, one rec-
ognizes that the decay of Q is described well by a power-law with an
exponent —2. Surprisingly, we find that this r-dependence and the
value of the exponent are very similar to those found for the behav-
ior of Q(r) in pure silica,”® included in the graph as well. (These
data have been obtained using the same method as in the present
work.) Our results are thus coherent with the view that Li acts as a
pseudo-network former that enhances the cohesion of the Si-O net-
work structure.”” In contrast to LS3, the decay of Q with r for NS3
and KS3 can no longer be described by a power-law but is rather
exponential-like with a decay rate that is larger for KS3 than for NS3,
panels (e) and (f). These results can be attributed to the fact that silica
and LS3 can be considered as structures that are relatively homo-
geneous and therefore the elastic response of the medium due to a
defect (here the surface) decays algebraically with distance. In con-
trast to this, Na and K are strongly modifying the network resulting
in pronounced structural heterogeneities, leading to the fact that the
perturbation by the surface is damped out much quicker, i.e., is more
exponential-like.
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B. Topography of the surface

In this subsection, we discuss the structure of the surface on
large scales and probe how it depends on the alkali type and the
preparation protocol.

To get a first idea on the topographical features of the surfaces,
we present in Fig. 6 a map of the height of the MS and FS, top and
bottom panels, respectively. (The z = 0 level has been determined
such that the average height is zero.) Overall, we note that the MSs
are smoother than the FSs and that the roughness of the MS seems to
be independent of the alkali type, while that for the FS increases with
alkali size. In order to make these statements more precise, we will
in the following quantify the roughness and the symmetric property
of the surfaces.

Figure 7 shows the distribution of surface height z for the three
glasses [MS and FS, panels (a) and (b), respectively]. We recognize
that these distributions have a Gaussian-like shape and that the one
for the MSs depends only weakly on the alkali type while for the
FS this dependence is more pronounced. This observation reflects
thus again the fact that the MS has a structure that has been well
equilibrated while that of the FS is strongly affected by dynamical
processes that do not allow the structure to relax.

The standard deviation of the height distribution defines the
roughness o of the surface. Panel (c) shows that for the MS, this
roughness has a value of ~0.2 nm and increases weakly with increas-
ing alkali size. This result can be rationalized by recalling the concept
of a frozen liquid interface,”*”” which predicts that the intrinsic
roughness of a MS is determined by freezing of the capillary waves
at a temperature Ty during cooling, i.e., o ~ \/kgTo/y, where kg is
Boltzmann’s constant and y is the surface tension at Ty. Previous
studies have shown that this theory works well if one uses for Ty
the glass transition temperature T,.""'""*"* Making the assump-
tion that T, = 1400 K is independent of glass composition and using
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FIG. 6. Topography of the surface. Melt-formed surfaces (a)—(c) and fracture surfaces (d)—(f) for the AS3 glasses. For the FS, the crack propagates in the negative y-direction
and the crack front is parallel to the x-direction. The mean surface height is equal to zero.
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FIG. 7. (a) and (b) Distribution of surface height for the MS and FS, respectively.
The data are shown for surfaces with an area of 20 x 30 nm?, corresponding to
Fig. 6. The mean surface height is equal to zero. In panel (a), “Glass” and “Vacuum”
correspond to the sides of the surface that face the vacuum (z > 0) and the glass
(z < 0), respectively. (c) and (d) Compositional dependence of the roughness and
the skewness y, of the surface height distribution, respectively. The dashed line
with open symbols is a theoretical prediction of the intrinsic roughness of melt-
quenched surfaces. For the sake of comparison, we note that the roughness for
the MS and FS of a silica glass is 0.25 and 0.42 nm, respectively.*

the surface tension data of the corresponding alkali silicate melts’!
(yis 0.312,0.278,and 0.218 J/m? for LS3,NS3, and KS3, respectively)
allows us to predict how the intrinsic roughness of the MS depends
on the alkali species. Panel (c) shows that this theoretical prediction
(open symbols) follows the same compositional dependence as the
simulation results, although the values are about 20% higher. This
overestimation is likely related to the fact that the surface can relax
to some extent even for temperatures below T'g, thus decreasing the
roughness. Overall, the good agreement between the predicted and
measured values of ¢ gives thus support to the view that surface ten-
sion is the controlling factor in determining the roughness of the MS.
Also of interest is the fact that these values of roughness are smaller
than the one found for the MS of silica, which is ¢ = 0.25 nm.*’ This
shows that the presence of alkali atoms leads to a flattening of the
surface because of the enhanced mobility of these ions with respect
to that of the network.

The roughness of FSs is more than three times higher than that
of the MSs, demonstrating that the formation process has a signif-
icant impact on its topography. The roughness increases by about
20% when lithium is replaced by sodium, and below we discuss this
trend in more detail. If sodium is replaced by potassium, the ampli-
tude of these fluctuations does, however, not increase further, in line
with the remarks made in the context of Fig. 1(b) that for Na and
K the increased mobility due to the decreasing bonding strength is
compensated by an increasing ion size that hinders the migration of
atoms and as a result the geometrical properties of the surface do
not change significantly. We are not aware of any experimental data
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for the surface roughness of AS3 glasses and therefore cannot com-
pare our predictions with real data. However, for the case of silica,
such a comparison has shown that the prediction of the simulation
is accurate to within 10%,*’ giving credibility to the results presented
here.

The trend that the roughness increases with alkali size can
be related to the fact that with increasing alkali size, the bonds
with the network become weaker, thus allowing for larger fluctu-
ations in the surface height. A further mechanism that enhances
this dependence is related to the observation that the glass becomes
increasingly ductile when changing from Li-silicate to K-silicate
glasses.”” This increased ductility originates from enhanced struc-
tural heterogeneities, particularly the medium-range order:”* With
increasing alkali size, the ring size distribution becomes broader (the
frequency of the small- as well as large-sized rings increases while
that for intermediate-sized rings decreases, see Ref. 74 for the ring
size distribution of bulk systems with different alkali types and con-
centrations). This leads to a larger variety of structures along the
fracture path and thus a fracture surface that is rougher. This trend
is also in line with the fact that for silica, which has a relatively nar-
row ring size distribution, the roughness of the FS is found to be
around 0.42 nm,” thus a value that is significantly smaller than the
ones found for the AS3 glasses.

A further question of interest is whether or not the two sides
of the surface (facing the vacuum or facing the glass) are statis-
tically equivalent. For this, we have investigated the symmetry of
surfaces by quantifying the skewness, y1 = (z°)/({z*))*/?, of the sur-
face height distribution. Figure 7(d) shows that both surfaces are
asymmetric: The MSs are more likely to have deep holes than high
protrusions on the surface side facing the vacuum (y, is negative),
whereas the FS shows the opposite trend, which is directly related
to the fact that during the fracture process the breaking of Si-O-Si
bridges or chain-like structures gives rise to a spiky surface.”” The
influence of modifiers is clearly seen for the FS in that larger alkali
ions give rise to more asymmetric surface, whereas the influence
of alkali type on the symmetry property of the MS is not evident.
Finally, we note that a nonvanishing y, indicates that the capillary
wave theory cannot be valid in a strict sense since this approach
predicts y, = 0."

To characterize the topography of the surfaces on larger
length scales, it is useful to look at the height-height correlations.
For this, we define the normalized surface height autocorrelation
function

L {elr0) 20+ ) = (o)) (0 )
< (o)) ()

where z(r) is the surface height at a reference position ry, and
z(ro + r) is the height at a distance r from the reference point. The
brackets (---) denote the average over position ro and the differ-
ent realizations of surfaces. Since by construction of the surface, we
have that (z(ro)) = 0and (2*(r0)) — (z(r0))? is equal to o*, the above
expression can be simplified to

C(r) = (z(r0) 'zgro + r)) 3)

(o8

. 2

[Note that the MS is statistically isotropic and hence C(r) depends
only on the distance r. For the FS this is not quite true, since the
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FIG. 8. (a) Normalized surface height autocorrelation function C(r), see Eq. (3),
for the AS3 glass surfaces. (b) The decay length & estimated by fitting C(r) by the
expression C(r) = Aexp(-r/&).

propagation direction of the crack front gives rise to an anisotropy.
It is found, however, that this effect is relatively mild,"” and hence
here we have averaged over all directions.] From Fig. 8(a), one rec-
ognizes that for all investigated cases C(r) exhibits an exponential
decay and that for the FS this decay is slower than the one for the
MS. We determine the decay length & by fitting C(r) in the range
0.5 < r < 1.8 nm by the functional form C(r) = A exp(-r/£), where
A and £ are fit parameters. Figure 8(b) shows that &g and &g have a
value of ~1.3 nm and ~2.5 nm, respectively, and depend only mildly
on the alkali type.

A further possibility to characterize the topography of the sur-
face is to consider the one-dimensional height-height correlation
function

Az(r) = \/([z(r + %) —2(0)T) @

which measures the variance of the height difference between two
points separated by a distance r along a direction x.”"**"7"%
Figure 9(a) shows (Az)* as a function of r for the MS and, for the
sake of comparison, we have included in this graph also the data
for the MS of silica glass.”” One sees that, for length scales less
than ~4 nm, Az(r) increases logarithmically with r, in accordance
with the prediction of the frozen capillary wave theory, i.e., (Az)?
o< Inr.”"" For larger length scales, the curves become flat, most
likely because of finite size effects preventing the fluctuations to grow
beyond a level that is dictated by the linear extension of the sample.
For a fixed distance r, the value of Az increases with increasing alkali
size and one also notices that the curve for silica is the highest one.
This dependence of Az(r) on composition is thus in harmony with
that of roughness o presented in Fig. 7(c) and which shows the same
ordering.

For the FSs, experimental studies have reported a power-law
dependence of Az(r) (no square!) on r, which indicates that the FS
is a self-affine fractal.'”*"”" However, the validity of this descrip-
tion down to the nanometer scale is questionable, since at such small
scales the reliability of experimental data can be severely restricted by
the spatial resolution of measurements that use techniques such as
AFM.">** In fact, theoretical and numerical studies of the FS of het-
erogeneous materials’”'"’ have reported a logarithmic dependence
of Az(r) on r, but it was only very recently that computer simu-
lations of realistic oxide glasses demonstrated that the FS of silica
glass does indeed show such a logarithmic r-dependence of Az(r),
demonstrating that on length scales less than 10 nm the surface is
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FIG. 9. Height-height correlation function Az(r), see Eq. (4), (linear-log scale) for
the MS (a) and FS (b). In (b), the curves are for the direction of crack propagation.
Data for a silica glass*” are included for comparison.

not a fractal object.”” In Fig. 9(b), we show that this logarithmic
dependence also holds for the FS of alkali silicate glasses and that
this dependence is unaffected by varying the alkali species. We men-
tion that this scaling property is found in the direction of crack
propagation as well as the direction parallel to the crack front (not
shown). Finally, we note also that here the flattening of curves at
large r is most likely related to the fact that the sample is finite and
hence fluctuations are bounded. However, for small-to-intermediate
1, these finite size effects are small and the observed scaling behavior
is stable.

Figure 10 shows the (not normalized) height autocorrelation
function (z(r9) - z(ro + 1)) [in contrast to the normalized one in
Eq. (3)]. By its definition, this quantity contains information about
the surface height fluctuations and their spatial correlations. Specif-
ically, the value of these curves at r =0 is given by the surface
roughness, thus following the same order as ¢ presented in Fig. 7.
Comparing panels (a) and (b) demonstrates that the curves for the
MS, notably the AS3 ones, decay faster than the FS curves, consistent
with the difference in decay length as measured from the normal-
ized correlation function C(r) (see Fig. 8). Furthermore, one notices
that on the length scales displayed in these panels, the decay can be
described reasonably well by an exponential law, although we have
seen in the context of Fig. 9 that this is not the case, at least not
at small distances. One thus concludes that high-quality data are
needed in order to be able to identify reliably the r-dependence of
these fluctuations. Furthermore, the graphs also show that the dif-
ferent curves do not cross each other, which implies that the relative
roughness is independent of the length scale considered. Altogether,
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FIG. 10. Height autocorrelation function (log-linear scale) for the MS (a) and
FS (b).
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Figs. 7-10 present in a comprehensive and coherent manner the
topographical features of the surfaces.

IV. CONCLUSIONS AND OUTLOOK

In this work, we have performed large-scale MD simulations in
order to systematically investigate how the properties of alkali glass
surfaces depend on the chemical nature of the alkali species and the
surface type, i.e., surfaces formed by a melt-quench process (MS)
or by a dynamic fracture process (FS). The main conclusions are as
follows:

(i) The MS is more enriched in alkali and more depolymer-
ized than the ES, while the elemental concentrations on
the FS show a stronger dependence on the alkali type than
the MS.

(ii) Larger alkali ions facilitate the restoration of undercoordi-
nated Si defects, whereas the two-membered rings created by
the violent fracture process can hardly be annealed away at
room temperature.

(iii) The presence of the surface induces a gradient in composi-
tion in the regions beneath the surface. Larger alkali ions lead
to a stronger deviation of the surface composition from the
nominal bulk composition (in particular Si concentration) in
the first few atomic layers below the surface as well as a faster
decay of the compositional fluctuation. However, the zone in
which the surface influences the composition extends only
over 2-3 nm while beyond this distance one recovers the bulk
composition to within 1%.

(iv) The roughness of the MS increases with increasing alkali size,
a trend that can be attributed to reduced surface tension and
the prediction of the theory of frozen capillary waves. The FS
is found to be significantly rougher than the MS. That this
roughness increases with increasing alkali size can be related
to the enhanced heterogeneity in medium-range structure of
the glass as well as weakening of bonding between the alkali
atoms and the network.

(v) The decay length of surface height fluctuations of the FS
(2.5 nm) is about twice the value for the MS, suggesting a
more heterogeneous structure near the FS than the MS. The
scaling property of the MS is consistent with the prediction
of the capillary wave theory, whereas we find that the FSs are
not self-affine fractals on the nanoscale. This conclusion is
unaffected by the variation of alkali species.

As a final remark, we note that the surface properties of glasses
are intriguing yet challenging to probe in experiments and rational-
ize on a microscopic level because of the disordered nature of the
glass structure. The present work provides an atomistic understand-
ing of how/why alkali modifiers influence the surface properties
of silicate glasses, which is of practical relevance for the design of
glasses with functional properties.
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