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Using atomistic computer simulations we determine the roughness and topographical features of melt-
formed (MS) and fracture surfaces (FS) of oxide glasses. We find that the topography of the MS is
described well by the frozen capillary wave theory. The FS are significant rougher than the MS and depend
strongly on glass composition. The height-height correlation function for the FS shows an unexpected
logarithmic dependence on distance, in contrast to the power law found in experiments. We unravel the
crucial role of spatial resolution on surface measurements and conclude that on length scales less than
10 nm FS are not self-affine fractals.
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The roughness of surfaces plays a crucial role for the
functional properties of a material, including friction [1,2],
adhesion [3], catalytic activity [4,5], and transport proper-
ties [6]. Understanding the nature of this roughness and
modifying it is thus of great practical importance. In
comparison to the surfaces of crystalline materials, the
surfaces of amorphous materials such as glasses have
received much less attention since the disorder renders
the probing and characterization of such systems difficult
[7–12]. Since a glass is an out-of-equilibrium system, the
properties of its surface depend on the process by which it
has been produced. Usually two types of pristine (i.e.,
without postprocessing) glass surfaces are considered:
(i) Melt-formed surfaces (MS) that result from cooling a
liquid with a free surface to the solid state and (ii) Fracture
surfaces (FS), resulting from a mechanical failure.
The topography of a MS is often described using the

concept of a frozen liquid interface [13,14], i.e., upon
cooling the sample, the capillary waves of the surface
freeze at a temperature T0. Thus the roughness of a pristine
MS is predicted to be σ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kBT0=γ
p

, where σ is the
standard deviation of the surface height fluctuation, kB is
Boltzmann’s constant, and γ is the surface tension at T0.
Atomic force microscope (AFM) experiments on oxide
glass surfaces have shown that this prediction works well if
one uses for T0 the glass transition temperature [15–17].
This theoretical approach also predicts that the height-
height correlation function

ΔzðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h½zðrþ xÞ − zðrÞ�2ix
q

; ð1Þ

which gives the height difference between two points
separated by a distance r along a direction x, increases
like ðΔzÞ2 ∝ ln r. This logarithmic dependence has been

validated experimentally with r ranging from around 10 to
1000 nm [15]. However, for r < 10 nm the dependence on
r is basically unknown.
In contrast to the case of the MS, obtaining a reliable

description of the topography of the FS is very chal-
lenging since the latter results from a highly nonlinear
process which involves a complex interplay between
heterogeneities in the composition, microstructure,
and mechanical properties of the glass (see, e.g.,
Refs. [18–20] for reviews). Experimental studies of
oxide glasses have shown that the roughness of the FS
depends strongly on the composition [16,21,22] and is
larger than the one found in MS [16]. AFM measure-
ments have given evidence that the FS of various
materials can be described as self-affine fractals [23],
i.e., the height-height correlation function scales like
Δz ∝ rζ. Here ζ is the roughness (or Hurst) exponent
which has been found to depend on the fracture mode,
the length scale considered, and the material considered
[21,22,24–26]. However, whether this self-affine des-
cription for the FS also holds down to the nanometer
scale is still an open question, since at such small scales
the finite size of the probing tip severely restricts the
spatial resolution [27–29].
Here, using large scale atomistic simulations, we provide

quantitative insight into the topographical features of oxide
glasses for the length scales ranging from a few angströms
to several tens of nanometers. In particular, we analyze the
morphology, roughness, symmetry, and statistical scaling
of the MS and FS, i.e., surfaces which have very distinct
manufacturing histories.
We investigate two archetypical compositions for oxide

glasses, namely, pure SiO2 and binary Na2O-XSiO2

(denoted hereafter by NSX), with X ¼ 3, 4, 5, 7, 10, and
20. The atomic interactions are described by a two-body
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effective potential (SHIK) [30,31] which has been shown to
give a reliable description of the structural, mechanical, and
surface properties of sodium silicate glasses [32–34]. Our
samples contain typically 2.3 × 106 atoms, corresponding
to box sizes of around 20 nm × 30 nm × 50 nm (in the x,
y, and z directions, respectively). Periodic boundary con-
ditions were applied in the x and y directions while in the z
direction we introduced (in the melt) two free surfaces. The
samples were melted and equilibrated at a high temperature
(composition dependent) and then cooled down to 300 K
under zero pressure. In the following we will refer to these
two surfaces, generated by the melt-quench procedure, as
MS. The glass samples were then subjected to an uniaxial
tension with a strain rate of 0.5 ns−1 in the y direction until
complete fracture occurred, creating thus two FS. The
surface atoms were identified by using a well-established
geometric method [35] which allows to study the topo-
graphical features of the surfaces. More details on the
sample preparation and surface construction are given in
the Supplemental Material [36].
Figure 1 shows the (color coded) height fluctuations of

the surfaces for three representatives compositions: Silica,
NS10 (≈9% Na2O), and NS3 (25% Na2O). The top and
bottom panels are for the MS and FS, respectively, and the
z ¼ 0 level has been determined such that the mean of the
fluctuations is zero. For the MS, panels (a)–(c), one
recognizes that the amplitude of these height fluctuations
as well as their spatial extent are basically independent of
the composition. In contrast to this the FS, panels (d)–(f),
show height fluctuations that are larger than the ones for the
MS and clearly grow in amplitude and extent with
increasing Na2O content. Also one recognizes that the

surfaces seem to be anisotropic and in the following wewill
quantify these observations.
Figures 2(a) and 2(b) show the distribution of the surface

height z for different glass compositions. For the MS, panel
(a), we find that this distribution is basically independent of
the composition, in agreement with the snapshots shown in
Fig. 1. In contrast to this, the distribution for the FS shows a
clear dependence on the composition in that it becomes
wider with increasing Na2O concentration (i.e., smaller X).
The change of the surface height distribution is directly
related to the surface roughness σ, which is defined as the
standard deviation of height fluctuations. Figure 2(c) shows
σ as a function of the Na2O concentration. For the MS,
σ is around 0.25 nm for silica and 0.23 nm for NS3,
thus showing indeed just a very mild dependence on the
composition. This observation is likely related to the fact
that the MS are rich in Na [34], i.e., a species that plastifies
the glass, thus allowing to smooth out even small irregu-
larities. Using the capillary wave theory mentioned above it
is possible to estimate the roughness of the MS from the
surface tension, and for the case of silica one finds σ ≈
0.26 nm (data point labeled “intrinsic”) [16], in very good
agreement with our simulation result.
The roughness of the FS is higher than that of the MS, in

agreement with the qualitative impression given by Fig. 1,
and shows a clear dependence on the Na2O content in
that it increases from ≈0.42 nm for silica to ≈0.82 nm for
NS3. The increase of σ with Na2O concentration can be
rationalized by the fact that, with the addition of Na, the
glass becomes increasingly ductile when subjected to
mechanical loading [33,47,48]. This increase of ductility
originates from the enhanced heterogeneities in the

FIG. 1. Surface topography. Melt-formed surfaces (a)–(c) and fracture surfaces (d)–(f) for three representative glass compositions. For
the FS, the crack propagates in the negative y direction and the crack front is parallel to the x direction. From left to right the
compositions are silica, NS10, and NS3, respectively. These surfaces are shown with atomic resolution.
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microstructure and the local plasticity of the glass, leading
to a rougher fracture surface [32,49]. [Note that σ depends
only weakly on the strain rate if _ϵ ≤ 0.5 ns−1, see
Fig. S1 (a) [36] ].
Also included in the graph are the experimental values of

the roughness for silica glass surfaces as obtained from
AFM measurements [16]. One observes that these exper-
imental data are somewhat below our simulation values and
the theoretical prediction (for the MS). This discrepancy
might be due to the insufficient spatial resolution of this
experimental technique (see also the discussion below).
A further property of interest is the symmetry of

the surfaces, which can be quantified by the skewness
γ1 ¼ hz3i=ðhz2iÞ3=2 of the surface height distribution. The
question of interest is whether or not the two sides of the
surface (facing the vacuum or facing the glass) are
statistically equivalent. Figure 2(d) shows that the MS
have a negative γ1, i.e., there are more deep holes than high
protrusions, while for the FS γ1 is positive, i.e., there are
more high protrusions than deep holes. The result for the FS
is coherent with the view that during the fracture process
the breaking of bridges or chainlike structures gives rise to
a spiky surface. Note that a nonvanishing γ1 indicates that

the capillary wave theory cannot be valid in a strict sense
since this approach predicts γ1 ¼ 0.
To characterize the structure of the surfaces on larger

scales it is useful to look at the height-height correlation
function defined in Eq. (1). Figure 3(a) shows ðΔzÞ2 as a
function of r for the MS of silica and NS3. Two (ortho-
gonal) directions are considered and, as expected, they
give the same result, indicating that the MS is isotropic.
Moreover, we note that the curves for silica are slightly
above the ones for NS3, indicating that the MS of silica
is a bit rougher than the one of NS3, in agreement with
Fig. 2(c). One also observes that ðΔzÞ2 increases logarith-
mically with r, in agreement with the prediction of the
frozen capillary wave approach [13]. Since AFM experi-
ments on MS have found the same r dependence for
r ≥ 10 nm [15], we can conclude that this theory gives a
reliable description for length scales that range from the
atomic (subnanometer) to the micrometer scale.
For the FS, Fig. 3(b), we find that ΔzðrÞ (N.B., no

square) shows a linear increase with ln r, thus a dependence
that is very different from the one found for the MS. In this
case the roughness depends on the direction in which it is
measured in that the curve for the x direction (parallel to the
crack front) is about 15% higher than the one for the
y direction (orthogonal to the crack front), irrespective of
glass composition. These results indicate that the FS is
anisotropic, and its roughness depends on the composition,
in agreement the experimental findings on the FS of oxide
glasses [21,22,26]. Note that at large r all of the curves tend
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FIG. 2. Surface height distribution as a function of the
composition for MS, panel (a), and FS, panel (b). The data
are shown for surfaces with an area of 20 nm × 30 nm, corre-
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to saturate, a behavior that is most likely related to the fact
that the sample is finite and hence fluctuations are bounded.
However, for small and intermediate r these finite size
effects will not affect the correlation function in a signifi-
cant manner and the observed scaling behavior is stable.
The parameters obtained from a logarithmic fit to the small
r data in panels (a) and (b), as well as for other compo-
sitions, are shown in Fig. S2. We also note that the observed
scaling behaviors of the surface heights are independent of
the strain rate, see Fig. S1(b).
In Figs. 3(c) and 3(d) we show on log-log scale the same

data as plotted in Figs. 3(a) and 3(b), respectively. It is
evident that this type of presentation of the data does not
rectify it, demonstrating that on the length scales we have
explored the height-height correlation is not given by a
power law, i.e., neither surface has the characteristics of a
fractal. We note that the ln r dependence we find for the FS
is in qualitative agreement with theoretical and numerical
studies on the fracture surface (generated by tensile load-
ing) of heterogenous materials [50,51].
Our finding that the FS cannot be described as a self-

affine fractal on the length scales we have considered is at
odds with AFM measurements that have reported a power
law dependence ofΔzðrÞ down to the scale of 1 nm [22,26].
To elucidate the origin of this discrepancy one has to recall
that the size of an AFM tip is finite which limits the lateral
resolution of the measurements [27,28] and can induce
biases in the characterization of the surface [29]. In order to
investigate the effect of spatial resolution we have con-
voluted our FS with a two-dimensional Gaussian filter [52]
of width ω (see Supplemental Material [36]) and then
recalculated the height-height correlation function for this
smoothed surface. In Fig. 4 we show for the case of the FS
of silica the resulting correlation functions for different
values of ω. The curve ω ¼ 0 corresponds to the original

(nonsmoothed) data. We find that with increasing ω the
value of Δz decreases significantly since the convolution
irons out the deep holes or high spikes. Surprisingly, we
note that at small r the convoluted signal can be described
well with a power law, and that the r range in which this
functional form is observed increases with ω while
the exponent ζ is independent of ω. For ω ¼ 2.8 nm,
the correlation function of the convoluted surface in the
y direction [Fig. 4(a)] matches very well the AFM data by
Ponson et al. [26]. The exponent of the power law is
ζ ≈ 0.8, i.e., the claimed “universal” roughness exponent
found in previous experimental studies [18,22,25,26].
The data in the x direction, panel (b), shows qualitatively
the same variation as the ones in the y direction. However,
we find that in this case one needs to apply stronger
smoothing to match quantitatively the spatial dependence
of the height-height correlation of our simulated surfaces
the experimental ones, a result that is related to the fact that
the FS is anisotropic and the surface profile in the direction
parallel to the crack front is rougher than the one in the
y direction, see Fig. 3. These results indicate that the power-
law observed in experiments on the scale of a few nano-
meters might be an artifact of insufficient resolution of the
surface measurements and that in reality the correlation
function takes higher values than the ones extracted from
AFM studies.
In conclusion, the results of this work reveal how the

topographical features of glass surfaces reflect the way they
have been produced. While melt-formed surfaces can be
described in a satisfactory manner by means of frozen
capillary waves, surfaces originating from a fracture
process exhibit a logarithmic growth of the height-height
correlation, a result that so far has not been obtained from
microscopic calculations.
Finally, we mention that a recent atomistic simulation

study of metal-based materials (in both crystalline and
amorphous forms) has found that compression-induced
rough surfaces are self-affine on the length scale of
1–100 nm, a result that was attributed to atomic-scale
fluctuations in plastic flow [53]. Together with our
simulation results one thus can conclude that, for amor-
phous solids, the surface topography on small length
scales depends strongly on the manufacturing history
and the type of material considered. Further research
exploring how material composition and the deformation
mode affects the surface topography will thus be very
valuable.
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