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ABSTRACT

The enhanced surface mobility in metallic glasses (MGs) has been a constant source of fascination due to its unique mechanical properties.
We show experimentally that the mobile surface layer of MGs functions as a lubricating layer in friction experiments, which is evidenced by
a reduction of a friction coefficient of 50% or less and suppression of dissipative stick-slip behavior with decreasing scratch depth down to
nanoscale in the various MGs. The lubrication mechanism could be attributed to easier shearing of the mobile surface layer induced by
homogeneous plastic flow. Importantly, the thickness of the self-lubricating layer is inversely proportional to glass transition temperature
with a higher homologous temperature yielding a larger thickness. These results extend the fundamental understanding of the ubiquitous
MG surface and present a path for the rational design of self-lubricating materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0042222

I. INTRODUCTION

Atoms near the surface of glasses are exposed to less
restrictions than those in the bulk, leading to the conclusion that
surface atoms exhibit faster dynamics.1 Experimental observation
of a mobile surface layer with faster relaxation in organic,2–4

polymer,5–7 and metallic glasses (MGs)8 are fundamentally in
agreement with the theoretical prediction. However, the implication
of the faster surface dynamics is still not well understood.
Theoretical calculations1 and experimental results8 have revealed
that atomic diffusion at MG surfaces is much faster than that in the
bulk even below the glass transition temperature. This, along with
some intriguing phenomena, such as hopping of surface clusters,9

nonlinear rheology,10 and superlattice-like crystallization,11 which
were seldom observed in bulk, demonstrates that faster surface

dynamics is relevant to a diverse set of thermodynamic and
dynamic behaviors and could trigger novel applications. Therefore,
it is of great scientific and technological importance to develop a
deep understanding of the surface properties of MGs, which have
not only close links to unusual phenomena but also are crucial for
the potential applications as an inseparable part in the design of
MG-based nanodevices.

The change of atomic mobility from surface to bulk is gener-
ally gradual on nanoscale,6,12 which presents a formidable problem
from experimental characterization. The continuous measurement
of the surface response in a smooth manner with a nanometer res-
olution usually requires the fabrication of ultra-thin and ultra-
smooth samples. It is particularly difficult for MGs as defects can
be easily introduced into the surface during sample fabrication.13,14
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Hitherto, experimental studies have not yet conclusively resolved
the mechanical behaviors of MG surfaces due to the less conscious-
ness of their special surface characteristics, and further research is
obviously required. In general, friction is associated with plastic
deformation,15,16 which is regarded as the “fingerprint” of mechan-
ical properties of materials, and it can be conventionally measured
via nanoindentation at different scales. However, previous studies
focused mainly on friction at high pressure rather than at low pres-
sure, which simply involves the most surface layer of MGs.16,17

Different from the previous works, here we investigate the surface
mechanical behavior of the various MGs through nano-friction.
Based on the well-controlled nanoscratch experiments, we observed
that the friction coefficient between the diamond tip and MGs
reduces remarkably at the MG surface. The significant friction
reduction arises from the self-lubrication of the mobile surface
layer, which facilitates homogeneous plastic flow at the MG surface
rather than shear banding in the bulk.

II. EXPERIMENTAL

A. Materials

Metallic ingots with nominal compositions of Mg65Cu25Gd10,
La60Ni15Al25, Zr52.5Cu17.9Ni14.6Al10Ti5, Ni60Zr20Nb15Cu5,
Pd40Cu30Ni10P20, and Pd46Cu32Ni7P15 (in atomic percentage) were
prepared by arc-melting component elements with a purity of
99.9% or higher in a Ti-gettered ultrahigh purity argon atmosphere.
Each master alloy was remelted for several times to ensure a com-
positional homogeneity. Metallic glass (MG) ribbons with the com-
positions of Mg65Cu25Gd10, La60Ni15Al25, Zr52.5Cu17.9Ni14.6Al10Ti5,
Ni60Zr20Nb15Cu5, and Pd40Cu30Ni10P20 were prepared by using a
melt-spinning method, and the thickness of the ribbons is about
40 μm. Thin film MG (TFMG) with the composition of
Pd46Cu32Ni7P15 was prepared by ion beam assisted deposition.
The base pressure of the deposition processes was lower than
3 × 10−4 Pa, and the argon pressure during deposition was
2.4 × 10−2 Pa. The substrate is quartz, and the thickness of TFMG
is about 1 μm. The atomic force microscopy (AFM) characteriza-
tion was performed for all MG samples to check the surface topog-
raphy by using Asylum Research MFP-3D (Fig. S1 in the
supplementary material).

B. Analyses

The amorphous nature of ribbons and TFMG was confirmed
by using Cu-Kα radiation with the Rigaku SmartLab X-Ray
Diffractometer (Fig. S2 in the supplementary material). The differ-
ential scanning calorimeter (DSC) measurements were conducted
by using a TA DSC Q20 at a heating rate of 20 K min−1 (Fig. S3 in
the supplementary material). To obtain glass transition temperature
(Tg) of TFMG samples, an aluminum layer with the thickness of
∼100 nm was first deposited on the substrate, and then, TFMG was
deposited on the aluminum layer. The NaOH aqueous solution
(1.5 mol/l) was used to peel TFMG from the substrate. The peeled
films were soaked in the de-ionized water to remove the impurities.
Finally, DSC measurements were performed for these peeled films
to determine Tg. Friction measurements were performed on a
Triboscope™ Nanoindentation System (Hysitron, Minneapolis, MN)

at room temperature. The vertical resolution of force and displace-
ment of nanoindentation platform is 1 nN and 0.04 nm, and the
horizontal resolution of force and displacement is 3 μN and 4 nm,
respectively. For friction experiments at each normal force, at least
five measurements were performed.

III. RESULTS AND DISCUSSION

A. Friction experiments

Figure 1(a) depicts the setup of the nano-friction experiment
performed on the nanoindentation platform (see Sec. III B). In the
experiments, a diamond conical tip with the radius of 1 μm was
used, and the normal and friction forces (P and F) were recorded
simultaneously. The friction coefficient was evaluated according to
μ ¼ F/P. Despite the relatively large tip radius, the scratch depth
can be controlled to be much smaller than the scratch width as dis-
played in Fig. 1(b). From the cross-sectional curves of the scanning
probe microscopy (SPM) image [Fig. 1(c)], which was taken from
Pd46Cu32Ni7P15 thin film MG (TFMG) at the normal force of
0.3 mN, the permanent scratch was observed with a depth as
shallow as ∼5 nm [Fig. 1(d)]. The rather small value of the depth
enables one to probe the near-surface flow characteristics of the
materials. Since the surface roughness of MGs is important for
surface characterization, particularly so at nanoscale, we used fresh
thin films and ribbons with clean and smooth surfaces instead of
bulk materials as the experimental samples to avoid any complexity
or damages caused by surface polishing. According to the measure-
ments at the MG surfaces by the atomic force microscope (AFM),
the surface roughness of the samples was lower than 0.3 nm
(Fig. S1 in the supplementary material). The amorphous structure
of the MGs was confirmed via X-ray diffraction (XRD) (Fig. S2 in
the supplementary material) and DSC scanning (Fig. S3 in the
supplementary material).

Figure 2 displays the friction coefficient data and correspond-
ing SPM images of the Pd46Cu32Ni7P15 TFMG obtained at different
normal forces.17 As can be seen, the friction coefficient is sensitive
to the normal force or scratch depth. At P that is equal to 0.3 mN,
the resulted friction coefficient is smooth with a lower average
value (∼0.15) throughout the experiment. However, when increas-
ing P to 0.5 mN, the friction coefficient curve exhibits serrations
with an average value of about 0.25, similar to stick-slip instability
observed in compression experiments. With P further increase to
5 mN, the obtained average friction coefficient also increases to
about 0.4, and the spacing between two adjacent serrations on the
curve of μ vs l becomes wider. The friction coefficient data at five
different measurements fall in the same range, as shown in Fig. S4
of the supplementary material. From the SPM images of the
surface scratches, two different deformation morphologies are
observed. At a normal force of 0.3 mN, homogeneous flow and
continuous material pileup can be seen along the scratch edges
[Figs. 2(b) and 2(c)], indicating liquid-like flow behavior occurs in
friction. In sharp contrast, the morphology of the scratches made at
the higher normal forces exhibits localized and discontinuous
surface features along the edges, looked like “bumps” or “humps”
[Figs. 2(d)–2(i)]. Some debris along the scratch track can be seen in
the corresponding SEM image (Fig. S5 in the supplementary
material). The localized and discontinuous scratch morphology,
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FIG. 1. Schematics of the friction experiments. (a) P, F, and V represent normal force, friction force, and scratch velocity, respectively. (b) Sectional view of the friction
experiments. (c) Scanning probe microscopy image (SPM) of Pd46Cu32Ni7P15 TFMG at the normal force of 0.3 mN. (d) Cross-sectional curves of the three lines in (c).

FIG. 2. Friction coefficients and SPM images of Pd46Cu32Ni7P15 TFMG. (a) Friction coefficients of Pd46Cu32Ni7P15 TFMG at different normal forces. SPM images at the
force of (b) and (c) 0.3, (d) and (e) 0.5, (f ) and (g) 3, and (h) and (i) 5 mN. All these SPM images are in an illumination-mode, and the scale bars are 2 μm (black lines).
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such as that shown in Fig. 2(d), corresponds to the appearance of
serrations on the curve of μ vs l [Fig. 2(a)]. From the experimental
observation, the more evident are the serrations, the larger are the
local “humps,” implying the existence of a deformation transition
from homogenous flow to stick-slip from the surface to the bulk of
the MG. In addition, the surface “chips” can be observed near the
end of the scratch in Fig. 2(f ), which are generated due to indenter
tip plowing and exhibit a lamellar-like structure under the scanning
electron microscope observation (Fig. S4 in the supplementary
material). Such phenomenon is more obvious for ductile
La60Ni15Al25 (Fig. S6 in the supplementary material) MG. These
lamellar structures are very similar to the serrated “chips” produced
via shear banding during machining of bulk MGs, indicating that
at the higher normal force, the subsurface plastic deformation
occurs by localized shear banding,18,19 and debris formed during
scratching is stuck to the tip and pushed to the end of the scratch.
The serrated morphology also agrees with the serrated behavior on
the curve of the μ vs l. For typical brittle Mg65Cu25Gd10 MG,
debris are clearly seen along the scratch edges instead of the end
of the scratch at the higher normal force [Fig. S7(d) in the
supplementary material].

At the normal force of 0.3 mN, the homogeneous and contin-
uous pileup around the scratch resembles the homogeneous flow
observed in compression of nano-sized MGs,20–22 implying that the
nano-scale surface scratch is resulted from homogeneous deforma-
tion rather than heterogeneous deformation of shear banding. This
behavior is consistent with the recent report2 that the glass surface
layer is fluid-like with very mobile surface atoms, which can flow
even at room temperature. Similar phenomena were also observed
in other five MGs (Fig. S6–S10 in the supplementary material).
For a quantitative comparison, the cross-sectional profiles of the
surface scratches made at different normal forces are illustrated in
Fig. S11 of the supplementary material, and the corresponding
curves of the normal displacement as a function of time are also
shown in Fig. S12 of the supplementary material.

B. Self-lubrication at MG surfaces

To understand the surface effect on the friction behavior of
MGs quantitatively, we characterized the friction coefficient in the
absence of any serrations or stick-slip instabilities. A series of scratch
experiments with different scratch velocities were performed at the
same normal force. Figure 3(a) shows that the increase of the scratch
velocity leads to the suppression of serrations on the curves of μ vs l
at the high normal force. In this case, a stable and single-valued fric-
tion coefficient can be obtained. The same velocity-dependent serra-
tion phenomena were observed throughout all of our experiments
with P≥ 0.5mN, but it is noted that, for the higher normal forces,
although the serrated μ–l curve can be smoothened by increasing the
scratch velocity, the local and discontinuous scratch morphologies
still prevail, which can be clearly seen from the corresponding SPM
images [Figs. 3(c) and 3(d)]. This is consistent with the stick-slip
behavior of localized shear banding, as extensively studied in the
literature.23–25 In principle, the increase of the velocity can cause the
decrease of the critical stiffness and hence inhibits the occurrence of
serrations once the dynamic process underlying the scratch is
governed by stick-slip instability.23,26–29 However, we find that the

friction coefficient obtained at the small normal force P = 0.3mN
seems independent of the scratch velocity over the range of
0.14≤ v≤ 1 μm/s [Fig. 3(b)]. Moreover, the continuous and homoge-
neous material pileup around the scratch edges remains almost iden-
tical irrespective of the scratch velocities [Figs. 3(e) and 3(f)]. This
delivers a strong message that the deformation at the MG surface
cannot be attributed to distributed shear banding and, therefore,
must be homogenous intrinsically. Because there is a decreasing
trend observed on the μ–l curve at the small normal force [Fig. 3(b)],
an average value was used to quantify the friction coefficient. At the
high normal force [Fig. 3(a)], the friction coefficient was evaluated
by using the μ–l curve without stick-slip instabilities.

Figure 4 displays the relations between μ–P, μ–h, and h–P for
the Pd-based TFMG. It can be seen that the friction coefficient
decreases with the decreasing normal force or scratch depth
[Figs. 4(a) and 4(b)]. The friction coefficient is reduced to be less
than the half of the value at a large scratch depth, i.e., from ∼0.4 at
the depth of 300 nm to ∼0.15 at the surface. This behavior is analo-
gous to the friction reduction induced by the lubrication, as
reported in the literature on tribology.30 It is noted that the phe-
nomenon of decreasing trend on the μ–l curve at shallow depth
[Fig. 3(b)] is a frequently observed characteristic in the case of
lubrication.31–33

Based on our experiments, we propose a critical depth hc for
the self-lubrication of MGs, which is defined as a layer with depth
hc beneath the MG surface in which easy and smooth sliding can
be sustained at different velocities. Given the temperature depend-
ency of plasticity in MGs,34,35 one may envision that the critical
depth is related to the homologous temperature (T/Tg), where Tg is
the glass transition temperature. A correlation is evident between hc
and T/Tg for the various MGs [Fig. 5(a)]. The data suggest that,
at a higher homologous temperature, the surface effect can be
extended to the deeper depth of the MGs. The dependence of the
critical depth on the homologous temperature is akin to the tem-
perature dependence of the transition from local to homogenous
plastic flow in MGs.34,35 It should be addressed that the critical
depth cannot be regarded as the physical thickness of the mobile
surface layer. In principle, the critical depth hc is a metric of
the regime in which mechanical behavior is dominated by mobile
surface atoms and its thickness is larger than that of a mobile
surface layer. Furthermore, the critical depth (20–60 nm) is much
smaller than the critical dimension for shear band embryo in
various MGs, the magnitude of which is usually on the order of
100 nm.36,37 According to the previous studies,36,38,39 localized
shear-banding usually gives way to distributed or homogeneous
plastic flow if the size of the local plastic region is below ∼100 nm.

C. Mechanism of self-lubrication

The underlying mechanism of self-lubrication can be under-
stood from the fast surface dynamics. The mobile atoms presented at
the surface of MG make surface viscosity much lower than the value
of 1012 Pa s, which corresponds to the viscosity of bulk MGs.10 The
surface of MGs can be regarded as to be covered with a supercooled
liquid layer with nanoscale thickness. Considering that plastic defor-
mation occurs in friction experiments [Figs. 2(b)–2(i)], friction force
should be determined by the shear strength of the testing material,
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and the smaller the shear strength, the lower the friction force.
Therefore, the mechanism of self-lubrication is attributed to the rela-
tively lower shear strength of the mobile surface layer. However, the
plastic behavior at different normal forces is the combination of the
plastic features both at surface and in bulk. Near the surface, plastic
behavior is dominated by the mobile atoms and self-lubrication
effect is revealed, while at large depth, plastic behavior is dominated
by bulk property and shear bands lead to stick-slip instabilities.

For the better understanding of the difference of the friction
features between surface and bulk, we designed a scratch relaxation
experiment. The scratch experiment was performed at the velocity
of 10 μm/s at a constant normal force for a 10 μm distance of
sliding. After that, the sliding was deliberately stopped, but the
position of the indenter tip and the normal force P were held to be
constants. Consequently, the friction force F, monitored continu-
ously as a function of time, relaxed as shown in Fig. 6. For the
small normal force P = 0.3 mN [Fig. 6(a)], after the initial rapid

decay, the friction force approaches to a constant value. In contrast,
for the larger normal force of P = 0.8 mN, the friction force under-
goes a partial recovery before leveling off to a constant value after
the initial decay [Fig. 6(b)]. The phenomena of friction force relax-
ation and recovery were only observed when the normal force was
greater than 0.5 mN.

Generally, stress relaxation in solids can be attributed to the acti-
vation of defects, which can be fitted with the well-known Kohlrausch–
Williams–Watts (KWW) function F ¼ F0 þ A exp (�t/τ)β , where τ is
the average relaxation time and β is a non-dimensional relaxation
parameter.40 Once the average relaxation time is known, we are
able to extract the activation energy E ¼ kT ln(2ωτ), in which k, T,
and ω represent the Boltzmann constant, experimental temperature,
and attempt frequency, respectively.41 Fitting the KWW function to
the data, we obtained β ∼ 0.1, τ � 0:1 s, and E∼ 0.7 eV with ω
approaching the Debye frequency irrespective of the normal forces.
By comparison, the activation energy of 0.7 eV is close to that of a

FIG. 3. Velocity dependence of friction coefficients of Pd46Cu32Ni7P15 TFMG and corresponding SPM images. Friction coefficients at the normal force of (a) 3 mN and the
corresponding SPM images at the velocity of (c) 0.33 and (d) 10 μm/s. Friction coefficients at the normal force of (b) 0.3 mN with the corresponding SPM images at the
velocity of (e) 0.14 and (f ) 0.33 μm/s. All these SPM images are in an illumination-mode, and the scale bars are 2 μm.
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single shear event triggered in an apparent elastic regime,42 suggest-
ing that the partial recovery observed mainly results from anelastic-
ity in the MG. In other words, the absence of the partial recovery
observed at the small normal force does indicate the loss of elastic
constraint on local defect motions as in glassy solid, further sup-
porting the view of the liquid-like flow behavior at the MG surface.

To substantiate our findings from a quantitative viewpoint, we
herein refer to the formula for the evaluation of the friction coeffi-
cient for the various MGs based on the friction model discussed in
Ref. 43. Generally, the total friction force (F) can be viewed as the

FIG. 4. Friction coefficient of Pd46Cu32Ni7P15 TFMG at (a) different normal
forces (P) and (b) different scratch depths (h). (c) Scratch depth at different
normal forces.

FIG. 5. Critical depth for the various MGs and calculated results of the friction
coefficient. (a) Critical depth hc vs the ratio of T/Tg for the various MGs. T and
Tg represent the room temperature and the glass transition temperature, respec-
tively. The black dotted line is a guide for eyes. (b) The evaluation results of α
dependence of μa. (c) The depth dependence of μp.α is the fraction of the lubri-
cated area in the contact region; η and v are viscosity and velocity, respectively;
and μa and μp represent the friction coefficient originated from shearing adhered
junctions and plastic deformation, respectively.
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sum of the forces responsible for shearing adhered junctions (Fa)
and that for the plastic deformation (Fp) of the experimental mate-
rial, namely, F ¼ Fa þ Fp. The adhered junctions arise from the
adhesive bonds formed at the interface in the contact regions
between the diamond tip and sample, and shearing of these existing
contacts occurs during scratch. Meanwhile, the diamond tip plows
grooves at the surface of the sample and leads to plastic deforma-
tion of the sample. As a consequence, the friction coefficient can be
written as μ ¼ μa þ μp. For a spherical tip, μp ¼ 4r

3πR, where r and R
denote the contact and tip radii, respectively.43 Considering a fric-
tion contact with a surface lubricated material, one has43,44

μa ¼
(1� α)τa þ ατ l

p
¼ (1� α)τa þ αηv/h

p
(1)

in which α (0≤ α≤ 1) is the fraction of a liquid-like layer acting as
a surface lubricant in the contact region; τa and τl are the average
shear strength of the solid and lubricant, respectively; p is the mean
pressure; η and h are the viscosity and thickness of the lubricating
layer, respectively; and v is the scratch velocity. In the case of
plastic contacts, p ¼ H with H being the hardness of the experi-
mental material. For MGs,45,46 we have H ¼ 3σ ¼ 3

ffiffiffi
3

p
τa, in which

σ represents the yielding strength. Thus, Eq. (1) can be simplified
as μa ¼ (1�α)

3
ffiffi
3

p þ αηv
Hh .

Based on the above models, the friction coefficient of the
MGs at different depths was evaluated. In our experiments, v is
∼10−7–10−6 m/s [Fig. 3(b)], η∼ 105–106 Pa s according to our pre-
vious work.10 Inspired by the recent findings that the thickness of
the mobile surface layer on organic glass is less than 10 nm,7,47 we
can herein take h = 5 nm for a simple estimation. The typical hard-
ness for Zr- and Pd-based MGs is H = 6 GPa according to Ref. 48.
Consequently, we can obtain μa as a function of α for different
velocities and viscosities, as shown in Fig. 5(b). Similar results were
also observed in the case of h = 1 nm and h = 10 nm (see Fig. S13
in the supplementary material). In Fig. 5(b), the yellow regime
indicates the possible values of the friction coefficient of a MG as
the contribution from the mobile surface layer involves in the fric-
tion experiments. At small normal force [Fig. 3(b)], plastic behavior

is dominated by lubrication and α should be larger than 0.5 (the
region marked by the black vertical lines). On the other hand, if
the friction coefficient is due to bulk plasticity of the MGs, μp
should increase with the contact depth h as r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � (R� h)2

p

[Fig. 5(c)]. At the normal force of 0.3 mN, the contact depth
h∼ 20 nm [Fig. 5(c)]. We take α∼ 0.5 and get μa∼ 0.11 [Fig. 5(b)],
μp∼ 0.08 [Fig. 5(c)], and thus, a total friction coefficient μ∼ 0.19,
which is in well agreement with our experimental data in Figs. 4(a)
and 4(b). At the high normal force of 5 mN, the contact depth
h∼ 300 nm [Fig. 4(c)] and hence μp∼ 0.30 [Fig. 5(c)]. At this
depth, the lubrication effect is negligibly small. Therefore, we can
take α∼ 0 and μa≈ 0.19 [Fig. 5(b)], which leads to μ∼ 0.49. It also
agrees with the experimental data [Figs. 4(a) and 4(b)].

According to Eq. (1), μa should be proportional to v.
However, this velocity dependence of the friction coefficient seems
to be not significant in our experimental data [Fig. 3(b)]. This is
because the second term [αηv/(Hh)] is much smaller than the first
one [(1� α)/(3

ffiffiffi
3

p
)] in the expression of μa as α is small, for

example, less than ∼0.5 (Fig. S14 in the supplementary material),
which manifests as the apparent insensitivity of μa to the scratch
velocity. Nevertheless, the effect of the second term becomes over-
whelming at the small scratch depth for a relatively higher α. This
condition is clearly fulfilled in our experimental results. Figure 6(c)
shows that at the small normal force of 0.1 mN, in which the
scratch depth can be as low as 1 nm (Fig. S15 in the supplementary
material), the friction coefficient indeed exhibits a sharp rise as
velocity increases from 0.33 to 10 μm/s, which is not observed at
the high normal force of 3 mN [Fig. 3(a)].

IV. CONCLUSION

In summary, the surface mechanical behavior of the various
MGs was studied through nano-friction on the nanoindentation
platform. By probing the friction characteristics of a variety of MGs
at nanoscales, it is found that the mobile surface layer acts as a
lubricating layer in friction behavior, which leads to a significant
reduction of friction coefficient to 50% or less compared with the
value at high pressure. This obvious reduction arises from the
homogenous plastic flow of the mobile surface layer, which

FIG. 6. Friction force change of Pd46Cu32Ni7P15 TFMG at the normal force of (a) 0.3, (b) 0.8, and 1 mN. The green lines represent the KWW fitting of the friction data for
the partial recovery. (a) Friction coefficients of Pd46Cu32Ni7P15 TFMG at different velocities at the normal force of 0.1 mN.
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facilitates self-lubrication at the MG surface. The underlying mech-
anism is closely related to the fast mobile atoms, the lower viscosity,
and lower shear strength at the surface layer of MGs. When the
plastic deformation extends over a critical depth, localized shear
bands prevail and result in stick-slip instabilities. It is also found
that the critical depth hc is proportional to the ratio of T/Tg for the
various MGs. These findings provide a fundamental understanding
of the surface plasticity flow and the surface self-lubrication effect
of MGs. The results might lift the veil on the glass transition and
the intrinsic flow feature of glasses and help in the development of
new size-controlled and low energy consumption nanodevices.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1–S15.
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