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ABSTRACT

The dynamics near the surface of glasses can be much faster than in the bulk. We have
studied the surface dynamics of a Pt-based metallic glass using electron correlation microscopy
with sub-nanometer resolution. Our studies show a ~20 K suppression of the glass transition
temperature at the surface. The enhancement in surface dynamics is suppressed by coating the
metallic glass with a thin layer of amorphous carbon. Parallel molecular dynamics simulations on
NigoP20 show a similar temperature suppression of the surface glass transition temperature and that
the enhanced surface dynamics are arrested by a capping layer that chemically binds to the glass
surface. Mobility in the near-surface region occurs via atomic caging and hopping, with a strong
correlation between slow dynamics and high cage-breaking barriers and string-like cooperative

motion. Surface and bulk dynamics collapse together as a function of temperature rescaled by their

respective glass transition temperatures.
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Surface dynamics, the motion of atoms or molecules at or near surfaces of materials, play
a large role in materials synthesis, especially for low-dimensional objects like thin films and
nanostructures, in processes like crystal growth' and microfabrication,*> and in various materials
properties such as friction,® catalysis,’ sintering,® viscosity,’ and deformation.!® Mobility of crystal
surfaces is often understood in terms of isolated adatoms, hopping across a surface, encountering
different morphologies like steps or vacancies with different bonding environments. Mobility of
glass surfaces is quite different. Experiments on molecular glasses have consistently shown that
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all of the molecules in the entire surface layer are highly mobile, suggesting collective

rearrangements more like those in a bulk liquid than surface hopping. Those collective
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rearrangements enable surface equilibration to create ultrastable molecular glass thin films and

unusual surface crystallization kinetics in normal molecular glasses.!® Similar behavior has been

17.18 molecular glasses,'® and simulated polymer glasses with Lennard-Jones

deduced for polymers,
interactions?>?! from the reduction of the glass transition temperature, Ty, for very thin films.
Models to explain dynamics in such films often employ a two-layer picture!’ consisting of a bulk
and an interfacial layer and suggest that dynamics close to the surface and the bulk are quite
similar.'

Metallic glasses also have fast surfaces. Surface diffusivities near 7, are high enough to be
near liquid-like,' which promotes the growth of plate shaped crystals near the surface®? and very
fast motion of metallic glass nanoparticles across a substrate.”> Metallic glasses also have fast
surfaces in molecular dynamics (MD) simulations.?* Fast surface dynamics persist above the bulk

glass transition temperature, 7g,, into the supercooled liquid state, as shown for metallic glass

nanowires using electron correlation microscopy (ECM) experiments.?> Fast metallic glass
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surfaces influence phenomena like crystal nucleation, superplastic forming?® and growth of

22,29 30,31

nanostructures, surface friction,® and growth of enhanced stability metallic glass thin films.

Here, we report ECM experiments studying the fast surface layers of Pts7.5Cu14.7Nis3P225
nanowires. Experiments show that the surface glass transition temperature, 7, 1s suppressed by
~20 K with respect to the bulk, and that the dynamics within the surface layer are spatially
heterogeneous at a length scale of <1 nm. Coating the nanowires with amorphous carbon
suppresses the fast surface layer, suggesting that decreased coordination at the surface is essential
for high mobility. Molecular dynamics simulations on NigoP2o reiterate these findings, confirming
the role of decreased coordination at the surface, showing that the motion of atoms in the near-
surface layer is quite similar to the bulk supercooled liquid if both are rescaled by their respective

Ty’s, and showing atoms at the surface have shorter relaxation times, experience lower cage-

breaking barriers to motion, and are less likely to show string-like cooperative motion.

RESULTS AND DISCUSSION

Metallic glass nanowires show a near-surface layer that has an order of magnitude faster
relaxation dynamics than the bulk at the same temperature. Figs 1(A) and (B) show spatial maps
of relaxation time, t, in nanowires heated to 500 K (7,,, — 7 K). The fast surface layer is visible
along the edge of the wire in both images. Figs 1(A) was acquired at 0.7 nm spatial resolution, and
Fig 1(B) was acquired at 0.23 nm. The map in (B) has a smaller speckle size, consistent with its
higher resolution. Both images show a thickness of the surface layer of ~1 nm, indicating that 1
nm is the physical thickness, not limited by experimental resolution. 1 nm thickness means the fast
surface layer involves approximately three monolayers, so we are not observing adatom surface
hopping as occurs on the surface of a crystal. This result is consistent with recent simulation results

on metallic glass surface mechanisms which also demonstrated that the mechanism was not



adatoms.’> The higher resolution map shows that the dynamics inside the surface layer are
noticeably spatially heterogeneous. At all temperatures, the histogram of near surface relaxation
times is well described by a log-normal distribution, characteristic of a random, non-negative
process, and the stretching exponent [3 varies from 0.06 to 1 (supplementary figure 1). There are
no clear trends in the distributions of either t or 3 as a function of temperature over the limited
range studied here. Averaged, normalized profiles of surface dynamics as a function of distance
from the surface are shown in supplementary figure 4. From supplementary fig 4(b), there is no
clear trend with temperature in layer thickness or the dependence of t with distance from the

surface over the small range of temperature accessible to these experiments.
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Fig 1: (A) and (B) Relaxation time (t) map of a nanowire heated in situ to 500 K showing a near-
surface layer with faster relaxation dynamics compared to the bulk. (A) was acquired at 0.7 nm
spatial resolution and (B) was acquired at 0.23 nm, as shown by the smaller features. (C) The mean
structural relaxation time for the nanowire interior (bulk) and the near-surface layer. The error bars
are the standard deviation of the measured relaxation time at different positions. Fitting to the
Arrhenius form yields activation energies of 3.3 + 0.3 eV for the bulk (linear fit Pearson’s R =
0.98), 2.1 £ 0.2 eV for the near-surface layer above Ty, (linear fit Pearson’s R = 0.92), and 3.8 +
0.5 eV below T, (linear fit Pearson’s R = 0.97). Fitting all the surface data with a single linear fit
yields a poor linear fit with Pearson’s R =0.71, so that fit is not used to estimate a single activation
energy for the near-surface layer. The near-surface layer glass transition temperature is suppressed
by 18 K compared to the bulk. Data for the bulk are reproduced from Ref. 25. Activation energies
reported here for previously published data from ref. 25 are revised due to improved treatment of
experimental uncertainties.

Fig 1 (C) shows average relaxation times in the near surface layer of the nanowires as a

function of temperature. Bulk data from Ref. % are reproduced for comparison. (At the



temperatures studied here, bulk relaxation times are too long to obtain good convergence in ECM
experiments.>®) At Ty for the nanowires determined by calorimetry (507 K), the average bulk
relaxation time is 297 s and the average surface relaxation time is 14 s. The surface continues to
slow as the temperature drops. Extrapolating the surface relaxation time below 7g, with an
Arrhenius form (valid over small temperature ranges) to the bulk relaxation time at 7y, reveals a
T, 0f 489 K, 18 K lower than the bulk. STEM EDS mapping performed on a nanowire annealed
at 492 K for 3 hours shows no evidence of surface segregation (supplementary figure 2). Fitting to

the Arrhenius form yields activation energies of 3.3 = 0.3 eV for the bulk, 2.1 £ 0.2 eV for the

near-surface layer above 7y, and 3.8 = 0.5 eV below Tg,y.

Fig 2: (A) Static, room-temperature DF TEM image showing a nanowire coated with amorphous
carbon, (b-c) Relaxation time maps of amorphous carbon coated nanowires heated in situ to (B)
515 K and (C) 519 K. The fast near-surface layer is suppressed. This result indicates that access to
the open volume available at the surface is responsible for the enhanced mobility, since removing
access to it suppresses the fast surface layer.

Fig 2 shows the effect of a surface confinement layer on relaxation dynamics in nanowires
coated with a ~10 nm layer of amorphous carbon. Fig 2(A) shows a static dark-field TEM image
at room temperature of a nanowire coated with amorphous carbon. The carbon is thicker near the
wire, and thus visible in the image, due to shadowing effects during deposition. Figs 2(B) and (C)
show relaxation time maps in amorphous carbon coated nanowires heated in situ at 515 K and 519
K respectively. At 519 K, the fast near-surface layer is not observed. At 515 K, there may be some

indication of enhanced surface dynamics, but we attribute this layer to difficulty in locating the



precise surface of the nanowire amidst the contrast from the carbon coating. If the layer is there, it
is suppressed, since it is both thinner and closer in dynamics to the bulk than without the layer.
Averaged profile of surface dynamics as a function of distance from the surface is shown in
supplementary figure 4(b) for the nanowire heated at 519 K. The near surface layer has

significantly slower dynamics compared to the bulk.
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Fig 3: (A) Structural relaxation time as a function of temperature for the bulk and the surface layer
calculated from MD simulations. The glass transition temperature for the surface layer, determined
from the change of slope, is 40 K lower than the bulk glass transition temperature for this system.
(B) Structural relaxation time measured at 580 K as a function of distance from the surface for a
free surface, with the first layer held stationary, and with a physical surface confinement imposed
by using reflective boundary conditions. Keeping the top layer stationary renders the second layer
from the surface almost immobile. Physically confining the surface increases the relaxation time
of the surface layer only slightly (by ~ 16%) compared to free surface.

To simulate surface kinetics for comparison to Pts75Cui47Nis3Paos we carried out
molecular dynamics simulations on NigoP20, as no interatomic potential for the Pts7.5Cu14.7Nis3P22 5
quaternary is available. The NigoP2o alloy allowed us to use an interatomic potential with well-
established glass properties and mimicked the metal-metalloid character of the original
composition. Fig 3(A) shows structural relaxation times as a function of temperature for the bulk
and surface monolayer. The 7 measured from the change in slope of t is 520 K, which is 40 K

lower than the 7, measured from the change in slope of energy (or volume) versus temperature

during quenching. Fig 3(B) shows the structural relaxation time at 580 K, well above both 7g’s, as



a function of distance from the surface, monolayer by monolayer (each monolayer defined as 2.5
A), for the system with a free surface, for a system in which the first monolayer of the liquid is
artificially held stationary in the simulation, and for a system where the surface layer is physically
confined without chemical bonds by imposing reflective boundary conditions. The free surface
relaxation time converges to the bulk value over 6 monolayers, or about 1.5 nm. With the immobile
surface, the second monolayer is also rendered almost immobile, with a relaxation time too large
to be reliably measured in the duration of the simulations. Layers 3-9 converge to the (faster) bulk
relaxation time over a distance of 1.5 nm. For the system with the physically confined surface, the
relaxation times are very similar to that observed with a free surface. The outer monolayer has
slightly higher relaxation time (by ~ 16%) than a free surface monolayer, as expected.

A depth profile of composition of P atoms shows surface segregation (supplementary
figure 3), with a P-rich surface layer having a composition around Nis75P32.5, followed by two
monolayers with P content lower than the bulk content. By a depth of 1 nm, the P content has
converged to the bulk value. In MD simulations, the 7§, of this P-rich composition is 440 K, which
is 120 K lower than the T, of NigoP2o, revealing that the difference in dynamics between the
surface layer and the bulk has at least a contribution other than surface segregation.

Fig. 4 shows that the surface dynamics behave in many ways like the bulk dynamics at a
higher temperature. The relaxation time, the atomic jump rate, and the percentage of atoms
engaged in string-like cooperative motion as a function of temperature provide atomic-level insight
into the supercooled liquid behavior. Fig 4 (A) shows the relaxation time as a function of
temperature normalized by their respective 7’s for bulk NigoP2o, its free surface layer, and for a
bulk glass with the surface composition, Nie75P325. The absolute relaxation times at each

normalized temperature are quite similar for the NigoP2o surface layer and bulk. The slope of the



bulk relaxation time as 7, / T approaches one is higher than the surface relaxation time slope, which
indicates different fragility. However, the slope of the bulk Nig7.5P32.5 relaxation time is the same
as the NigoP2o surface, indicating that the difference in fragility is likely caused by the change in
composition, not solely the presence of the surface. Indeed, the NigoP2o surface and the same

composition Nig7.5P32.5 bulk have the same relaxation times over the entire range of normalized

temperature.
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Fig 4: For the NigoP2o system with a free surface, (A) variation of surface and bulk relaxation times
(1) as a function of temperature scaled to 7gs and 7y, respectively. The bulk relaxation time of
Nig7.5P32.5 1s also shown. (B) The jump rate of atoms as a function of distance from surface at 540
K and 580 K. The jump rate of atoms for the surface atoms at 540 K is similar to the jump rate of
atoms for the bulk at 580 K. (C) The participation of atoms in strings as a function of distance from
surface at 540 K and 580 K. The participation of atoms in strings for the surface atoms at 540 K is
similar to the fraction of atoms in strings for the bulk at 580 K as highlighted by the shaded area.

Fig 4 (B) shows the atomic jump-rate as a function of distance from the free surface at 540
K and 580 K for NigoP20. Atomic jump-rate is a measure of cage-breaking barrier to atomic

mobility. At both temperatures, the jump-rate decreases as we go deeper into the bulk and away

from the free surface, indicating that the cage-breaking barriers are low near the surface and



increase as we approach the bulk. The jump-rate for the surface at 540 K is similar to the rate in
the bulk at 580 K, indicating that the free surface behaves like the bulk supercooled liquid at a
higher temperature.

Fig 4 (C) shows the percentage of atoms engaged in string-like cooperative motion in each
layer at 540 K and 580 K starting from the free surface. The percentage of atoms engaged in string-
like motion varies with the time scale for the motion. At short timescales, ballistic motion
dominates, and the string-like percentage is small. At long timescales, diffusive motion
dominates®* and the string-like percentage is again small. The string-like percentage peaks at an
intermediate timescale which varies for each layer of atoms, since they have different structural
relaxation times. We use the peak of string-like percentage as a function of timescale for motion
as a metric for comparison of propensity of string-like motion for atoms in different layers of the
glass. At both 540 K and 580 K, the percentage of atoms engaged in string-like cooperative motion
increases as we go into the bulk of the sample starting from the free surface. The percentage of
atoms engaged in string-like motion at the surface at 540 K is similar to the percentage in the bulk
at 580 K as highlighted by the shaded area, again indicating similar behavior for the surface and
the bulk at a higher temperature.

Fig 5 shows results from simulations on the NigoP2o system with an immobile surface
performed at 580 K. Fig 5 (A) shows the atomic jump-rate and jump-length as a function of
distance from the surface, normalized to the bulk value. The jump-rate, which is a measure of the
atomic cage-breaking barriers, decreases significantly as we approach the immobile layer.
Combined with our observations in Fig 4 (B), the atomic jump rate is higher in the free surface,
and lower close to the immobile layer, when compared to the bulk. The jump-rate is related to the

cage-breaking barrier experienced by atoms, so the local cage-breaking barrier plays a key role in



influencing the mobility and relaxation dynamics. The jump length does not vary as significantly
from the surface to the bulk, so changes in this length do not play a significant role in the changes
in mobility. Caging and hopping behavior in near-surface layers has been investigated in greater

detail elsewhere.*?
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Fig 5: (A) The variation of jump-rate and jump-length as a function of distance from surface for
the NigoP2o system with an immobile surface. Low mobility close to the top immobile layer is
mainly attributed to a high cage-breaking barrier deduced from low jump rate. (B) The
participation of atoms in strings as a function of distance from surface for the NigoP20 system with
an immobile surface

Fig 5 (B) shows the maximum participation of atoms in strings as a function of distance
from the surface with an immobile surface layer. With an immobile layer, the participation in
string-like motion is very high close to the immobile surface and converges to the bulk value that

we saw in the system with a free surface in 5-6 layers (1.25-1.5 nm). With the immobile surface

layer, the relaxation behavior and mobility both have a steep gradient from the surface to the bulk.

Taken together, the experimental and simulation results demonstrate that, for the systems
studied, the near-surface region of a metallic glass with a free surface behaves at temperatures
below Ty, but above Ty, like a normal, albeit supercooled liquid. The experiments show that fast
dynamics persist approximately 20 K below the 75, in ~1 nm thick layer. Simulations agree with

this basic phenomenology, although the gap in 7 s and 7%, is 40 K. Simulations also help validate



our experimental approach to measuring 7gs, as Fig 3 (A) shows that the relaxation time values
are similar for the bulk and the surface layer at their respective T,’s. Overall, although our
experiments and simulations were performed on different systems, with cooling rates that differ
by 7-8 orders of magnitude leading to drastically different thermal histories, there is a high degree
of agreement in the observed phenomena. These similarities support the hypothesis that these
features of metallic glass surface dynamics may be quite general across many different metallic
glass alloys, cooling rates, and ageing histories. Experiments show that the dynamics in the surface
layer are spatially heterogenous, with similar distributions of relaxation time and stretching
exponents to bulk dynamics. Simulations show that even the atomistic details of relaxation time,
cage breaking barrier, and propensity for cooperative motion are quite similar in the near-surface
layer compared to the bulk liquid at a higher temperature.

These observations are consistent with previous experimental and simulation reports of

12335 \which is similar to the

high mobility in the surface layer of metallic glasses near the 7g,,
picture of a liquid surface that persists below the 7, that has been extensively developed for
molecular and polymeric glasses.!®!7338 Qur results expand upon this picture by adding metallic
glasses to the materials exhibiting these phenomena, directly measuring the surface layer
thickness, and demonstrating spatial heterogeneity. We also introduce the idea of and measure 7,
the temperature at which the surface falls out of equilibrium and becomes glassy. In particular, our
observations suggest that the dynamics of supercooled metallic glass systems can be modelled by
a two-layer approach where the bulk and the near-surface layer are very similar but shifted in
temperature, represented in their respective glass transition temperatures. This is also supported

by our experimental observations as the activation energies for the near-surface layer below 7,

and the bulk above Ty, are in agreement (with uncertainties) as shown in fig 1(C). This observation



is similar to experimental reports on polymer glasses where glassy dynamics is described as a
combination of the bulk and a mobile surface having faster dynamics and a fixed thickness.!” We
have not observed any temperature dependence of the thickness of the near-surface layer within
the (admittedly small) temperature range of our experiments. Our results may imply that the near-
surface layer is thick enough to have “bulk-like” atomic motions. In experiments, the surface and
bulk have qualitatively similar correlation lengths for spatially heterogeneous dynamics.

Our observations also identify the origin of short relaxation times near the surface: it arises
due to reduced coordination making it easier for atoms to break their cages and diffuse in the plane.
If we impose barriers to atomic hopping with chemical interactions with the liquid, either by carbon
coating in experiments or by an immobile surface layer in simulations, the fast near-surface layer
is suppressed. However, if we physically confine the surface layer without chemical interactions
by imposing reflective boundary conditions, there is very little change to atomic mobility. This
shows that a physical barrier alone does suppress fast surface dynamics, which is consistent with
our previous work>? demonstrating that adatom diffusion is not significant in metallic glass surface
diffusion. A chemical bond between the metallic glass surface atoms and the carbon coating
imposes a significant barrier to atomic hopping, which decreases atomic mobility. The capping
layer removes the similarity between the surface and the higher-temperature bulk we observe with
the free surface. In simulations with a stationary surface layer, the near surface layer dynamics
become even slower than bulk dynamics. The capping layer introduces large gradients in
relaxation time, cage-breaking barriers, and propensity for string like cooperative motion.
However, a correlation remains between decreased atomic mobility and increased propensity for
string-like cooperative motion, as shown in Fig 5. This correlation has been seen previously in

17,35

other systems and suggests that atoms in regions with reduced access to open volume and



stronger cage-breaking barriers are more likely to move in a cooperative string-like fashion. We
speculate that the strength of the bonding between the capping layer and the liquid surface might
influence the extent of slowdown of dynamics, but we have not tested this hypothesis.

Beyond fundamental scientific interest, a better understanding of metallic glass surface
mobility and how it can be controlled will guide synthesis and use of metallic glasses. A
nanometer-thick, highly mobile surface layer bodes well for efforts to deposit ultrastable metallic
glass thin films,>'? since high mobility may allow the near-surface atoms to find low enthalpy
configurations without bulk crystallization. It may also play a role in superplastic forming of
nanostructures like the nanowires we have studied here, which are processed near the 7. Surface
diffusion has been recently shown to play a large role in pressure-induced forming of crystalline
nanowires.?’ High surface mobility may also influence friction of metallic glasses in service near
T,.5442 Control of surface mobility using a capping layer that remains immobile at service
temperatures could help avoid undesirable effects like nucleation of surface crystals by
suppressing surface layer mobility, and the observed behavior near the immobile layer points to
an interesting research direction as interface behavior in confined liquids is of importance for

various classes of glassy materials which are used in microfabrication and battery technology.

CONCLUSIONS

In summary, we have shown in both sub-nanometer resolution experiments and
atomistically-resolved simulations that metallic glasses have a surface layer ~1 nm thick with
faster dynamics than the bulk. This layer remains liquid, with a short mean structural relaxation
time, well below the bulk glass transition temperature, until it cools below the surface glass

transition temperature, which is tens of Kelvins below the bulk glass transition temperature. If the



surface and bulk dynamics are rescaled by their respective glass transition temperatures, they
exhibit very similar behavior. Simulations show that the two regions have the same kind of caging
and hopping behavior and the same degree of cooperative motion. Experiments show that both
surface and bulk have dynamics are spatially heterogeneous at the nanometer scale. Both
experiments and simulations show that the origin of the fast near-surface layer is the reduced
coordination at the surface. If a capping layer that chemically binds to the surface atoms is
introduced, the fast surface layer is suppressed. These findings have implications for a wide variety
of metallic glass syntheses and properties involving surfaces, including growth of ultrastable films,
fabrication of nanostructures by superplastic forming, surface crystallization, and friction at small

length scales.

MATERIALS AND METHODS
Nanowire synthesis and ECM sample preparation

We fabricated Pts7.5Cui4.7Nis3P22.5 nanowires with a diameter of ~40 nm by nanomoulding
as described in detail elsewhere.* As-fabricated nanowires were attached to a substrate plate of
the same bulk metallic glass. The bulk metallic glass plate was rinsed with distilled water and
isopropyl alcohol to minimize the residual salts and anodized aluminum oxide from fabrication.
Then the plate was immersed in methanol and nanowires were released from the substrate by
sonication for 15-20 min. The nanowires immersed in methanol were dropped on to a
DENSsolutions Wildfire TEM heating chip using a micropipette (1.5-1.8 uL). Upon evaporation
of methanol, some nanowires were randomly attached to the 90% electron transparent SiNx
membrane present on windows in the chip. We drop 10-12 drops of the nanowire suspension in

methanol, on to the heating chip allowing 5 min methanol evaporation time between drops to



achieve a uniform distribution of isolated nanowires. We plasma cleaned the sample for 10 mins
in a 20 psi Ar + O, mixture to remove organic contaminants which may be introduced from the
methanol. Nominally 10 nm thick amorphous carbon was sputtered onto some of the nanowire
coated heating chips after blocking out the electrical contact pads with tape using a Leica EM 600

coating system with a carbon thread deposition head.

ECM experiment and data analysis

The heating chips were loaded on to a DENSsolutions SH30 single-tilt heating holder,
which can provide temperature stability of 0.05 K and temperature accuracy of 0.5%. Data was
acquired at 508 K (~Tg»), 504 K, 500 K, 496 K, and 492 K. Due to the slower kinetics, the
experiments on amorphous carbon coated nanowires were performed at 515 K and 519 K. The
samples were heated to the target temperature at a rate of 20 K/min and equilibrated for at least
five times the measured structural relaxation time shown in Fig. 1(C).

ECM measurements were carried out using tilted dark-field TEM imaging. Experiments
used the University of Wisconsin-Madison FEI Titan with probe aberration corrector at 200 kV,
operated in TEM mode. An objective aperture of 10 um in diameter or 2.83 mrad half angle was
inserted for low resolution experiments, giving rise to speckles in the image ~0.7 nm in diameter,
calculated from the Rayleigh criterion and confirmed by imaging. The speckle size sets the spatial
resolution of the ECM experiment. For the low resolution experiments, an Orius 2.6 x 4 k fast
CCD with 1 ms readout time was used to record the time series 256 by 256 pixel images with a
pixel size of 0.25 nm. Higher resolution ECM measurements were performed using an objective

aperture of 30 um diameter, yielding a resolution of ~0.23 nm in diameter. For these



measurements, a fast DE-16 direct electron camera was used with a hardware binning by a factor
of 2 to record 2k by 2k pixel images at a pixel size of 0.08 nm.

The interval between frames in the image series was set as a function of temperature to
meet the sampling requirements for ECM.* The acquisition rate was set to 10, 4, 2, 1 and 1 fps
for temperatures 508, 504, 500, 496, and 492 K respectively. Every image series consists of ~4000
frames. Rigid image registration with the Pystackreg** package was used to perform two-step drift
correction with single-pixel accuracy on the image series. First each frame was aligned with
respect to its previous frame to remove local misalignments, and then each frame was aligned with
respect to the first frame in the series to remove global misalignments. Spatial maps of relaxation
time (t) and stretching exponent () were extracted by calculating the time autocorrelation
function, g»(t), and by fitting it to a Kohlrausch-Williams-Watts (KWW) stretched exponential

form for every pixel. The analysis has been described in detail elsewhere.?

MD simulations

Molecular dynamics (MD) simulations were applied to study a NigoP20 model metallic glass
using the Sheng et al. embedded atom method potential*> in LAMMPS.*® A cubic simulation cell
of 16384 atoms was initially equilibrated at 1500 K for 2 ns and then quenched to 1000 K in 50 K
decrements at the rate of 100 K per 6 ns. The system was subsequently cooled in 20 K intervals at
the rate of 100 K per 60 ns, corresponding to a quench rate of ~ 10° K/s. We used the NPT ensemble
and periodic boundary conditions (PBC) during the quenching process. Then, the simulation cell
boundaries were extended 10 A along the +z-axis, creating free surfaces and vacuum. To study
the dynamics at a given temperature, the NVT ensemble and PBC were applied and the system

was initially equilibrated for 1 ns to make sure the newly created surfaces at the two edges are



relaxed before data were collected. Atoms in the outer 2.5 A of the sample along the +z-axis (or
12.5 A of the cell considering the empty space), which is the size of a monolayer as determined
from radial distribution function of atoms, were used to evaluate the properties associated with the
surface. Relaxation times are calculated from the decay of the intermediate scattering function.*’
Time dependent properties of atoms in a layer make use of data from two times and were

determined for atoms belonging to the layer at both times.
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