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Abstract

Dynamic processes in glasses are crucial for unraveling fundamentals of the glass transition and
material properties. A recent theoretical framework proposes a ‘double-percolation’ scenario for
the o and [3-relaxation processes. While supported by simulations, no experimental validation has
so far been presented. We here conduct a comprehensive analysis of the relaxation dissipation of
more than 300 mechanical spectra of metallic glass samples. Our study yields two key findings,
both aligning with the double-percolation theory: (i) The a-relaxation has a damping factor of 0.6
(%£0.05), independent of material composition, probing frequency, and thermal history—a signa-
ture that is consistent with the percolation of immobile atomic clusters proposed to characterize
the a-relaxation. (ii) The -relaxation dissipation, though of variable magnitude and dependent
on external factors, can be rationalized as caused by the percolation of mobile atomic entities driv-
ing configurational rearrangements; thus for the S-relaxation we show that certain atomic motions
are neither dissipative nor induce configurational changes. These results bridge theoretical predic-
tions with experimental observations, suggesting a generally applicable picture of the atomic-scale
mechanisms of relaxation dissipation in glass formers.

1. Introduction

Amorphous and glassy materials are essential for modern technologies, but understanding the structure-
property relationship remains a significant challenge for solid-state physics and materials science

[1-6]. Unlike crystalline materials, which have well-defined phonon and defect dynamics, glassy mate-
rials exhibit complex relaxation processes across all temperatures and timescales [2, 7-13]. As liquids
cool towards the glass transition, flow occurs on extremely long timescales, independent of atomic details
and chemical composition [14-21]. Additional processes, such as the [3-relaxation, excess wing and
nearly constant loss, emerge at further cooling. At the atomic level, these dynamics are governed by a
complex hierarchy of relaxation processes that are challenging to reconcile into a coherent framework

[2, 7, 8, 22, 23].

Recently, a unified ‘double-percolation’ description for the mechanical response has been proposed
[24-30]. As shown schematically in figure 1(a) giving the mechanical loss at a fixed frequency upon
cooling from the liquid state, percolation of immobile particles identifies the « process. Further cooling
into the glass state leads to a mobile-particle percolation transition, which has been identified as the
process [8, 24, 31-33] , often described in terms of subdiffusive motion, particle jumps, collective small
displacements, and nanomechanical heterogeneities [34-37]. The ‘double-percolation’ framework offers a
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Figure 1. Schematic diagram of the sources of relaxation dissipation as observed for cooling through the glass transition dur-
ing which the mechanical loss modulus (simulated, G”” and experimental, E”’; see Methods for details). (a) Relaxation dissipa-
tion (upper panel) and double-percolation (lower panel). LC means the largest cluster in the percolation cluster analysis. (b)
Ilustration of the difference between labeled displacement and the actual configuration change, IS D, [47].

Table 1. Overview of the metallic glasses studied; more details can be
found in the supplementary information.

Number of Number
Systems compositions of spectra
La-MGs 32 85
Pd-MGs 9 56
Zr-MGs 21 25
Y-MGs 19 58
Dy-MGs 19 39
Ce-MGs 16 18
Mg-MGs 1 5
Simulations 7 30
Others(from literature) 20 20
Summary 144 336

general description of glassy dynamics that incorporates well-established factors such as dynamic hetero-
geneity and facilitation [25, 38—45]. However, the double-percolation framework currently only relies on
molecular dynamics (MD) simulations resolving the atomic motion at sub-nanosecond timescales [26,
29, 46], and the question is to which degree this scenario applies to real-world materials.

Yu et al recently established a global configuration-based correlation between the inherent structure
(IS) minimal displacement, IS Dy, and the system dissipation, tand, expressed as tand o< (ISDmin)b (47,
48]. From a potential-energy-landscape (PEL) perspective, IS Dy, describes the shortest distance between
neighboring IS; it governs the activation barrier for transitions between PEL local minima and thereby
dictates the mechanical dissipation.

In this study, we bridge the theory-experiment gap by analyzing the relaxation dissipation of more
than 300 metallic glass (MG) samples collected over a decade (2016—2025) in our laboratory, as well as
from literature (the relevant data can be found in table 1 and figures S1-522). One connection between
the theory of double-percolation and experiments is that the theory predicts immobile-particle perco-
lation that involves about 25% of the atoms during «a-relaxation, while the mobile-particle percolation
involves about 10% of the atoms (controlling the $-relaxation). This implies that the two relaxation dis-
sipations should be universally constant if one assumes that all the mobile atoms contribute to the dis-
sipation. We show below that the a-relaxation is fully consistent with this expectation, as the damping
factor reaches about 0.6 regardless of chemical composition and thermal history. While the dissipation of
the [ process does depend on these factors, we argue that this does not invalidate mobile-particle per-
colation as a (-relaxation characteristic. This is confirmed by our finding that a sample-preparation-
dependent portion of atomic motions are not effective in changing configuration and thus much less
dissipative, compare the illustration in figure 1(b).
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Figure 2. Dissipation of the c-relaxation. (a) The loss tand at the temperature corresponding to the o peaks of different metal-
lic glasses, including experimentally measured Pd-MGs, La-MGs, Zr-MGs, Y-MGs, Mg-MGs, Ce-MGs, and Dy-MGs, sim-
ulated AlSm and NiP, and tand data from other references. Solid squares represent experimental data and filled circles sim-
ulation results, while open squares represent literature data. The histogram gives the statistical distribution of tand, show-

ing that tand dominantly is between 0.55 and 0.65. (b) The loss modulus and tand measured at different frequencies for
Las7.5A11NijgCo10Ag1.5s MG. (c) The loss modulus (blue) and tand (red) curves for LasoAlysNiys annealed at 373 K for 5 h,
168 h, 1344 h, and 3600 h.

2. Results

2.1. Dissipation of o relaxation

Figure 2(a) summarizes the dissipation associated with the a-relaxation in terms of the damping factor
tand, measured by dynamic mechanical spectroscopy (DMS). As illustrated in figures 2(b) and S23-S25,
tand of a-relaxation is determined at the peak position of loss modulus E” monitored at a fixed fre-
quency during heating at a constant rate. Our dataset encompasses nine different groups of MGs with
distinct base elements, featuring glass transition temperatures ranging from 400-800 K. Notably, the
samples exhibit nearly constant tané values of 0.6 £ 0.05, with no systematic deviations. In particu-
lar, figure 2(c) demonstrates that extended-time aging does not affect the constant tand behavior, further
confirming the robustness of this finding. According to the Kohlrausch—Williams—Watts stretched expo-
nential equation, the theoretical maximum of tand is approximately 0.67 for 5 = 0.5, which is close to
the experimentally observed (details are given in the supplementary information—2).

The universal dissipation of the a-relaxation can be interpreted as a direct reflection of the percola-
tion of immobile atoms [25, 26]. The a-relaxation takes place at the emergence of a percolating cluster
of immobile atoms, i.e. atoms that over the characteristic a-relaxation time scale do not jump longer
than half the mean interatomic distance. The percolation threshold is found where about 25% of the
atoms are immobile while the remaining roughly 75% exhibit large diffusive motions [24-26].

2.2. Dissipation of the 3 relaxation

Figure 3(a) shows the dissipation of the [-relaxation. Here we find no constant tand, and the chemical
composition has a notable effect on the loss magnitude. For example, most Pd-based MGs have large
tand values between 0.04 and 0.08, while La-based MGs have values below 0.04. Moreover, as shown
in figure 3(b), tand depends on the frequency (red curve). Finally, aging has a pronounced influence
on tand of the S-relaxation (figure 3(c)). The effect of thermal history on (-relaxation has previously
been investigated in various types of glassy materials [49, 50]. For instance, vapor-deposited ultrastable
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Figure 3. Dissipation of the 3-relaxation. (a) tand of Pd-MGs (red), La-MGs (yellow), Dy-MGs (green), and Y-MGs (blue) sys-
tems, all of which exhibit well-defined /3-relaxations. The right-hand panels show the distribution of the tand for each system.
(b) Loss modulus E” (blue) and tand (red) of the Las7.5Al1 NijgCoj0Agi.s MG measured at different frequencies. (c) tand curves
of LasoAlr5Nips MG after annealing at 373 K for a range of times, from the as-cast state up to 3600 hours.

toluene glass exhibits a 70% suppression of 3-relaxation, equivalent to approximately 3000 years of aging
[51]. Likewise, in phase-change materials for memory applications the -relaxation is highly tunable
(which is fortunate because it enables tailoring the rate of crystallization [52]). Thus in contrast to the
a-relaxation, the [-relaxation exhibits no universal dissipation.

2.3. Atomic motion and configuration variation

The above results raise questions about the validity of the universal double-percolation scenario in
regard to the S-relaxation. Given that the percolation threshold for mobile percolation is always found
at a constant fraction of 10%, one might expect tanéd of the S-relaxation to be universal [24, 26]. We
now proceed to show why this is not the case.

As demonstrated recently, the relaxation dissipation tand has a scaling relationship with the config-
urational variation, as characterized by the ‘inherent structural minimal displacement’ (IS Dp) [47].
Obviously, only atomic motions that change configurations will affect tand. Thus if sample-dependent
motions exist that contribute to the percolation but do not - or hardly - change the configuration,
the tand value of the [-relaxation will depend on the sample. We demonstrate that this is the case as
follows.

In figure 4 we employ a combination of MD-DMS and percolation analysis to characterize the
atomic motion within both the mobile and the immobile clusters. We find that for the §-relaxation,
substantial motions are string-like wherein one particle moves into the position vacated by its neigh-
bor in a sequential manner [53-56]. These diffusive motions contribute to the mobility percolation, but
only result in minimal configurational changes (and no changes at all if identical elements are involved).
A similar phenomenon does not apply for the a-relaxation, which in the double-percolation picture is
characterized by the percolation of immobile particles.

To validate string-like motion as the underlying cause of the reduced /3-relaxation observed as a con-
sequence of aging, we performed two simulations resulting in, respectively, a rapidly quenched sample
(fast-cooled) obtained by the cooling rate 100 Kns™! and an aged sample (slow-cooled) from the cool-
ing rate 0.1 Kns™!. The latter exhibits a lower tendency for atomic motion, as shown in figure S31. To
mimic experimental DMS measurements, both samples were subsequently reheated from 200-600 K
(figure S26). Their loss-modulus spectra as functions of temperature at the frequency corresponding to
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Figure 4. Relaxation dissipation and percolation-cluster analysis. The upper panels show the evolution of the largest cluster of
mobile atoms at different temperatures. The lower panel represents the loss spectra obtained from MD-DMS calculations. The
histogram represents the fraction of string-like atoms among mobile atoms.
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Figure 5. Double-percolation analysis and inherent-structure minimal displacement. (a) Loss spectra of AlysSms model MGs
prepared by fast (red, 100 Kns™!) and slow (blue, 0.1 Kns™!) cooling, calculated using MD-DMS. The positions of the 3-
relaxation are marked by yellow and green arrows, respectively. The mobile and immobile percolation analysis for (b) fast-cooled
and (c) slow-cooled model MGs. ‘LC’ marks the largest cluster, ‘SLC’ the second-largest cluster. The left panels of (d) and (e)
show the spatial manifestations of the labeled displacement (red) and the IS Dpin (blue) at 360 K during DMS, respectively. The
right panels present the corresponding statistical distributions. (f) tand and (g) IS Dmin/r0 as functions of temperature relative to
Ty, for fast-cooled and slow-cooled model MGs. Here, ry is a typical length scale, defined as (Volume/Number of Atoms) 5 (h)
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the probing time t,, = 10 ns are presented in figure 5(a). We see that the fast-cooled sample exhibits a

higher value of tand, consistent with experimental observations.
Figures 5(b) and (c) shows the corresponding double-percolation analysis, where the left side of each

panel shows the behavior of the mobile atoms. As the temperature approaches the S-relaxation region,
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the largest cluster (LC) rapidly expands by incorporating smaller, isolated clusters such as the second-LC
(SLC), eventually spanning the entire configuration space. For both the fast and slowly cooled samples,
[B-relaxation occurs at their respective mobility percolations. Notably, both systems exhibit a 10% perco-
lation threshold regardless of thermal history.

For the fast and slowly cooled samples, respectively, figures 5(d) and (e) compare the particle-labeled
displacement Ar; (At) = r;(At) —r;(0) and the configuration displacement r.;(At) = r; (At) — Xr;(0),
respectively. Here the X is the permutation matrix (details on its definition and computations are given
in the supporting information). The configuration displacement is defined without considering atomic
labels [42], focusing solely on how atomic positions in space are occupied. The global parameter IS Duin
is defined as [47]:

) NN 1/2
IS Dyyin (£) = NminZCij(t)Xij(t) : (1)
ij

In equation (1), Cj;(t) = [F,-'(H— f) — r_]-'(to)]2 is the so-called cost matrix in which 7; is the position of
the i—th atom and N is the number of atoms; X is a N X N boolean matrix, where X[i,j] =1 if row i is
assigned to column j for the minimization of equation (1) and otherwise X[i,7] = 0. This metric charac-
terizes structural rearrangements by tracking the spatial occupancy of atoms rather than their individual
identities, emphasizing the collective spatial redistribution of atomic configurations.

Clearly, some displacements in figure 5(d) do not result in a configuration change, as illustrated by
the two dashed ring regions in figure 5(e). Figures 5(f) and (g) show tand and IS Dy, respectively. We
find that the slow-cooled MG model exhibits smaller IS Dy, and tand, and a larger fraction of string-
like motion (figures S27(c)). This is consistent with the arguments that only motions that change the
configuration affect tand. Figure 5(h) shows that within the numerical uncertainty the IS Dy, and
tand follow the same relation for the two models. Furthermore, the same analysis holds also for other
glass models, including AlggSmg, CusoZrsg, NigsNbss, and NiggP, as documented in Supplementary
figures S27-S30.

Our physical picture of the J-relaxation is that the majority of atoms remain immobile and only
~ 10% of them jump distances exceeding the interatomic spacing. These motions are collective in
nature, with a subset displaying string-like behavior involving sequential position replacement. The
string-like motions are inefficient at inducing configurational changes, which explains the low-loss char-
acter observed by DMS. This mechanism underscores the role of collective atomic rearrangements in
mediating relaxation processes without substantial energy dissipation: Only atomic motions that change
configurations result in dissipation.

Unlike the S-relaxation, where collective motions are largely configurationally inefficient, the a-
relaxation is dominated by configurationally effective atomic rearrangements, resulting in the breaking
of the percolating structure of immoble atoms. The extensive atomic mobility and the resulting large
structural changes directly account for the strongly dissipative nature of the «-relaxation and its constant
damping factor as shown in figures 2(a)—(c).

3. Discussion

We have shown that the a-relaxation in glasses exhibits a universal damping factor tand of 0.6 £ 0.05,
independent of material composition, probing frequencies, and thermal history. This finding aligns
with the double-percolation scenario in which the a-relaxation arises from the percolation of immo-
bile atomic clusters involving about 25% of the atoms [25, 26], compare the right side of figures 5(b)
and (c), while the remaining 75% atoms all contribute to relaxation dissipations. In contrast to the /-
relaxation, the magnitude of the a-relaxation is virtually independent of the conditions of sample prepa-
ration. This is because the system is liquid above the a-relaxation, a phase that is fully characterized by
pressure and temperature.

The [-relaxation dissipation, on the other hand, depends on external factors. Yet this variability can
also be rationalized by the double-percolation scenario [57]. Here, a subset of diffusive atomic motions
shows string-like behavior, contributing to mobility percolation without inducing significant configura-
tional changes. This explains the non-constant tand of the -relaxation [54, 58, 59]. As a consequence,
the reduction of 3-relaxation dissipation observed in annealed compared to vapor-deposited ultrastable
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glasses stems not only from reduced atomic mobility, but also from an enhancement of low-loss motions
[49-51].

Furthermore, [S-relaxation shares an identical physical origin with the recently identified subdiffusive
motion, particle jumps, collective small displacements and nanomechanical heterogeneities—all arising
from percolating configurations preserving collective small-displacement motions [34—37]. These collec-
tive small-displacement motions bear resemblance to the liquid-like dissipative clusters [31], which pro-
vide the microscopic basis for the 8’ relaxation (also termed fast /3, -y, or nearly constant loss), a process
widely regarded as a precursor of the 3 relaxation.

Recent studies have established a close connection between [-relaxation and plastic units, as evi-
denced by their similar activation energies, the shared temperature—frequency dependence, the ductile-
brittle transition, as well as the correlation between stronger [-relaxation and enhanced plasticity [54,
60, 61]. Moreover, yielding and shear-band formation have been associated with the percolation of such
plastic units [28]. From this perspective, our double-percolation framework provides microscopic insight
into how localized relaxation dynamics develop into macroscopic plastic deformation.

Our findings demonstrate that while the a- and [J-relaxations are always associated with percolation
of immobile and mobile clusters, respectively, the §-relaxation strength is governed by the extent of con-
figurational changes during these processes. This finding bridges theoretical predictions with experimen-
tal observations, offering a unified perspective on relaxation mechanisms in glass-forming systems. The
double-percolation framework may be less applicable to polymer, ionic, and molecular glasses, however,
in which complex interactions affect percolation and energy dissipation (figure S32), warranting further
study.

4. Methods

4.1. Sample preparation

The initial master alloy ingots were prepared by induction melting of elements of purity > 99.95 at%
in a Ti-gettered argon atmosphere in an arc-melting furnace. To ensure chemical compositional
homogeneity, all ingots were re-melted at least six times. MG samples, in the form of ribbons approx-
imately 20 pym thick and 1.5 mm wide, were prepared by re-melting part of the initial alloy ingot using
induction melting heating of the melts and then injecting them onto the surface of a cold copper roller
with the speed of 40-60 m s™! in a high-purity argon atmosphere. Cylindrical samples with diameter
2 mm and length 10 mm were fabricated through suction casting onto a chilled copper mold. The as-
prepared amorphous sample was sealed into a quartz tube filled with nitrogen gas to prevent oxidation
during heat treatment at different temperatures.

4.2. Dynamical mechanical spectroscopy

Dynamic mechanical experiments were conducted using a dynamic mechanical analyzer (DMA, TA Q-
800) with temperature control provided by liquid nitrogen and a nitrogen atmosphere for protection. If
the (frequency-dependent) complex Young’s modulus E is given by E=E’ +iE” in which E’ is the stor-
age modulus and E” the loss modulus, the loss factor is given by tand = E”/E’. The measurements were
performed under tension film mode (samples 78-83, 211-217 and 286 were monitored under single can-
tilever mode), with a temperature ramping rate of 3 K min~! at different driving frequencies (1, 2, 4, 8,
and 16 Hz).

4.3. Molecular dynamics simulations

The initial AlysSms model was first fully melted at 2000 K. To stabilize the liquid structure, the system
was then equilibrated isothermally at 900 K for more than 1000 ns. Next, the liquid was cooled to 200 K
at two different rates, 100 Kns~! and 0.1 Kns™!, producing fast-cooled and slow-cooled glasses. Finally,
both samples were reheated from 200-600 K with heating rate 1 Kns™! to generate representative struc-
tures for the DMS simulations.

To numerically replicate the procedure of DMS experiments, a sinusoidal, volume-conserving strain
was applied to the simulation box. Specifically, a strain of the form £(¢) = ¢ sin(wt) was imposed at
designated time intervals, with the strain amplitude oriented along the xy direction. The induced stress
response, o (t), was fitted using o (t) = ogsin(wt+ d). The complex Shear modulus G = G’ +iG"” were
extracted from the relations G'(w) = (00/&¢) cosd and G”(w) = (00/&¢) sind, respectively. To ensure
that the material response remained within the linear viscoelastic regime, the deformation amplitude was
limited to 1.4%. A time step of 10 fs was chosen to balance numerical stability with computational effi-
ciency. The reported DMS results were obtained by averaging over at least five independent DMS runs.
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4.4. Percolation analysis
All particles are classified as either mobile or immobile according to the magnitude of their displacement
u during one MD DMS cycle. The critical displacement threshold . is determined from the van Hove
function, p(u) = [P(u+ Au) — P(u)]/Au, where P(u) is the cumulative probability of finding a particle
with displacement less than or equal to u, normalized such that [ p(u)du = P(co) = 1: the value u, is
defined by the first minimum of p(u). Particles with u > u, are classified as mobile, while particles with
u < u, by definition are immobile (on the time scale in question, 1/w).

Subsequently, clusters are identified within each of the two classes of mobile and immobile particles,
respectively. Two particles are considered part of the same cluster if they belong to the same class and
their separation is less than r, defined as the first minimum of the all-particle radial distribution func-

tion g(r).
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