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Mobility percolation as a source of Johari-Goldstein relaxation in glasses
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The Johari-Goldstein secondary (β) relaxations are intrinsic features of supercooled liquids and glasses,
and they play a crucial role in several properties of glassy materials. However, their structural origin remains
elusive. Prevailing theories consider them as localized activation or “islands of mobility.” In this study, we utilize
atomistic simulations and percolation analysis to demonstrate that the mobile clusters are actually percolated
at the occurrence of β relaxation, in seven different glassy systems. The percolation transition shows the same
temperature and time dependence with β relaxation. Percolation emerges universally when about 10% of the
atoms are mobile, and the dimension of the system-spanning cluster is approximately 2. Our findings add an
essential piece to the full picture for the understanding of β relaxation in glasses.
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I. INTRODUCTION

Disordered systems such as glasses and supercooled
liquids exhibit a wealth of dynamic processes, known as relax-
ations [1–7]. They have a significant impact on the mechanical
and functional properties of glassy materials [8–12]. They
have also been used as probes to interrogate the structure-
property relation in disordered systems [13–21]. It is crucial to
comprehend how structural rearrangements govern the relax-
ation processes in order to reveal the nature of glass and de-
sign amorphous materials with enhanced properties [22–26].

One particular relaxation, known as the Johari-Goldstein
(or secondary or β) relaxation, has garnered significant atten-
tion in recent decades [27–33]. It has been observed in a wide
range of glassy materials including molecular, oligomeric,
polymeric, ionic, metallic, and chalcogenide glasses, among
others [20,34–38]. It is usually the dominant relaxation in
glass states. Moreover, it has been discovered that several
properties of glasses are correlated with β relaxations. For
instance, the mechanical properties of metallic and polymeric
glasses [39–41], the crystallization speed of phase-change
materials [42], and the stability of glassy medicines [43] have
all been found to be correlated with β relaxations.

Meanwhile, accumulating evidence indicates the important
role of β relaxation from the glass theory perspective. Several
studies have shown that the kinetics of liquid-glass transition
are not solely driven by the primary structural relaxation, as
conventionally believed. Instead, the β relaxation must also
have a role in decreasing the activation energy barrier and
aiding atomic dynamics in order to facilitate the transition
kinetics [44–47].

Despite its technological relevance and theoretical
significance, the structural rearrangements governing the
β relaxations are still not clearly established. Therefore, the
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correlations between different properties and β relaxation
remain unclear. At present, most of the prevailing models
consider that the β relaxation is due to localized events.
For example, Johari proposed a picture of the “islands of
mobility” where the glass structure is relatively loose and
molecules move fast [48,49]. In a recent entropy analysis,
he pointed out that the β relaxation likely occurs in local
equilibrium regions in a glass structure [50].

Harmon et al. suggested that the β relaxation corresponds
to the activation of isolated shear transformations, which are
confined within the elastic matrix [51]. Liu et al. suggested
that the β relaxation originates local cooperative bonding
switch between the two nearest neighboring large solvent
atoms [19]. Wang et al. reported that the β relaxation in two
La-based metallic glasses mainly depends on the vibration
of small Ni and Cu atoms in local cages [52]. On the other
hand, from a potential energy landscape perspective, the β

transitions have also been considered as the stochastically
activated hopping events across “sub-basins” confined within
the inherent “mega-basins” [15,53].

In this work, we critically examine whether or not the mo-
tions of mobile clusters are localized at β relaxation. This is of
key importance for revealing the origin of the β relaxation in
glassy materials. We illustrate in seven different glass systems
(Al90Sm10, Al85Sm15, Ni80P20, Cu50Zr50, Cu65Zr35, Pd80Si20,
and SiO2) that the mobile clusters are actually percolated at
the occurrence of β relaxation.

The percolation transitions could serve as a microscopic
signature for the β relaxation as they show the same tem-
perature and time dependence. Our results also suggest that
the early or late percolation of mobile clusters has a direct
consequence on behaviors of β relaxation and excess wing.

II. RESULTS

As the first typical example, shown in Fig. 1(a), we
investigate the complex relaxation dynamics of the Al90Sm10

2469-9950/2023/108(1)/014201(8) 014201-1 ©2023 American Physical Society

https://orcid.org/0000-0002-4344-2920
https://orcid.org/0000-0003-0645-0187
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.014201&domain=pdf&date_stamp=2023-07-06
https://doi.org/10.1103/PhysRevB.108.014201


LIANG GAO, YANG SUN, AND HAI-BIN YU PHYSICAL REVIEW B 108, 014201 (2023)

FIG. 1. Relaxation and percolation of Al90Sm10 model glass.
(a) Loss modulus (E") of the Al90Sm10 model system with an oscil-
lation period tω = 1000 ns. (b) Fraction of number of atoms for the
first-largest (FLC, blue) and second-largest (SLC, yellow) clusters
as a function of temperature. (c) The size S (number of atoms for a
cluster) of top 20 clusters at T= 280, 340, and 360 K, labeled I, II,
and III, respectively. The insets are the top five clusters.

model metallic glass (MG) by molecular dynamic simula-
tions of dynamic mechanical spectroscopy (MD-DMS; Fig.
S1 and method in Supplemental Material [54], which contains
Refs. [55–66]), which implements the experimental DMS pro-
tocols in MD simulations [62,67].

The loss modulus (E′′) as a function of temperature exhibits
three distinct peaks which are due to the α, α2, and β relax-
ations, respectively. Previous studies have clarified that the α2

relaxation corresponds to the decoupled most probable mo-
tions of Al and Sm atoms, while the β relaxation is correlated
with the stringlike cooperative atomic relaxation [20].

Following the method of Ghosh and co-workers [68], we
calculate the fraction of the first-largest cluster (FLC) and
the second-largest cluster (SLC) as a function of temperature.
Here, the mobile atoms are defined as those with atomic
displacements larger than 1.8 Å, corresponding to the first
minimum of the displacement distribution function p(u). Mo-
bile atoms with spatial distance less than 4 Å are considered
as in the same cluster. This threshold value is based on
the first minimum of the radial distribution function g(r).
The mobile and cluster cutoff values for all glassy systems
are presented in Fig. S2 and Table S1 of the Supplemental
Material [54]. The time period used for the mobile cluster
analysis is the same as the oscillation period in the MD-DMS
simulation.

Figure 1(b) shows that FLC and SLC exhibit different evo-
lution as the temperature increases. While they both increase
initially with temperature, the FLC takes over at TSLC = 340 K
and saturates at a temperature above Tα = 635 K. The SLC
stops growing and decays at TSLC = 340 K, and vanishes at

T= 500 K. This implies that the FLC starts to dominate the
system at the expense of SLC and other clusters, which is a
signature of the percolation of the FLC.

Comparing Figs. 1(a) and 1(b), one can see that the perco-
lation of the FLC occurs at nearly the same temperature as the
β relaxation peak. To understand the evolution of the FLC, we
plot the size of the top 20 clusters at T = 280, 340, and 360 K
in Fig. 1(c), corresponding to the labels I, II, and III in the
MD-DMS curve in Fig. 1(a), respectively.

From I to II, with increasing temperature, these clusters
grow in size, and new clusters appear in the configuration
space. From II to III, the growth of FLC starts to be ac-
companied by the reduction of populations in other clusters.
This indicates that FLC achieves growth by merging adjacent
clusters, which is shown in the insets of Fig. 1(c). Eventually,
FLC occupies the entire space. This process is a manifestation
of the percolation of FLC. In addition, we demonstrate the
similar cluster evolution in other MG systems, as depicted in
Fig. S3 [54].

We further examine the correlation between the FLC
percolation and β relaxation in other models of MGs at
different observation times tω. In Fig. 2, we plot the evolution
of loss modulus and cluster fractions for three MG systems
at different oscillation periods tω, Al90Sm10 (the left column),
Ni80P20 (the middle column), and Cu50Zr50 (the right column)
model MGs.

These three MG systems represent typical behaviors of
β relaxation. Al90Sm10 exhibits a separated peak; Ni80P20

exhibits β relaxation as pronounced humps due to partial
overlap with the α relaxation. In Cu50Zr50, the β relaxation
is not obvious, but there is still an excess contribution to the
low-temperature side of the α relaxation, which is known as
the excess wing.

We find that these MG systems all exhibit the same correla-
tion as that in Fig. 1. In the case of the Al90Sm10 and Ni80P20

models, the β relaxation peak and percolation of the FLC shift
towards higher temperatures as tω decreases, indicating that
these are dynamic processes. Both the β relaxation peak and
percolation of the FLC depend on the temperature and the
observation time. Generally, higher temperature corresponds
to shorter relaxation time.

Even in the Cu50Zr50 system where excess wings make
the determination of β relaxation less precise compared to
Al90Sm10 or Ni80P20, we can still identify that the percola-
tion of FLC happens in the same temperature range where
deviations of E′′ from the tails of α relaxation are noticeable.
These systems with other oscillation periods are shown in
Figs. S4–S6 [54]. Similar observations have also been found
in Al85Sm15, Pd80Si20, Cu65Zr35, and SiO2 glassy systems, as
shown in Figs. S7–S9.

We evaluated the radius of gyration Rg =√
1/2[

∑
i j (ri − r j )2/S2] [69] as a function of the size

of mobile cluster S for glassy models with different
compositions, oscillation periods tω, and temperature, before
and near the percolation transition. As shown in Figs. 3(a)
and 3(b), these data can be collapsed on a single master
curve and be fitted by a scaling relation Rg ∝ S1/d f , with the
dimension d f ≈ 2. This universal scaling indicates that the
mobile clusters are fractal, fluffy, and not compact, which
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FIG. 2. Relaxation processes and percolation at different oscillation periods. (a)–(c) Al90Sm10; (d)–(f) Ni80P20; (g)–(i) Cu50Zr50. The β

relaxation, when separable from the α relaxation, is indicated by the yellow shaded region in each plot.

is consistent with the observation of stringlike motions, as
examples shown in the insets in Fig. 1(c).

To investigate the growth mechanism of clusters with
temperature, we compute the correlation length ξ =√

2
∑

i R2
giS

2
i /

∑
i S2

i and relative size fraction SFLC/Nmobile

cluster [69]. Here, SFLC is the size of the FLC, Nmobile is the
number of mobile atoms, and Rgi is the radius of gyration for
cluster size Si.

Typically, as shown for an Al90Sm10 system in Fig. 3(c),
correlation length ξ increases with the fraction P of mo-
bile atoms and reaches a maximum near a critical fraction
Pc = 0.1. Here, this maximum ξ ∼72 Å at Pc is limited by
the simulation box, and we have validated this in a large
model in Fig. S10(f). In a thermodynamic limit (V → ∞),
it will diverge without a typical size. In addition, a power law
relation ξ ∼ (Pc − P)−v can be seen in the inset of Fig. 3(c)
with ν= 0.89 when P is near Pc, reinforcing the critical-like
behavior for percolation [69,70].

As shown in Fig. 3(d), SFLC/Nmobile increases monoton-
ically with the fraction P of mobile atoms to total atoms.
This indicates that the size of the FLC increases with other
mobile clusters, and the mobile clusters are easily attached
into the FLC. A sigmoidal-like rapid growth of SFLC/Nmobile

can be observed around Pc∼0.1, which is consistent with the

percolation. Figure S11 presents validation of this finding in
other systems.

Hence, as shown in the inset of Fig. 3(d), the percolation
occurs when about Pc ∼10% of the atoms are mobile. We have
reproduced this finding in other systems in Figs. S10 and S12.
This value seems to be universal across different models of
MGs.

In Fig. 4(a), we compared the temperature at
SFLC/Nmobile = 0.5 (T0.5) and TSLC for five systems with
different oscillation periods. These data are collapsed onto
a single line. It indicates that SFLC/Nmobile = 0.5 is a status
where other clusters are taken over (or merged) by the FLC
rapidly. In addition, as shown in Fig. 4(b), we observed the
percolation transition (TPc) of mobile clusters overlapped with
β relaxation (Tβ) in MG systems. This result indicates that
β relaxation and the percolation of mobile clusters exhibit
similar dynamics in terms of structural rearrangement.

III. DISCUSSION

We summarize in Fig. 5 for the temperature and time de-
pendence of α, β relaxations and the percolation transition.
The data for the percolation transition and the β relaxation
are almost overlapped, and both gradually approach the α re-
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FIG. 3. Fractal structure and percolation of clusters. The radius of gyration Rg with size S of clusters for (a) Al90Sm10 glassy model with
different oscillation periods tω and temperature; (b) Al90Sm10, Al85Sm15, Ni80P20, Cu50Zr50, and Pd80Si20 model MGs with an oscillation
period tω = 100 ns, at T = TSLC. (c) Cluster correlation length ξ as a function of fraction P for Al90Sm10 models with different oscillation
periods. The inset is ξ∼(Pc−P)−v with ν= 0.89. (d) Relative size fraction of atoms in FLC to the number of mobile atoms (SFLC/Nmobile) as a
function of fraction P of mobile atoms to total atoms (Nmobile/Ntotal) for Al90Sm10 models with different oscillation periods. The inset show the
probability of finding a percolated (span) cluster.

laxation with increasing temperature. Eventually, they would
merge with the α relaxation at the temperature. This implies
that the observed percolation transition of mobile clusters is
relevant to the origin of β relaxation in glasses.

Remarkably, Fig. 5 provides an answer to the long-standing
question: Why do some glasses exhibit β relaxation as a
pronounced peak [e.g., Al90Sm10 in Fig. 5(a)], a shoulder,
or hump [Ni80P20 in Fig. 5(b)], while others as excess wings
[e.g., Cu50Zr50 in Fig. 5(c)]?

Our results indicate that the early or late percolation of
mobile clusters could be responsible for the behavior of β

relaxation, either as a separated peak or excess wings. For ex-
ample, the percolation of the FLC occurs at a low temperature
in the Al90Sm10 MG (which is far away from the α relaxation),
resulting in the β relaxation as a separate peak, whereas in the
Cu50Zr50 MG, the percolation is very close to the α relaxation,
and hence the excess wing forms with a large overlap to the
α relaxation. In addition, as shown in Fig. S9(b), we have
validated this scenario in a SiO2 model; its percolation of the
FLC is near the α relaxation. This implies that the β relaxation
in SiO2, if it exists, is coupled strongly with the α relaxation.

As the chemical compositions are crucial for the β re-
laxation [71–74]. Our work considers seven species of glass
materials, which differ significantly in their chemical order.
For example, when clusters percolated (P = Pc), approxi-
mately 0.1% of the atoms involved in clusters were Sm for
Al90Sm10 glasses, while around 23.3% of the atoms involved
in clusters were Zr for Cu50Zr50 glasses. This difference

suggests that at the present level of understanding based on
percolation, the chemical orders are already “coarse grained.”
The chemical orders might have influence on the temperature
of the percolation like in Fig. 5.

In a few studies, the β relaxation in MGs has been in-
terpreted as resulting from the stringlike jumps of mobile
atoms [22,24,28]. The excess wings are thought to be the
less developed β relaxations, as atoms begin to break free
from the cage relatively late, and are thus unable to de-
velop the stringlike motions due to structural relaxation that
occurs soon after, leading to cage collapse and global diffu-
sion. This scenario is consistent with our findings based on
percolation.

The interpretation based on percolation is more general
than that of stringlike jumps [75]. Particularly in MGs, the
stringlike motions can be considered as the basic events of β

relaxation. They represent the detailed motion of these mobile
atoms. The percolation of them leads to the microscopically
detectable β relaxation, e.g., by mechanical spectra. For other
types of glasses, the basic events might be different from
stringlike motions (e.g., molecular rotation) [49]. The correla-
tion between the β relaxation and percolation transition would
still hold, where one might need to redefine the basic events
or mobile clusters.

The percolation also offers a way for the correlation
between mechanical properties and the β relaxation in
MGs. For example, the percolated mobile clusters can be
effective in dissipating the mechanical energy, leading to plas-
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FIG. 4. Relation between percolation and β relaxation. (a) Com-
parison of the temperature at Smax/Nmobile = 0.5 (T0.5) and the critical
temperature TSLC for five systems with different oscillation periods
tω. (b) Comparison of the temperature at Pc (TPc) and β relaxation
temperature (Tβ ) shown in the patterns of DMS for all systems. In
both (a) and (b) k is the slope of the linear fit (thin line).

tic deformation, stress relaxation, and slow hidden flow. In a
stress-relaxation experiment [76], Wang et al. modeled the
MG into the liquidlike zones and the elastic matrix. They
calculated the fraction of a liquidlike zone at the onset of
β relaxation, which is about pLiq ∼0.08 for a La60Ni15Al25

MG. This value is consistent with our results that Pc ∼0.1
universally.

Finally, we note that our percolation scenario is consistent
with the predictions of the random first order transition the-
ory. Stevenson and Wolynes [77] explored this theory, taking
into account driving-force fluctuations and the diversity of
reconfiguring shapes, and discovered an additional dynamical
process that shares features of β relaxation. This process
is governed by more ramified, stringlike, or percolationlike
clusters of particles. Our simulation results align with this
theoretical prediction and suggest that their theory is relevant
to relaxation in realistic models.

IV. CONCLUSION

In summary, we have shown that mobility percolation tran-
sition follows the same dynamics of β relaxation in seven
models of metallic glasses. The percolation transition uni-
versally occurs when the mobile atoms take up ∼10%, and
the system spanning clusters are factual. The early or late
percolation of mobile clusters has a direct consequence on
behaviors of β relaxation, only if the percolation is far apart
from α relaxation the β relaxation exhibits a clear peak. The
excess wing is due to that the percolation occurs near the α

relaxation. These results have been validated in seven model
glasses. Looking forward, the concept of percolation provides
a general mechanism for understanding the β relaxation in
diverse disordered systems in a unified manner.

FIG. 5. Relaxation time map. The temperate-dependent relaxation time of α, β relaxations and the time of percolation of FLC for
(a) Al90Sm10, (b) Ni80P20, and (c) Cu50Zr50 models.
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