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A B S T R A C T

Plastic deformation and relaxation dynamics are two major topics in glass physics. Secondary (𝛽) relaxation
has been assumed to be a relevant plastic mechanism in amorphous solids, e.g., metallic glasses (MGs), at the
macroscopic scale. However, due to the constraints of the time scale of traditional computer simulation, it is
still an open question whether the correlation can be justified at the atomic level, or is it just a correlation
in a mean-field sense? In this work, molecular dynamics simulations augmented with metadynamics are
conducted to study the basic atomic rearrangement mechanism up to experimentally relevant timescales (up
to milliseconds). We show that in a unique Al90Sm10 MG with pronounced 𝛽 relaxation, the atoms initiating
the plastic deformation are exactly the ones apt to develop string-like cooperative motions, as expected from
the perspective of 𝛽 relaxation. For a Y65Cu35 MG without obvious 𝛽 relaxation, string-like motions are rarely
observed in the deformation of participating atoms, although their atomic displacements are also aligned in a
correlative manner. Therefore, our laboratory long-time-scale observation enables the in situ construction of
a fundamental link among the versatile concepts of shear transformation, 𝛽 relaxation, and string-like motion
in amorphous materials.
1. Introduction

Metallic glass (MG), also known as amorphous alloys [1–11], is of
current interest and significance in condensed matter physics, materials
science and engineering because of its unique structural features [12–
18] and outstanding mechanical and functional properties. One of the
enduring attractions of MGs is their interesting (and impressive) suite
of mechanical properties [19–29]. However, the lack of macroscopic
plastic deformation capacity at room temperature leaves MGs prone
to catastrophic failure in load-bearing conditions, which becomes the
Achilles’ heel of MGs and hence restricts their possible widespread
applications. Therefore, the plastic deformation of metallic glass below
the glass transition temperature 𝑇𝑔 has become a long-standing issue. It
is well-known that the plastic deformation in the crystalline materials is
accommodated by the motion of crystalline defects such as dislocations.
In contrast, in MGs the plastic deformation is not allowed to be accom-
modated by dynamics of imperfections in crystalline materials [30–33].
The most widely accepted plastic rheological model in MGs is the shear
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transformations (STs) concept [21,34–37]. Microscopically, the inelas-
tic deformation of MGs is caused by the irreversible rearrangement of
atoms in the ST regions. The formations and self-organizations of STs
that induces the macroscopic shear bands in MGs [38]. The ST was orig-
inally defined in the deformation process by Argon [34], but it is now
generally accepted that the ST is also closely related to the structure.
Meanwhile, when the microscopic mechanism of structural excitation
is not clear, this process is temporarily called ST (an event), which may
include many deformation modes including string-like motions.

Meanwhile, it has long been recognized that the deformation behav-
iors of MGs are deeply rooted in their disordered structural features and
the relaxation spectrum [39–50]. The localized flow event in MGs can
be modeled as a thermally activated hopping between the neighboring
inherent states after surmounting energy barrier in the potential energy
landscape (PEL) [51,52]. In this framework, the key parameter of
thermal activation is the energy barrier or activation energy. Based
on the PEL theory, Johnson and Samwer proposed a cooperative shear
model (CSM) to understand the deformation mechanism in MGs [53].
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Fig. 1. (Color online) Schematic diagram of metallic glass iso configuration ensemble simulation.
It is suggested that the isolated flow units confined within the elastic
matrix are associated with the 𝛽 relaxation. Previous studies found
direct experimental evidence that the activation energy of STs and 𝛽
relaxation are nearly equivalent [41]. The results demonstrated that the
plastic deformation and the 𝛽 relaxation are directly correlated in MGs.
However, the perceived relationships between these concepts are based
on the correlation of the macroscopic experimental phenomena that
are usually of mean-field sense, and no direct evidence is given so far
with sufficient atomistic details. Moreover, some parameters, such as
Poisson’s ratio [20,54,55], free volume [56], 𝛽′ relaxation [47], boson
peak [44,45] and potential energy [57,58], are also correlated with
mechanical properties of MGs. Despite these advances, a fundamental
question remains open: what is the structural argument for the cor-
relation between mechanical properties and various physics-informed
parameters? To clarify this problem, it would be desirable to find some
entity that matters deformation at atomic level. Can the 𝛽 relaxation
take up this challenging role?

To understand the nature of correlation between the 𝛽 relaxation
and plastic deformation, it is important to determine the specific atomic
rearrangements in the 𝛽 relaxation process. As early as the 1970s, 𝛽
relaxation was known in polymer glass and considered to originate
from the rotation of side chains and functional groups in polymer.
Nevertheless, Johari and Goldstein discovered that 𝛽 relaxation also
exists in some rigid molecules without side chains or functional groups,
indicating that some 𝛽 relaxation must involve in the movement of
the whole molecule rather than the degree of freedom within the
molecule [59]. Recently, studies [60] have found that 𝛽 relaxation in
MGs originates from the string-like cooperative motions by classical
molecular dynamics (MD) simulations at time scales of up to microsec-
onds, which provides insights into the long-standing puzzle regarding
the structural origin of 𝛽 relaxations in metallic glasses. At the same
time, for the string-like motion, it was found that thermal activation of
string-like motion is present in both under-cooled liquids [61–63] and
amorphous solids [64–69]. This string-like motion was also revealed
by Rodney and Derlet et al. using the potential energy landscape
exploration methods and their corresponding fluctuation time scale was
estimated [40,70–72]. It is noteworthy that the athermally stress-driven
STs arise from inflections in the PEL and that the core structure of
such STs is more localized than the thermally-activated local structural
excitations corresponding to the string-like motions [69].

To uncover the correlation between the 𝛽 relaxation and plastic
deformation, we seek to identify the elementary processes of specific ST
2

atomic clusters through atomistic simulations. The well-known bottle-
neck is that the temporal scale relevant to 𝛽 relaxation and deformation
at relatively low temperature is far beyond the reach of classical
MD [73,74]. Here, we implement a metadynamics formulation that al-
lows transition-state trajectories to be generated on appreciably longer
timescales on the order of fractions of seconds [75]. Similar methods
have been established and utilized to overcome the timescale limitation
in simulating the structural relaxation, viscosity, crystallization, shear
and creep deformation of disorder materials [40,70,76–80].

In this work, we used the so-called iso configuration ensemble to
obtain the probability 𝑤 of an atom participating in the ST. Then
we conducted enhanced sampling of a local structural excitation with
different 𝑤 values in Al90Sm10 and Y65Cu35 MGs via well-tempered
metadynamics (WT-MetaD) simulations [81–86] at the experimentally
relevant temperature range (𝑇 = 300, 440 K) and the corresponding
timescale, which is usually a forbidden regime for classical MD. We
find that in Al90Sm10 MGs with obvious 𝛽 relaxation, the atoms partic-
ipating in plastic deformation are also those involved in the string-like
coordinated motion, as predicted from 𝛽 relaxation. For Y65Cu35 MG
without obvious 𝛽 relaxation, the plastic atoms do not form chain trans-
port. These atoms might tend to form string-like motion in essence, but
they are frozen by the surrounding immobile atoms. In summary, we
used a combination of our three simulation methods of iso configura-
tion ensemble, molecular dynamics dynamical mechanical spectroscopy
(MD-DMS), and well-tempered metadynamics (WT-MetaD) to simulate
each of the three deformation mechanisms, resulting in direct evidence
with atomic fidelity of the correlation among 𝛽 relaxation, string-
like motions, and ST. We have not only demonstrated a fundamental
link between the 𝛽 relaxation, string-like motion and ST, but more
importantly, the atomic mechanisms underlying the correlation are
elucidated in a unified framework by means of different simulations
protocols.

2. Methods

In this work, we combine a set of atomistic simulation and modeling
techniques to reveal possible correlation between versatile concepts
associated with the basic motion mechanisms of metallic glasses, which
include the standard molecular dynamics to prepare glass samples,
the MD-DMS (up to microseconds) to estimate the timescale of the 𝛽
relaxation, the iso-configuration ensemble simulation to extract STs,
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as well as the well-tempered metadynamics to assess the timescale of
string-like motions relevant to experimental conditions. The combined
simulations could shed light on establishing fundamental links between
different structural excitation mechanisms.

2.1. Standard molecular dynamics

While all the simulations and modeling are performed by using the
LAMMPS code [87–90], the details of MD simulations are explained
below as a starting point for all the other simulation protocols. For the
purpose of direct comparison, two distinct model glass systems, namely,
Y65Cu35 and Al90Sm10, were selected and studied due to their different
eatures of relaxation. They interact with an embedded-atom method
otential constructed by Wang et al. [91], and a Finnis–Sinclair poten-
ial by Mendelev et al. [92], respectively. These empirical potentials
eproduce experimental results of relaxation features. The two glass
odels, containing 32 000 atoms, were obtained by continuous cooling

rom their equilibrium liquid state with a constant cooling rate of 108
/s in the 𝑁𝑃𝑇 ensemble (that is, constant number of atoms, pressure,
nd temperature). Such cooling rate is extremely slow in the framework
f standard molecular dynamics. The external pressure was adjusted
o fluctuate around zero during the quenching process by Parrinello–
ahman barostat. Periodic boundary conditions were applied in all the

hree directions. The classical MD time step 𝛥𝑡 = 2 femtosecond. The
hange of potential energy during the cooling process is shown in Fig.
1 of the Supplemental Information (SI), which indicate noteworthy
lass transition in both of the Y65Cu35 and Al90Sm10 metallic glasses.

2.2. Dynamical mechanical spectroscopy via MD

The dynamics of both the secondary 𝛽 and primary 𝛼 relaxations can
be studied by an approach of MD-DMS simulations [60,93] that numer-
ically reproduce the protocols of real DMS experiments. Specifically, at
a temperature 𝑇 , we applied a sinusoidal strain 𝜀 (𝑡) = 𝜀𝐴 sin

(

2𝜋𝑡∕𝑡𝜔
)

varying with time, with a period 𝑡𝜔 (related to frequency 𝑓 = 1∕𝑡𝜔)
nd a strain amplitude 𝜀𝐴 along the 𝑥 direction of the model MG.
ince the metallic glasses are of viscoelastic nature, there is phase
ifference 𝛥 between the stress and strain. In this context, the resulting
ime-dependent stress 𝜎 (𝑡) is measured and fitted with an empirical
orm 𝜎 (𝑡) = 𝜎0 + 𝜀𝐴 sin

(

2𝜋𝑡∕𝑡𝜔 + 𝛥
)

. One example of the MD-DMS
imulations is further demonstrated in Fig. S2 of SI. From a generalized
ooke’s law, the loss modulus 𝐸′′ is calculated according to 𝐸′′ =
𝐴∕𝜀𝐴 cos (𝛥). Here we used a strain amplitude of 𝜀𝐴 = 0.6% in all
he MD-DMS simulations, which ensures that the deformation is in
he elastic regime and structural evolution of the glass is neglected.
n the MD-DMS simulations, 𝑁𝑉 𝑇 ensemble (that is, constant number
f atoms, volume, and temperature) is applied. The cyclic strain–stress
urves are obtained after tensile deformation. Specifically, at a given
emperature like 𝑇 = 300 K, a time-dependent tensile strain 𝜀 (𝑡) = �̇� ⋅ 𝑡
ith a constant strain rate (�̇� = 108 s−1) is applied along 𝑥 direction.
he resulting stress 𝜎𝑥 was recorded for the later analysis.

.3. Iso-configuration ensemble simulations

The atoms which have participated in the shear transformations
STs) are recognized by the framework of the iso-configuration en-
emble simulations. The ST events are not only related to the glassy
tructure but also have the randomness caused by thermal fluctuation.
ven if being simulated from the same atomic structure, STs may take
lace at different atomic environment since the initial momentum is
andom guided by the Maxwell–Boltzmann distribution in a canonical
nsemble. To get more accurate information about the STs in these
wo different systems, statistical analysis on activation probability is re-
uired. For the statistical purpose, we introduce the iso-configurational
nsemble simulation proposed by Harrowell et al. [94,95], which con-
ists of hundreds of independent simulation runs over a fixed time
3

uration. All the MD simulations start from the same configuration but
ith different initial condition (by assigning velocity randomly). This

trategy allows to recognize the statistically meaningful STs compared
ith the usual loading protocol of the athermal quasi-static shear. The

ormer method definitely contains more statistical information about
T than the latter which is more stress tensor specific and might miss
ome thermal activation component.

The details of the iso-configuration ensemble simulations are shown
chematically in Fig. 1. Firstly, the initial configurations of glass sam-
les at different temperatures are obtained by continuous cooling from
iquid. At a specific temperature, hundreds of independent MD tensile
ests are performed on the same glass configuration with equivalent
nitial conditions (but with velocity randomness). In all these tests, all
he parameters for simulations are set identical except the initial veloc-
ties by Boltzmann–Maxwell distribution. After each iso-configuration
nsemble simulation, we judge these atoms which have participated in
he ST events if they experience the nonaffine squared displacement
ith magnitude larger than 40 ∀2. Thus, the specific atoms involved

n the STs in each test can be obtained by analyzing the nonaffine
tomic displacement. After statistical analysis, the probability of an
tom being involved in any ST event can be calculated after all the
quivalent deformations. Here we choose 𝑤 = 𝑁ST∕𝑁All to represent
he probability of an atom participating in STs. 𝑁All is the number of
so-configuration ensemble simulations, and 𝑁ST denotes the times that
his atom have taken part in the STs. Specifically, we define the atoms
ith higher 𝑤 value (𝑤 ≥ 0.9) as the ST atoms. The rest of atoms do not
articipate in ST events (𝑤 = 0) after all deformations are categorized
o frozen atoms.

.4. Well-tempered metadynamics

Once the ST atoms are selected by the iso-configuration ensemble
imulations, one has the opportunity to estimate its timescale at lower
emperature in the deep glassy state such as to shake hand with the
relaxation probed by MD-DMS. This is enabled by the well-tempered
etadynamics samplings via the COLVARS package implemented in the

AMMPS code [96].
The WT-MetaD samplings are performed at two different tempera-

ures, i.e., 300 K and 440 K, respectively. The timescale of the latter
ase (∼microseconds) is available in the MD-DMS simulations such as
e can compare the accelerated MD results with the direct, standard
D simulations. At each target temperature, the glass configuration

s adopted from the cooling fragment with the memory of velocity
nformation. The same configurations have been tested in the iso-
onfiguration ensemble simulations to pick up the ST atoms. Such finite
emperature models are further being equilibrated for 200 ps within an
sothermal–isobaric ensemble before the metadynamics samplings. WT-
etaD samplings are then performed within the canonical ensemble
ith constant number of atoms, temperature and volume. After these
perations, we guarantee the equivalent thermodynamic conditions of
he metadynamics and standard MD simulations. Therefore, the results
re not biased by human choices in the simulation parameters.

A key ingredient for the success of metadynamics samplings is the
ay of dimensionality reduction via suitable choice of an efficient

ollective variable (CV), which is capable of simplification of the 3𝑁
ynamics to one or two degrees of freedom. Note that, on the one
and, the local structural excitation in the form of either ST or string-
ike motion usually experiences essential nonaffine displacements. On
he other hand, the root-mean-square displacement (RMSD) is metric
f displacement that is similar to the non-affine squared displacement
2
min but it is easier to be implemented in the framework of metady-
amics. Herein we use the RMSD of a group of ST atoms with respect
o their reference positions as the CV of metadynamics, distinguishing
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Fig. 2. (Color online) Relaxation and mechanical behaviors of two metallic glasses obtained by simulations. (a) Loss moduli 𝐸′′ of Al90Sm10 and Y65Cu35 metallic glasses at
oscillation period 𝑡𝜔 = 1 μs. (b) Strain–stress curve of Al90Sm10 and Y65Cu35 metallic glass at constant strain rate �̇� = 108 s−1 and temperature T = 300 K.
the energy minimum, saddle point, and the final configuration of a ST
event. The RMSD is formulated as

RMSD
({

𝑋𝑖 (𝑡)
}

,
{

𝑋ref
𝑖

})

=

√

√
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1
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]

−
(

𝑋ref
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cog

)

|

|

|

|

2
,

(1)

where 𝑁 is the number of the sampled ST atoms. 𝑈 represents an
optimal rotation matrix from the reference coordinates 𝑋ref

𝑖 to the
instantaneous positions 𝑋ref

𝑖 at any sampling time 𝑡. 𝑋cog (𝑡) and 𝑋ref
cog

are the centers of geometry.

Once the CV is determined, the standard MD simulations is per-
formed on all the atoms in the sample with canonical ensemble. During
MD run, the trajectory of CV is recorded at each MD step with a
resolution of 0.01 Å . After every thousand MD steps (each step with
time interval 2 fs), a bias energy in Gaussians are deposited as a
function of CV varying with time. The WT-MetaD is a variant of the
original metadynamics [82] which differs in the exact way of Gaussian
depositions. In conventional metadynamics, the added Gaussians are
invariant with time. However, in the WT-MetaD version, the Gaussian
hills are rescaled at each MD step and, therefore, the bias potential is
given with smaller magnitude as a function of time via

𝑉 (𝑠, 𝑡) =
𝑡′<𝑡
∑

𝑡′=0
𝑊 exp

(

−𝑉
(

𝑠
(

𝑋
(

𝑡′
))

, 𝑡′
)

∕𝛥𝑇
)

× exp

⎛

⎜

⎜

⎜

⎝

−
𝑑
∑

𝑖=1

(

𝑠𝑖(𝑋) − 𝑠𝑖
(

𝑋
(

𝑡′
))2

2𝜎2

⎞

⎟

⎟

⎟

⎠

. (2)

Here 𝑊 = 0.01 eV is the starting height of bias potential. 𝑠 is the
magnitude of CV, which is given by the instantaneous coordinate 𝑋.
𝜎 = 0.2 Å is the width of the deposited Gaussian potential. 𝑖 is the
number of Gaussian depositions. This simple formula of the added
Gaussians renders that the bias potential converges exactly and more
smoothly [83].
4

A critical technique of the WT-MetaD sampling is the introduction
of an artificial temperature 𝛥𝑇 augmented to the thermodynamic tem-
perature 𝑇 of a canonical ensemble. When running the WT-MetaD sam-
pling in the long-time limit, the collective variable is evolved according
to a modified temperature 𝑇 +𝛥𝑇 . The bias potential adding rate is then
gradually decreased according to �̇� (𝑠, 𝑡) = 𝜔 exp (−[𝑉 (𝑠, 𝑡)∕𝛥𝑇 ]) 𝜏G, with
𝜏G = 2 ps of 1000 MD steps and 𝜔 the initial bias deposition rate. 𝛥𝑇 =
1500 K is used in this work. The artificial temperature does not alter the
dynamics of all the atoms but only encourage the thermal fluctuation
of CV. It properly boosts the CV dynamics and extends the sampling
of physical time. Finally, we note that the artificial temperature 𝛥𝑇
is only a parameter of technique to control the deposition manner
of Gaussian potentials. It definitely differs from the concept of the
fictive temperature 𝑇f in any glass-forming system that is familiar in the
community of glass, which is used as a metric to quantify the degree
of disorder in a disordered system such as glasses.

By keeping addition of bias potentials, the configuration is forced to
escape from the original free energy basin of the CV. Finally, the FES
is reconstructed by recalling the history of the added bias potentials as
a function of 𝑠 and the free energy barrier 𝛥𝐺2 is available. Thus, the
frequency of a structural excitation, or a ST event, is estimated through
the transition-state theory [97]

𝜈 = 𝜈0 exp
(

−𝛥𝐺2
𝑘B𝑇

)

, (3)

with the attempt frequency 𝜈0 typically taken to be 1012 s−1. In some
cases, the attempt frequency may span multiple orders of magni-
tude [72]. However, we focus on the activation of atomic clusters
with a few to a dozen of atoms, the attempt frequency does not
fluctuate across multiple orders of magnitude because the number of
atoms involved in calculating structural excitation does not change
significantly in the present study. 𝑘B is the Boltzmann’s constant.

Considering the fact that the classical MD sampling (typically tens of
millions of steps) has also filled part of the free energy basin, the final
free energy barrier is accounted for both the natural thermal fluctuation
(sampled by the classical MD) and WT-MetaD (via the bias potential),
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Fig. 3. Well-tempered metadynamics samplings of the accelerated atoms in Al90Sm10 metallic glasses. (a, b) Time evolution of RMSD. (c, d) Free energy profile versus RMSD. The
inset shows the added bias potential. The middle panels show the initial state and patterns of the first two events, indicated by the sudden jump in RMSD. Red and blue spheres
represent Al and Sm atoms, respectively. The arrows denote the displacement vectors. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
consequently the total 𝛥𝐺 is further split to

𝛥𝐺 = 𝛥𝐺1 + 𝛥𝐺2. (4)

Here 𝛥𝐺1 and 𝛥𝐺2 represent the free energy barrier provided by either
the natural thermal fluctuation or the WT-MetaD sampling, respec-
tively. Consequently, the hopping time of a structural excitation event

𝜏 = 𝜈−1 = 𝜏sampling exp
(

𝛥𝐺2
𝑘B𝑇

)

, (5)

where 𝜏sampling represents the in silico MD time as the correction term
caused by the classical MD.

3. Results

3.1. Property differences of two model metallic glasses

We studied the relaxation dynamics and mechanical behaviors of
Al90Sm10 and Y65Cu35 MGs by MD simulations. Fig. 2 shows the
completely different relaxation and mechanical behaviors of the two
MG systems. For Al90Sm10, there are three relaxation modes, in which
the 𝛼 relaxation and 𝛽 relaxation are well separated from each other.
This separation leads to the obvious 𝛽 relaxation mode. However, for
Y Cu , 𝛼 and 𝛽 relaxation are coupled with each other, leading to
5

65 35
the inconspicuous 𝛽 relaxation compared to Al90Sm10. As shown in
Fig. 2(b), the mechanical behaviors of these two MGs are also differ-
ent. Compared with Y65Cu35, Al90Sm10 exhibits smaller yield strain,
indicating that it is earlier to experience deformation.

3.2. Free energy sampling of Al90 Sm10 MG

We demonstrate the free energy landscape and the long timescale
collective atomic excitation mechanism in two prototypical model
glasses by WT-MetaD. The typical examples of WT-MetaD samplings
of the accelerated atoms with different 𝑤 values in Al90Sm10 MG at
300 and 440 K are shown in Fig. 3. Fig. 3(a) shows two jumps in
the CV trajectory except thermal fluctuation. The 𝑡0, 𝑡1 and 𝑡2 were
labeled to represent the time of initial state, the first event and the
second event, respectively. Note that 𝑡1 and 𝑡2 were selected as a
period of time after the jump events occurred to guarantee a stable
configuration. At 𝑡0, some ST atoms initially form a cluster, which is
then accelerated by enhanced sampling. As the simulation proceeds,
several accelerated atoms are activated and form an initial string. It
is just the state corresponding to the first jump in the CV trajectory.
After the first jump, the CV trajectory signals a second jump. The
latter indicates that this nascent string continues to cooperatively move
with the surrounding atoms, forming a long string together. The added
bias potential is plotted in the inset of Fig. 3(c) as a function of CV.
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Fig. 4. (Color online) The statistical results of different ST atom clusters after samplings at 300 K of Al90Sm10 metallic glass. (a, b) Histogram of the free energy barrier 𝛥𝐺2 and
the hopping incubation time of 26 selected events. (c) The 𝛽 relaxation map of the Al90Sm10 metallic glass.
An analysis on the deposited Gaussians reproduces the original free
energy surface, as shown in Fig. 3(c). It is worth mentioning that
the free energy landscape shown in Fig. 3(c) is roughly the inverse
plot of the outer envelope of the added bias potential during the WT-
MetaD samplings, as shown in the inset of Fig. 3(c). The free energy
landscape is actually the cumulative work done by the bias potential
as it moves with variation of the CV. Local minima at 0.33, 0.93 and
1.24 Å and a saddle point at 0.71 Å demonstrate the validity of RMSD
as a physically sound CV in describing this accelerated process. RMSD is
thus a significant dimensionality reduction from the complicated path
in the original 3𝑁 configuration. For the acceleration of the frozen
atoms (𝑤 = 0) as shown in Fig. 3(b) and (d), the accelerated atoms
show the same dynamic characteristics as those in ST atoms. Note that
a remarkable difference is noticed in the two categories of accelerated
atoms. Even if the temperature is increased from 300 to 440 K, the
activation free energy of the frozen atoms is still several times larger
than that of the ST atoms. This will leads to a gap of several orders of
magnitude between the two events in timescale.

3.3. Quantifying the characteristic time of activation processes of ST atoms

To obtain more accurate and comprehensive free energy barrier 𝛥𝐺2
and the corresponding characteristic time of ST atoms after WT-MetaD
sampling, we sample almost all the postulated ST clusters defined by
large 𝑤 value at 300 K and 440 K. Then, the estimated 𝛥𝐺2 and the
characteristic times were statistically analyzed. Histograms of the free
energy barrier 𝛥𝐺2 of the 26 independent samplings with different ST
clusters at 300 K are shown in Fig. 4(a). The free energy barrier 𝛥𝐺2 of
the ST atoms forming a string is estimated to be between 0.18 and 0.53
eV at 300 K. The hopping incubation time corresponding to this series
of events can be obtained according to Eq. (4) and its distribution is
shown in Fig. 4(b).

Considering the observation that ST atoms usually form string-
like motions and both the string-like motions and STs are all closely
related to the 𝛽 relaxation, we compared the hopping incubation time
of ST event via metadynamics with the characteristic time of the 𝛽
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relaxation through MD-DMS, as well as the string-like motions obtained
from classical MD. The energy barrier we obtained by metadynamics
tends to be stable after such number of samplings (shown in Fig. S3
of SI). As shown in Fig. 4(c), the characteristic time of the string-
like motions coincides with the 𝛽 relaxation time. Furthermore, the
hopping incubation time of the ST atom at 440 K is the same as classical
MD. Extrapolating the characteristic time of the 𝛽 relaxation and the
string-like motions to low temperature region, as shown in Fig. 4(c),
we find that the hopping incubation time obtained from WT-MetaD
at ambient temperature (300 K) is consistent with classical MD. Note
that at ambient temperature, the hopping timescale (∼20 microsecond)
is significantly beyond the limits of normal MD. In particular, these
combined results mean that the hopping time obtained by WT-MetaD
sampling is accurate and convincing while remains the atomic-scale
detail. In the meantime, the accelerated ST atoms basically form string-
like motions. The consistency of the characteristic time of ST, the 𝛽
relaxation and the string-like motion indicates that they might share
the same structural origin.

3.4. Free energy sampling of Y65 Cu35 MG

To further study the correlation between ST and string-like motion,
another MG system (Y65Cu35) with weak 𝛽 relaxation was selected as a
comparing reference. Meanwhile, most of the ST clusters in Y65Cu35
MG could not be successfully activated under the original metady-
namic loading conditions, so we increased the width of the deposited
Gaussian potential and bias temperature to 0.5 and 2500 in these
cases, respectively. Even so, the frozen atoms in Y65Cu35 MG could not
be successfully activated. Two typical examples of ST acceleration of
Y65Cu35 MG at 300 K are shown in Fig. 5. Compared with Al90Sm10,
the ST atoms in Y65Cu35 also exhibit the similar string-like motion and
have approximately equal free energy barrier. However, such string-
like motion only accounts for 20% of all the STs in Y65Cu35 case.
The striking difference is that several atoms diffuse separately after
the acceleration of the ST atoms in Y65Cu35 MG, while no cooperative
motion is observed. This is a prevalent scenario in Y Cu , which
65 35
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Fig. 5. Well-tempered metadynamics sampling of atomic rearrangement events in Y65Cu35 metallic glass. (a, b) Time evolution of RMSD. (c, d) Free energy profile versus RMSD.
The inset shows the added bias potential. The middle panels show the initial state and the first two events, indicated by the sudden jump in CV. Yellow and blue spheres represent
Al and Sm atoms, respectively. The arrows denote the displacement vectors. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
accounts for 50% of the rearrangement events. Compared with the
string-like motion, their free energy barriers 𝛥𝐺2 are relatively larger
in general.

3.5. Analyzing the influence of accelerated atoms on surrounding atoms

To clarify the difference in the basic atomic motion mechanism
of these two MG systems, we analyzed the nonaffine displacement of
the accelerated atoms as well as the surrounding atoms. As shown in
Fig. 6, the acceleration of the ST atoms or the frozen atoms in Al90Sm10
both have significant impact on the surrounding atoms. These two
kinds of atoms will eventually form a complete long string with the
surrounding atoms. In particular, once some ST atoms and the frozen
atom clusters in the potential string are accelerated, even if several
atoms will diffuse separately, they will cooperatively move with the
surrounding atoms and eventually form a complete string. In contrast,
the ST atoms clusters have no effect on the surrounding atoms after
excitation in Y65Cu35. Except for a small part of the chain formed
within the cluster itself, most ST clusters show a phenomenon of free
diffusion with a scattered atom pattern. We also tried to accelerate the
frozen atoms in Y65Cu35, but they are hard to be excited and remain
frozen under the premise of ensuring the accuracy of the WT-MetaD
method.
7

4. Discussion

There are remarkable differences between the two investigated MGs
according to the accelerated MD simulations. The influence of the
accelerated atoms on the surrounding atoms is also quite distinct. To
understand the microscopic causation for the differences, we analyzed
the intrinsic structure of the two MGs. The distribution of 𝑤 values
reveals the structural origin of the effect of the accelerated atoms on
the surrounding atoms. As shown in Fig. 7(a), most of the atoms in
the Y65Cu35 MG are frozen, accounting for approximately 44% of the
total number of atoms. With the increase in 𝑤 value, the corresponding
number of atoms constituting the potential ST gradually decreases.
The number of frozen atoms in Al90Sm10 is significantly less than
that of Y65Cu35, which only accounts for approximately 12% of the
total number of atoms. The atoms in the range of 0 < 𝑤 < 0.2
account for the largest proportion, reaching 48% of the total number
of atoms. The distribution of 𝑤 in Al90Sm10 shows a peak, which also
indicates the kinetic inhomogeneity of the Al90Sm10 compared with
Y65Cu35. The cumulative probability density mapped in the illustration
of Fig. 7(a) also shows the great difference in 𝑤 values between these
two MGs. To explain the structural differences between them more
clearly, we project the three-dimensional atomic configuration to a
two-dimensional demonstration to study the structural differences.
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Fig. 6. The cooperative motion of the accelerated atoms and the surrounding atoms in Al90Sm10 and Y65Cu35 MGs. 𝑡0 represents the initial configuration, 𝑡1 and 𝑡2 are the states
after first and second jumps signaled by the CV trajectory after eliminating thermal fluctuation. The red and blue spheres represent the accelerated atoms and the surrounding
atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. (Color online) Structural difference analysis of two metallic glasses. (a) The distribution of w values in Al90Sm10 and Y65Cu35 MGs. (b, c) Two-dimensional schematic
diagram of the structural difference between Al90Sm10 and Y65Cu35 metallic glass.
Figs. 7(b) and 7(c) show the spatially structural difference of these
two systems more intuitively. In Y65Cu35, the frozen area is rela-
tively larger and evenly distributed. In comparison, the frozen area in
Al90Sm10 is rather smaller and scattered. Meanwhile, By icosahedral
and coordination number analysis, the atomic clusters with large 𝑤
have poor symmetry, low number of immediately adjacent atoms, and
are relatively loose (shown in Fig. S4 of SI and Fig. 8). Therefore,
the larger the 𝑤 value is, the softer the area. The relatively soft area
represented by light blue is widely distributed. The environment of
8

Y65Cu35 is frozen atom region, which limits the movement of some
fast-moving atoms. Finally, these fast-moving atoms are difficult to
affect the surrounding atoms. Consequently, the cooperative move-
ment is suppressed. This leads to the separation and diffusion of most
atoms after once ST atoms clusters are activated in Y65Cu35. Similar
to Al90Sm10, the separated and diffused atoms essentially have a ten-
dency to cooperatively move with the surrounding atoms. Nonetheless,
because of the restriction of its almost frozen environment in Y65Cu35,
it is very difficult to form string-like motions. Some early strings formed
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Fig. 8. (Color online) Coordination numbers analysis of two metallic glasses.

in the cluster have been significantly constrained. In Al90Sm10 MG,
due to the relatively soft environment, the accelerated atoms are easily
to be activated and can cooperatively move with the surrounding
atoms after separation and diffusion, thus generating a large number
of string-like motions. The atomic-scale observation is consistent with
the experimental evidence for the superplastic deformation caused by
large number of soft regions [20,98]. In Y65Cu35 MG, even if some
frozen atoms will form strings together with the surrounding atoms,
the activation energy of this chain movement formation is much larger
and the corresponding characteristic time is longer. This string-forming
behavior of the frozen atoms after acceleration can be interpreted to
indicate that the frozen atoms can be activated to participate in the
STs if the temperature has been raised sufficiently high in classical
molecular dynamics or a large external force has been applied. As
shown in Fig. 8, by analyzing the atomic coordination numbers of
the two systems, we find that the Y65Cu35 MG has a larger number
of atomic coordination numbers than the Al90Sm10 MG, indicating
that the Y65Cu35 MG has more immediately adjacent atoms than the
Al90Sm10 MG and is relatively compact. This also demonstrates that
string-like motions are difficult to generate and extend in the Y65Cu35
MG.

5. Conclusions

In sum, by conducting molecular dynamics simulations under lab-
oratory conditions, we capture the specific motion mechanism of the
elementary unit of plastic deformation (ST). The atoms involved in the
STs tend to form string-like motions. In some systems, due to their
unique structural feature, such string-like motions are easily excited
and not confined spatially, as in the case of Al90Sm10 MG, which
exhibits a significant 𝛽 relaxation feature. Such metallic glass is also
easily deformed on a macroscopic scale. In other systems, such as
Y65Cu35 MG, the string-like motion is suppressed by the large frozen
environment. Therefore, the string-like collective motion is difficult
to be excited and does not propagate, leading to a general lack of
significant 𝛽 relaxation and relatively less deformability at ambient
temperature or at conventional time scales. Our simulations provide
compelling atomic-scale ingredients to establish a fundamental link
between ST, 𝛽 relaxation and string-like motion, all of which are
prevalent notions in amorphous solids but have never been unified.
Therefore, the long-time-scale observation also supplies physical insight
into the microscopic origin of plastic deformation in disordered ma-
terials. Finally, this work also highlights the importance of studying
dynamics of glassy materials over long time scales that matters in the
computational materials science and condensed matter physics.
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