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ABSTRACT

Understanding the microscopic relaxation mechanisms in amorphous solids remains a fundamental challenge. A theoretical
framework posits that dynamics are mediated by quasivoids: transient, localized quasi-particles that are the amorphous analogue
of crystalline vacancies. Unlike a simple void, a quasivoid consists of fragmented, distributed free volume that is collectively
reassembled to accommodate an atomic hop. In this work, we investigate these elementary relaxation events by exploring the
potential energy landscape (PEL) of a model polydisperse glass using the activation-relaxation technique nouveau (ARTn), an
open-ended algorithm designed to efficiently locate transition saddle points on the PEL. By analyzing 4910 independent activated
events, we find that structural relaxations are highly localized, typically involving a small number of atoms (1-6), and are
characterized by energy barriers uncorrelated with the net energy change of the event. Visualization of the atomic trajectories
reveals that these events manifest as string-like cooperative motions. Crucially, we provide a direct, atom-resolved visualization
of a relaxation cascade where the presence of a quasivoid facilitates an initial atomic hop, which in turn effectively transports
the quasivoid, enabling subsequent hops along the chain. These results offer computational evidence for the role of quasivoids
as fundamental defect-like excitations that trigger string-like structural relaxations, providing a physical basis for dynamics in
amorphous materials.

1 | Introduction of a solid. However, the nature of the phase transition from liquid
to glass remains an unresolved problem in physics.
1.1 | Quasivoid

In crystalline materials, vacancy defects serve as the primary

When a fluid undergoes rapid cooling, its atoms or molecules
cannot rearrange quickly enough to form an ordered crystalline
structure, resulting in a disordered amorphous state—that is,
a glass. The viscosity of glass increases significantly (often by
several orders of magnitude). Although glass is often referred to
as a supercooled liquid, it exhibits all the mechanical properties

carriers for atomic diffusion, with their positions directly identi-
fiable by the absence of atoms. However, the disordered structure
of glasses has long posed challenges for both the definition
and observation of vacancies. The free volume theory initially
postulated that “voidlike” regions drive particle motion [1], but
subsequent experiments revealed only weak correlations between
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local density and dynamics [2], along with the inability to
precisely define free volume boundaries at the molecular scale
[3]. In 2020, Berthier et al. noted: “The fundamental discrepancy
between free volume theory and the kinetic constraint model
(KCM) lies in the absence of microscopically observable defect
entities” [4].

String-like cooperative motion has been identified as a funda-
mental form of dynamical heterogeneity in glass-forming liquids,
a phenomenon originally characterized by Donati et al. [5].
The theoretical connection between these dynamical strings
and thermodynamic concepts, such as configurational entropy
within the Adam-Gibbs framework, was subsequently estab-
lished by Starr et al. [6]. A recent comprehensive review by
Xu et al. [7] further highlights the universality of string-like
motion as the microscopic realization of cooperative rearranging
regions (CRR) across various disordered systems. To address the
structural origin of these dynamics, Zhang and Lam, building
upon the kinetic constraint model framework [8], proposed the
distinguishable particle lattice model (DPLM) [9], which for
the first time quantitatively linked vacancy defects to string-
like motion. The model posits that voids propagate kinetic
excitations by inducing string-like motion; the heterogeneous
potential energy distribution of particles leads to fractal char-
acteristics in void migration pathways. The DPLM not only
successfully reproduces the dynamic features of fragile glasses
[10] but also resolves the Kovacs expansion gap paradox [10],
establishing a new paradigm for defect-driven theories. Fur-
ther advancing this framework, Lam introduced the configura-
tion tree theory [11], which abstracts the evolution of system
configurations into a tree-like network. By employing mean-
field approximation, the theory analytically computes relax-
ation times that show excellent agreement with simulation
results.

Colloidal systems, serving as “scaled-up atomic glasses,” provide
a unique platform for validating theoretical models. In 2015,
Nagamanasa et al. observed through two-dimensional colloidal
experiments that particle motion at high densities was predom-
inantly characterized by collective cluster modes, with string-
like motion significantly diminished [12]. This finding raised
questions about the universality of dynamic facilitation theory.
To address this discrepancy, Yip and colleagues introduced
a temporal-scale decomposition method. Through ultralong-
duration observations (> 10°% s), the apparent cluster motion
was demonstrated to actually represent superimposed segments
of string-like motion. More critically, through tracking the
endpoints of string-like motion, they identified “quasivoids”—
transient free-volume regions generated by collective particle
displacements. These quasivoids exhibit memory effects in
their migration pathways: in glass/crystal interface experiments,
upon entering the crystalline phase, quasivoids transform into
conventional vacancy defects, diffuse through the lattice, and
subsequently return to the glassy matrix to initiate new cycles
of string-like motion [13]. This discovery not only provides
a physical embodiment for the free volume concept but also
reveals a coupled mechanism governing glass—crystal interfacial
dynamics.

1.2 | Inherent Structure and the
Activation-Relaxation Technique nouveau

In 1969, Goldstein proposed the concept of the potential energy
landscape (PEL) to understand the properties of supercooled
liquids [14]. He suggested that at low temperatures, glassy systems
predominantly evolve near local minima of the PEL. These
local minima, termed inherent structures, represent energy-
minimized configurations of the glass. These local minima are
separated by energy barriers significantly exceeding the thermal
energy. Consequently, the dynamics of glassy systems can be
conceptualized as transitions between potential energy basins
within the PEL. In real space, these dynamics manifest as
particle hopping events, corresponding to transitions between
local minima in the PEL. Subsequently, inherent structures
have been extensively studied as their dynamics provide crucial
insights into microscopic relaxation processes in glasses. Notably,
these potential energy minima represent local minima of the
total potential energy of the system. The short-time S-relaxation
corresponds to the system’s evolution within a single potential
energy basin. While temperature reduction does not significantly
affect intra-basin evolution, it substantially hinders inter-basin
transitions, thereby requiring longer relaxation times. In contrast
to short-time, localized relaxation processes, the long-time a-
relaxation represents the system’s evolution across multiple
inherent structures over extended periods. Over the past three
decades, numerous numerical methods have been developed for
sampling the PEL of complex materials. Most approaches focus
on transition state searches and energy barrier calculations, many
of which require prior knowledge of both initial and final states
of the system. However, in complex systems where known states
are limited, researchers have increasingly favored open-ended
algorithms under such circumstances. The activation-relaxation
technique nouveau (ARTn) represents one such open-ended
algorithm for locating first-order saddle points [15-17]. Since
its initial proposal in 1996, ARTn has undergone more than
two decades of refinement and development. By incorporating
the Lanczos algorithm while combining features of eigenvector-
following methods and dimer approaches, it achieves precise
identification of first-order saddle points. The algorithm explores
the PEL by converging from a local potential energy minimum to
adjacent saddle points. Through ARTn, we can drive the system’s
evolution between different inherent structures, enabling direct
investigation of relaxation mechanisms and energy landscape
dynamics in disordered materials.

The ARTn has emerged as a powerful method for investigating
the atomistic PEL of disordered solids by efficiently identifying
saddle points and connected local minima far beyond the reach of
traditional molecular dynamics. Traditional molecular dynamics
is limited by the time-scale problem, where it cannot capture
long time-scale processes with required efficiency. In a com-
prehensive review of molecular mechanics in disordered solids,
the methodology’s capacity for exploring complex atomistic
potential energy landscapes (PEL) in amorphous materials—
including those with inherent structural heterogeneity—-was
underscored [18]. Complementing this, a study on model two-
dimensional network glasses elucidated the atomistic origins of
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FIGURE 1 | The interaction potential between identical atoms as a function of distance, where the black dashed line indicates the truncation

position.

reversible and irreversible atomic rearrangements, showcasing
how ARTn can distinguish between local, reversible relaxations,
and permanent structural modifications [19]. Extending this line
of research, a relevant investigation of a model 2D Zachariasen
silica glass under shear and pressure resolved understanding
of elementary plastic events and clarified how shear-driven
and pressure-assisted processes mediate the transition from
microscopic reversible to macroscopic irreversible responses [20].

2 | Sample Preparation

We employed the Lennard-Jones potential for our samples but
retained only the repulsive term. This purely repulsive potential
accelerates simulation time without sacrificing physical realism
and has been successfully applied in previous studies [21, 22, 23].
To simulate a polydisperse system, we introduced 128 distinct
atom types in our samples.

Thus, the potential function we used is
€ % ' r<r
V= r )’ ¢ @

where o;; is determined by the non-additive mixing rule

oi+0o
2

J

oy = (1—£0|cr,-—aj|). )
The potential energy versus distance profiles for different o;;
values are shown in Figure 1. We introduced a non-additivity
parameter ¢, = 0.2, which promotes proximity between particles
with large size differences, thereby suppressing fractionation
within the system. This combination of size polydispersity and
nonadditivity has been shown to produce highly stable glass

formers [24, 25]. All quantities in our simulations are expressed in
Lennard—-Jones (LJ) units. The unit of length is the mean particle
diameter &, and we take & = 1. The individual particle diameters,
0;, are drawn from a uniform distribution ranging from 0.68 to
1.32. The parameter € defines the unit of energy. Consequently,
the unit of time becomes 64/m/e, where m =1 is the mass of
each particle. By setting the Boltzmann constant k; = 1, the unit
of temperature also becomes €. In our simulations, we also take
€ =1, leading to dimensionless units adopted in this work. The
cutoff distance r, for interactions is uniformly set to 2. Beyond this
distance, interactions are truncated, and the choice of a relatively
large cutoff ensures the continuity of the potential function’s
derivative during the minimization phase of the ARTn event
search. The total number of atoms in our simulation is 4096,
meaning there are 32 atoms of each atomic type.

3 | ARTn Parameter Settings

Subsequently, the ARTn was applied to the samples. ARTn first
employs the FIRE algorithm (fast inertial relaxation engine) [26]
to relax the system to an initial local potential energy minimum.
Upon completion of this step, ARTn proceeds to search for nearby
saddle points. This is achieved by randomly selecting a central
atom and displacing it and its near-neighbors within a radius of
R, from its equilibrium position by 0.05 along a random direction,
thereby destabilizing the system. Here we set R,, = 0.5 in order to
guarantee the localized nature of the perturbation. As the system
is pushed iteratively away from the local minimum along this
initial direction, a small perpendicular relaxation is performed
to avoid collisions. At each step, the lowest eigenvalue of the
corresponding Hessian matrix is determined. When this value
becomes negative (we use an eigenvalue threshold of —1.0¢/5),
the system is considered having left the local harmonic basin
surrounding the minimum and it is pushed along this direction
of negative curvature, with a relaxation in the perpendicular
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FIGURE 2 | Schematic representation of ARTn algorithm.

hyperplane, until the system’s forces approach zero, at which
point the system is considered to have reached a saddle point.
In this step, since the initial atomic displacement direction
is randomly chosen, rare cases may occur where the atom
moves into an overlapping position with another atom, causing
divergence in the results. Such instances were excluded from
our analysis. Once the system reaches a saddle point, ARTn
reactivates the FIRE algorithm to relax the system from the saddle
point to a new potential energy minimum, with an additional
FIRE minimization step, which ensures that it is possible to
go back to the initial minimum from the saddle point and,
hence, that the pathway is reversible. This process—from the
initial minimum energy configuration to a saddle point and
then to another minimum energy configuration—constitutes a
single ARTn event. A schematic flowchart summarizing this
algorithmic workflow, including the activation, convergence, and
relaxation phases, is presented in Figure 2. After completing an
ARTn event, the system was restored to its initial configuration,
and ARTn was restarted to obtain new events. To ensure statistical

reliability, we collected 4910 valid events for subsequent analysis.
We note that the identified structural relaxations are highly
localized, typically involving fewer than 10 atoms (as detailed
in Section 5). Consequently, our system of 4096 particles is
effectively large enough to avoid boundary interference with
these local events.

4 | Protocol for Obtaining Initial Configuration

We employed the Metropolis algorithm within ARTn to iteratively
relax the system energy and obtain a sufficiently low-energy
configuration. If the potential energy of the relaxed configura-
tion was lower than that of the initial configuration, the new
configuration was accepted with probability 1. Otherwise, the
new configuration was accepted with probability exp(—AE /kzT).
Here, the temperature was treated as a virtual parameter, which
was set to kzT = 0.1, a value chosen to facilitate the escape
from shallow local minima while ensuring convergence toward
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FIGURE 3 | (a)Normalized distribution of the change in energy between the initial and final state configurations. (b) Normalized distribution of
barrier energies. (c) a scatter plot of this energy difference with the corresponding barrier energy.

low-energy inherent structures. The Metropolis procedure was
terminated when no energy reduction was observed over 500
consecutive events, indicating that the system had reached a
sufficiently low-energy state. Starting from such low-energy
configurations for saddle-point searches enabled the acquisition
of more stable system configurations and ensured that nearly all
events were localized.

5 | Results

Starting from the stable initial configurations of our system,
statistical analysis of the collected 4910 events yielded the dis-
tribution of energy differences between initial and final states,
as shown in Figure 3a. The results demonstrate that in the
vast majority of cases, the system’s energy increased after an
event, with only 1% of exceptions. This confirms that our initial
configurations resided at sufficiently low energies, suggesting
they were located at the bottom of a deep basin in the energy
landscape [27]. Figure 3b presents the normalized distribution of
energy barriers, defined as the difference between saddle-point
energy and initial energy. The barrier energy peaks around 3e,

with the distribution approaching zero when barrier energies
become sufficiently small. The very few negative-energy barriers
are associated with narrow unstable deformations that remain
in the system, even after minimization. Figure 3c displays a
scatter plot correlating the energy changes between initial and
final atomic configurations with their corresponding barrier
energies. As observed in other systems [27], except for the fact
that the system’s energy barrier cannot be smaller than the energy
difference between initial and final states, there is no correlation
between the barrier energy and the energy difference.

To quantify atomic participation in each activation-relaxation
event, we calculated the participation number (PN) [28] using the
established methodology from Ref. [29]. The PN is defined as
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Here N denotes the total number of atoms. The PN varies between
1 and N. When only one atom moves, PN equals 1, meaning the
moving atom carries a weight of 1 while all others have zero
weight. When the weight is evenly distributed among all atoms in
the system, PN reaches N. In this scenario, all atoms in the sample
displace by identical distances, demonstrating equal participation
in the process.

Figure 4a presents the distribution of PN values, revealing
that most events typically involve 1 to about 6 atoms, with
approximately 60% events involving 3 atoms or less. No significant
difference exists between the PN values of activation and relax-
ation processes, indicating no strong bias toward having more
or fewer participating atoms in the final state compared to the
activated state. Interestingly, as shown in Figure 4b, the number
of participating atoms does not grow with the energy barriers, but
ismaximal in the middle of the energy-barrier distribution: events
possessing either the lowest or highest barrier energies involve
only a few atoms. Figure 4c displays the difference in participation
numbers between activation and relaxation processes, demon-
strating that the participation number may decrease or increase

by several atoms; this is compatible with previous observations
in amorphous silicon that the forward barrier and the reverse
barrier (from connecting the final minimum to the saddle
point) are uncorrelated [27]. These mechanisms are of the same
nature, however, and, on average, the variation in participation
number approaches zero, consistent with the results shown in
Figure 4a.

5.1 | Visualization

Next, we visualized some of the events identified by ARTn.
Figure 5 illustrates the typical characteristics of these events. In
all examples, the initial and final positions of atoms are repre-
sented by green and orange spheres, respectively. Red arrows
indicate displacement from the initial to the activated position,
while blue arrows represent displacement from the activated
to the final position. Only atoms with a displacement greater
than 0.2 are shown, whether between the initial and activated
configurations or between the activated and final configurations.
The atom IDs are labeled numerically to the right of their
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arrows indicate displacements from the activated to the final state.

positions. In these examples, we consistently observed string-
like motion. Figure 5a depicts a localized event involving 14
atoms with an energy barrier of 4.67 €. Only three atoms,
specifically those with IDs 2155 and 1145, are shown to partic-
ipate in string-like motion. Most surrounding atoms oscillate
around their original positions, indicating their involvement
in the surrounding elastic accommodation. Figure 5b shows
a localized event with an energy barrier of 3.14 ¢, involving
13 atoms. The string-like motion formed by the central atoms
creates a closed loop, while the surrounding atoms remain
oscillating around their original positions. This exemplifies an
elastic accommodation mechanism around an inner-loop plastic
rearrangement. Figure 5c presents a localized event with an
energy barrier of 9.08 ¢, involving 25 atoms. The number of

atoms participating in string-like motion is significantly higher
than in the previous two examples. Consistent with the earlier
examples, the surrounding atoms are involved in either elastic or
plastic accommodation.

5.2 | Quasivoid-Excited String-Like Motion

The string-like motion of particles can be interpreted as the
transport of quasivoids within the system. Unlike a conven-
tional vacancy in crystalline lattices, a quasivoid in disordered
glassy systems does not exist as a single, well-defined empty
site. Instead, it manifests as a localized region of fragmented
free volume distributed among neighboring particles. This local
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FIGURE 6 | Schematic illustration of string-like motion mediated by a quasivoid. The red spheres highlight atoms participating in the cooperative
string-like motion, while the blue regions indicate the quasivoid. Comparison between the (a) initial and (b) final states demonstrates how the atomic

hopping sequence effectively transports the quasivoid structure in the direction opposite to the atomic flow.

structural looseness acts as an excitation center, lowering the
energy barrier for rearrangement. To clarify this mechanism, a
schematic representation of the quasivoid migration process is
provided in Figure 6. As illustrated in the initial state Figure 6a,
the quasivoid is identified as a region of fragmented free volume
(highlighted in blue), which acts as the trigger for the cooperative
rearrangement. This excitation induces a string-like motion,
represented by the chain of red atoms. Upon completion of
the event Figure 6b, the collective hopping of these atoms fills
the initial free volume, effectively transporting the quasivoid to
the other end of the string. This demonstrates the retrograde
migration of the quasivoid relative to the atomic flow. In our
simulation results, Figure 7a is a reconstruction of Figure 5a. Due
to the presence of quasivoids in Region 2, particle 1145 is able to
move into Region 2, subsequently transferring the quasivoids to
the particles’ initial positions. The presence of the quasivoids at
particle 1145’s initial position then further facilitates the move-
ment of particle 2155 to particle 1145’s initial position, thereby
transferring the quasivoids to Region 1. Figure 7b—d depicts events
occurring after Figure 7a. These configurations are obtained by
setting the system’s initial configuration to the final configuration
of Figure 7a and designating particle 2155 as the initially randomly
moving particle. Therefore, in Figure 7b-d, the initial position
of particle 2155 corresponds to its final position in Figure 7a.
It is observed that the movement of particle 2155 in Figure 7b-
d consistently results in string-like motion, which is attributed
to the presence of quasivoids near particle 2155. Notably, in
Figure 7d, particle 2155 hops back to its initial position as shown
in Figure 7a. From an energy landscape perspective, the green
atoms in Figure 7a correspond to configuration A in the energy
landscape, while the orange atoms correspond to configuration
B. In contrast, the green atoms in Figure 7b-d all represent the
same configuration B, and the orange atoms represent different
final configurations, denoted as C. These two string-like motions
facilitate a transition of the system among three metastable
states, specifically from A to B to C. Furthermore, the energy
barriers that the system needs to overcome for each hop are not
consistent.

6 | Iso-Configuration Method

Our research employs an iso-configuration method similar to
those described in references [21, 22]. We constructed iso-
configurational ensembles using the following methodology.

Initially, an equilibrated glass system was selected as the start-
ing configuration. This system comprised 4096 particles, with
their initial positions denoted as r;(0). We then simulated M
independent iso-configurational ensembles, r;(0), v*(0), where
m=1,2,...,M;v"(0) represents the velocity of particle i in the
mth iso-configuration.

Figure 8 provides a schematic illustration of the iso-configuration
ensemble structure. Based on the instantaneous particle position
vector r;(t), we investigated the displacement of each particle over
time, Ar; = |r;(t) — r;(0)|. To fully capture the particle trajecto-
ries, a coarse-grained position definition was employed: r;(t) =
(ri(t)), where t’ € [t,t + At] and (Ar;) denotes the average posi-
tion of particle i within the time window [t, t + At]. If a particle’s
displacement Ar; exceeds a predefined threshold (e.g., oy, =
0.6 [30] or oy, = 0.8 [13], the particle is determined to have
undergone a hop. These hopping particles often exhibit linear
arrangements, forming string-like motions. The specific thresh-
old value should be adjusted according to the characteristics of
the system under investigation.

To quantify the hopping rate w; for each particle, we can
compute the frequency of hopping events n; across the M iso-
configurational ensembles. Within a given time interval, we can
count the number of particles whose displacement exceeded the
threshold (oy,,). Applying transition state theory (TST), which
relates a particle’s hopping rate in a specific direction to its
activation energy AE;, we use the expression

AE;
w; = A; exp <_k_11") ©)
B

Here, A; represents the attempt frequency, kj is the Boltzmann
constant, and T is the system temperature. This approach allows
us to calculate the energy barriers, which will then be compared
with results obtained from the ARTn method.

Conclusions and Future Work

ART has been applied on polydisperse glasses and we find
that the activation energy distribution and the atomic structure
of the local structural excitations (LSE) are similar to that in
model metallic glasses [29, 31]. Quasivoids in polydisperse glass
systems can be investigated within the PEL paradigm, where
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(a) Region 1 (final region of quasivoid)
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FIGURE 7 | Thedynamics of quasivoids and particle movement is displayed. (a) Particles 1145 and 2155 exhibit forward hopping due to the presence

_8 972

of qusivoids, ultimately leading to the transfer of the quasivoids from Region 2 to Region 1. (b), (c), and (d) depict three distinct and independent events
that occurred subsequent to the event shown in (a). In all figures, green atoms mark the initial positions of the particles, while orange atoms indicate
their final positions. Atomic displacements from the initial to the activated state are represented by red arrows, while blue arrows indicate displacements
from the activated to the final state.
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Spatial Configuration K

(N particles with initial positions {r,(0),

ry(0)})

Isoconfiguration 1

N particles with
initial positions and
velocities {1;(0).

Isoconfiguration 2

N particles with
initial positions and
velocities {r,(0).

Isoconfiguration M

N particles with
...... initial positions and
velocities {r,(0).

M
v{(0)} vi0)} vi (03 )
Isoconfiguration ensemble
FIGURE 8 | A schematic representation of the iso-configuration method’s arrangement and organizational structure is provided. In the studied

system, M iso-configurational samples can be generated based on a spatial configuration K.

localized structural excitations (LSE) [29, 31] act as propagators of
relaxation and plasticity; our atomistic PEL exploration technique
directly investigate such LSE mechanics at zero loading condi-
tions to locate and track quasivoid motifs across iso-configuration
ensembles. To map subtle mesoscale organization around these
motifs, we will in the future leverage unsupervised community-
detection techniques and spectral-eigenvector tools tailored for
spatial particle networks [32, 33], while supervised surrogates
and feature learning from the materials and machine learning
community will influence interpretation and screening of glassy
materials [34, 35].
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