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We experimentally manipulate the structural relaxation of colloidal glass at an atomistically controlled
position. We focus a laser beam to eject a particle from the colloidal system. This creates a void that trans-
forms rapidly into a mobile soft spot (quasivoid) composed of a few neighboring free-volume fragments. The
transformation and subsequent motions of the quasivoid trigger a sequence of well-connected stringlike motions
emanating precisely from the point of laser action with free volumes flowing along the string. Furthermore, the
sequence can be terminated by the annihilation of the quasivoid. The observations are supported by molecular

dynamics (MD) simulations.
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I. INTRODUCTION

Defects in materials are of broad and fundamental interest
because they are relevant to many physical properties such
as elasticity, plasticity, and heat capacity [1]. For crystalline
materials, defects can be identified from the interruption in the
periodic order. In contrast, glass is characterized by a disor-
dered microstructure [2—4] in which conventional definitions
of defects for crystals do not apply [5,6]. Highly localized
defects in the form of voids of sizes comparable to the par-
ticles in glasses are in general few and have been suggested
to show only weak correlations with particle rearrangements
[7-9]. These have cast doubt over their importance to glassy
dynamics. It has also been reported that dynamics in glass
formers at deep supercooling are dominated by stringlike mo-
tions [10—15]. Structural features enabling stringlike motions
are suggested to be elementary excitations in glasses [12]. The
origin of stringlike motions is still controversial and they have
not been generated in any controlled manner. On the other
hand, by using machine learning, one can identify a structural
feature called softness, which gauges the tendency of particles
to rearrange [16—18]. The soft spots are suggested to be asso-
ciated with a reduced local particle density but precise struc-
tural characteristics and detailed microscopic mechanisms of
soft-spot dynamics are not well understood [5,18-21].

Recently, a microscopic feature referred to as quasivoid
capable of inducing stringlike motions in colloidal glass has
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been identified [22]. It was shown to dominate structural
relaxation at deep supercooling. A quasivoid consists of
neighboring free volumes of a total size comparable to that of
a particle. It is transported along the strings it induces. A direct
evidence of its relevance in glasses is the reversible conversion
into a vacancy when moving across a glass-crystal interface
[22]. The quasivoid picture is consistent with the notion of
soft spots [16—18] and locally favored structures [17] because
the free volumes comprising the quasivoids clearly impact
the local particle packings. It is also consistent with a recent
finding that locally averaged free volumes correlate with long-
time particle rearrangements in glass-forming liquids [23]. In
the cooperative free volume model, the rate a molecule moves
a distance on the order of its own size is dependent on the
cooperation of surrounding molecules to open up enough free
space[24]. Observations of quasivoids have also been reported
in simulations of repulsive particles [25]. Furthermore, mod-
els based on void-induced particle dynamics offer possible
explanations for a number of enduring mysteries in glass,
including a wide range of fragility [26] and Kovacs paradox
[27]. Quasivoids can thus be a key structural feature in glassy
dynamics. As with crystalline materials, by understanding the
nature of the key structural feature of soft spots, we may be
able to manipulate them for fundamental study and to moti-
vate new glassy properties and applications. However, direct
microscopic manipulation of individual quasivoid, soft spot or
locally favored structure has not yet been reported.

II. EXPERIMENT RESULT

In this work, we directly create soft spots in colloidal
glass in the form of quasivoids with optical tweezers in

©2024 American Physical Society
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FIG. 1. Schematic diagrams and experimental time sequence of
optical images of quasivoid formation by local laser tweezer. A
beam focused slightly above a particle (red) exerts an upward force
(a) which lifts the particle out of the 2D layer (b). It then diffuses
away in the upper layer (c). In the experiment, a particle (red dotted
line) is initially in the 2D layer (d). It is lifted, becoming out of focus
(e), and then diffuses to a neighboring position in the upper layer (c).
A region (yellow dotted line) initially contains three particles (d), (e)
but finally holds only two and thus also one quasivoid (f).

experiments. We show that the as-created quasivoids dominate
the subsequent dynamics. We also corroborate our findings
in molecular dynamics (MD) simulations. In the experiments,
we first prepare a 2D colloidal sample with a bimodal size
mixture of polymethyl methacrylate (PMMA) spheres to
suppress crystallization. The particles are immersed in wa-
ter and confined between horizontal transparent glass plates.
Most particles fall under gravity onto the lower plate forming
a quasi-2D system with a packing fraction ¢ = 0.80.

For colloidal crystals, point defects have been created by
dragging individual particles from their lattice sites with opti-
cal tweezers [28,29]. However, for amorphous structures, such
a process would significantly distort the particle arrangements
in the local region. To solve this problem, instead of dragging
it away, we find that it is possible to lift a particle to the upper
layer with an optical tweezer. This creates a point defect in
the form of a void that rapidly rearranges into a quasivoid with
few other distortions in the further neighborhood. Specifically,
we focus a pulsed laser beam (wavelength 1250 nm, repetition
rate 1 KHz, and pulse width 30fs) at a selected colloidal
particle, as illustrated in Fig. 1(a). By maintaining the focal
plane of the beam slightly above the particle, it can be lifted
above the 2D layer [Fig. 1(b)]. It then diffuses away on the
upper layer, leaving a void in the 2D layer [Fig. 1(c)].

An example of quasivoid creation is shown in Figs. 1(d)-
1(f). Before laser illumination, all particles can be clearly
imaged [Fig. 1(d)]. A particle to be grabbed by the laser
tweezer is highlighted by a red dotted circle. When raised by
the tweezer, it gets out of focus and appears dark and blurred
[Fig. 1(e)]. We focused the laser on a particle using a light
spot (diameter about 1.53 um) smaller than the small particles
(diameter 2.96 um) so that it could tweeze only one particle.
The contiguous free volume of size comparable to a parti-
cle is generated at the position of the lifted particle. Shortly
after the departure of the lifted particle, a stringlike motion
occurs, which transports and fragments the void into a few
freevolumes which comprise a quasivoid [Figs. 2(a) and 2(b)].
After laser illumination, the region outlined by a yellow dotted
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FIG. 2. Particle configurations during quasivoid formation.
(a) and (b) show the same coarse-grained trajectories covering 20 s
just after the particle ejection. Line segments in the trajectories are
colored according to the times of occurrence. Initial positions are
denoted by red dots. Particle configurations at the beginning (a) and
the end (b) of the period are also shown. Inset: magnified views of
the original and the coarse-grained trajectories of a typical hopped
particle. Similarly, coarse-grained trajectories and initial/final config-
urations for the next 462 s and 1120 s are shown in (c), (d) and (e), (f)
respectively. Blue areas show a void (a) and free-volume fragments
constituting the quasivoid (b)—(f) as inferred from a push-off process
associated with the stringlike motion.

line in Fig. 1(f) holds one less particle, as illustrated in Figs.
1(d)-1(f). Therefore, the region now possesses additional free
volumes with a total size comparable to the ejected particle
(See Ref. [30] for identifying these free volumes based on a
push-off process). We have also observed similar quasivoid
formation by directly removing a particle in MD simulations
(MD simulations’ result in Ref. [30]).

The as-created quasivoid instigates a sequence of four
stringlike motions. Figure 2 shows the first two in detail and
Fig. 3 shows the rest. In both figures, dynamics are illus-
trated using time-colored coarse-grained particle trajectories.
Specifically, we first obtain the coarse-grained position r{(t)
of particle i at time ¢ by averaging its instantaneous position
r;(t) over a coarsening time Af,:

ri(t) = (ri(t/)>t’6[t,t+At‘-]- ey

The trajectory during time Ty, is plotted by joining every
two consecutive positions r¢(t) and r{(t + At.) with a line
segment colored according to ¢ from red (initial time) to blue
(final time) as shown in the inset in Fig. 2(c). These trajecto-
ries can illustrate the high mobility contrast among particles
and allow easy interpretation of the transport of particles and
hence also of the free volumes. The time-coloring enables
the easy determination of the microstrings [31], i.e., strings
or substrings in which all particles hop simultaneously as
indicated by the same color of the dominant segment of the
trajectory of each participating particle [22].

Figure 2(a) shows a string comprising two well-aligned tra-
jectories of two particles ending up at position 1. Comparing
the configurations before [Fig. 2(a)] and after [Fig. 2(b)] the
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FIG. 3. Structural relaxation during the lifetime of a quasivoid.
(a) Coarse-grained particle trajectories (colored lines) and their ini-
tial positions (red dots) covering a time of 9000 s. (b)—(f) Trajectories
from (a) split up over consecutive time subintervals. A particle (red
dotted circle) is then lifted to the upper layer by laser. A sequence of
four stringlike motions is then observed (b)—(e). Numbered circles
mark the initial and final positions of the quasivoids in the time
subintervals. A particle from the upper layer then fills the quasivoid
[purple dotted circles in (f)]. Particles become immobile again (f).
The upper panel shows the timeline of events.

stringlike motion, we find that a contiguous void at position
1 is transported and fragmented into a few free volumes as
indicated by the blue segments in Fig. 2(b). These fragments
constitute a quasivoid at position 2. Remarkably, the quasivoid
forms a metastable state without continual outward diffusion
of its free volumes. Afterward, the quasivoid triggers another
stringlike motion, which transports itself farther from position
2 to 3, where the fragmented volumes are transported from
one local region to another over a distance determined by
the string length as shown in Figs. 2(c) and 2(d). Then the
quasivoid stays at position 3 for a while before relocating to
position 4 via a stringlike motion shown in Figs. 2(e) and
2(f). Since in stringlike motions, all participating particles
displace one another almost perfectly while nearby particles
are practically stationary, a total free volume comparable to
the typical particle size is transported in such motions [22].
Quasivoid motions are of strong back-and-forth nature and are
far from diffusive at a short time. Other possible motions have
also been suggested previously [32,33].

More interestingly, the quasivoid at position 4 contin-
ues to move by triggering further stringlike motions. Figure
3(a) shows the full dynamics over an extended period which
covers the whole lifetime of the quasivoid. We observe a
branched string connected precisely to where the quasivoid is
created. This strongly supports the notion that stringlike mo-
tions are caused by quasivoids. Remarkably, the complex but
well-aligned string structures show that the quasivoid survives
a long sequence of transportation processes over a long dura-
tion. To examine the detailed dynamics, the same trajectories
in Fig. 3(a) are broken down into time-consecutive sequences
of trajectories as plotted in Figs. 3(b)-3(e). Figures 3(b) and
3(c) show again the first two stringlike motions depicted in

FIG. 4. Quasivoid annihilation by upper layer particle. A time
sequence of optical images towards the end of the time interval
depicted in Fig. 3(e). A particle (red dotted circle) is initially in
the upper layer (a) and descends spontaneously to the 2D layer (b),
(c). A region (yellow dotted line) initially contains three in-plane
particles in (a), but finally holds four particles in (c). A quasivoid
initially in the region is annihilated. (d)—(f) show the time sequence
of the coarse-grained trajectories with particle configuration during
the quasivoid annihilation process. The blue areas show that the
quasivoid in (d) as inferred from the stringlike motion is transported
into a void in (e) which is then annihilated by the upper layer particle
(purple particle).

Figs. 2(c)-2(f). As shown in Figs. 3(d) and 3(e), two more
stringlike motions then occur.

The whole sequence of particle trajectories realizing the
stringlike motions in Figs. 3(b)-3(e) are well connected geo-
metrically. More precisely, defining the direction of a string
so that free volumes flow from a string tail to its head [22],
the head of the preceding string coincides very well spatially
with the tail of the subsequent one. The good connections
can be easily understood from the step-by-step transport of
the quasivoid from position 1 to 5. These motions are local-
ized and highly intermittent, indicating the activated nature
of quasivoid motions. The quasivoid thus also induces a
whole mobile particle cluster formed by all the participants
of stringlike motions. In contrast, particles not taking part
in the stringlike motions are practically stationary. The mo-
bile cluster in a background of stationary particles leads to
dynamic heterogeneity typical of glass. Moreover, since the
presence of quasivoids can be the main cause of soft spots,
the transport of quasivoids via stringlike motions serves as
a possible microscopic evolution mechanism of soft spots in
colloidal glass.

After triggering the stringlike motions, we observe that the
quasivoid is finally annihilated spontaneously by an upper-
layer particle. Specifically, after a particle has hopped away
from position 5 (purple dotted circle), as shown in Fig. 3(e),
an extra particle abruptly emerges at the same position in
Fig. 3(f). To show that the extra particle is from the upper
layer, Fig. 4 shows a time sequence of optical images of the
same region and coarse-grained trajectories with particle con-
figuration during the annihilation. A particle is at a metastable
position in the upper layer [red dotted circle in Fig. 4(a)]. It
gradually lowers itself by pushing away neighboring particles
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FIG. 5. Histogram of the number of hops per particle in 240 s in
the region with laser-induced relaxation and its surrounding region
for the same system in Fig. 2. The regions containing 30 and 90
particles, respectively, are defined in Fig. 7(c).

via a stringlike motion involving three particles [Figs. 4(a)—
4(c)]. This transports the quasivoid from the left of a region
marked by the yellow dotted line to the right. As demonstrated
in the time sequence, the upper-layer particle finally fills the
quasivoid and becomes fully incorporated into the 2D layer
[Fig. 4(c)]. This annihilation of the quasivoid is also supported
by the absence of further local relaxation in this region dur-
ing even a long period of subsequent observation [Fig. 3(f)].
Therefore, by creating a quasivoid, we have generated string-
like structural relaxations which persist until the annihilation
of the quasivoid by an upper-layer particle.

To illustrate quantitatively that additional relaxation has
occurred during the lifetime of the quasivoid, Fig. 5 com-
pares a histogram of the number of hops per particle in the
laser-induced relaxation zone with that of an unaffected sur-
rounding zone. In between the creation and annihilation of the
quasivoid, particle hops are intermittent but are clearly more
frequent in the laser-affected zone than elsewhere.

The experiment on quasivoid creation and annihilation is
highly reproducible. More examples from similar experiments
and MD simulations are reported in Ref. [30]. In all experi-
ments, the ejection of a particle from the 2D layer is rapidly
followed by a stringlike motion that also transforms the cre-
ated void into a quasivoid. This indicates the high free energy
of a contiguous void, which is lowered by fragmenting into
a quasivoid due to its higher entropy. The transformation is
associated with its movement from the tail to the head of the
string as this may bring the quasivoid to a more energetically
favorable location in the neighborhood. In the annihilation
process, stringlike motions also closely precede the filling
up of the quasivoids as the activation of these strings can be
assisted by the presence of the upper layer particles.

III. MD RESULT

Next, we further verify these findings through MD simula-
tions with extensive statistics. As shown in Fig. 6(a), a particle
at position 1 is directly deleted to create a quasivoid. The
generated quasivoid then initiates a sequence of stringlike mo-
tions, and at the same time, hopping from position 1 to 6. This
is in line with observations from the colloidal experiments.
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FIG. 6. Quasivoid dynamics. (a) Trajectory of quasivoid and ini-
tial particle configuration of MD sample 1 covering a duration of 2 x
10°. (b)—(f) Subtrajectories of the quasivoid covering consecutive
time subintervals which constitute the full trajectory in (a). Arrows
in trajectories show negative particle displacements, which indicate
free-volume movements. Numbered circles denote the initial and
final quasivoid positions of the time-subinterval. (g) Time-dependent
displacement of quasivoids from a colloidal experiment and three
representative MD simulations. (h) A log-log plot of quasivoid MSD
averaged over 128 MD simulations (symbols) and a fit to a power
law (line).

Figure 6(a) shows the overall trajectory of the quasivoid while
Figs. 6(b)-6(f) illustrate the time sequence of subtrajectories
that make up the overall trajectory. Detailed definitions and
methodologies for locating quasivoid positions are provided
in the Supplemental Material. The displacement of the
quasivoid from its initial position can then be calculated. In
contrast to random hopping motions of vacancies in the crystal
[28], the quasivoid diffuses with numerous back-and-forth
motions. We further obtain the mean square displacement
(MSD) of the quasivoids averaged over 128 MD simulations
[Fig. 6(h)]. The quasivoid MSD exhibits a subdiffusive
behavior which is well-described by a power law relation

MSD/G = K,t°, 2)

where the fitted exponent o = 0.18 indicates a sublinear
scaling with time ¢.

The quasivoids created by tweezers are indistinguishable
from the intrinsic ones associated with spontaneous density
fluctuations reported in Ref. [22], based on visual observa-
tions of particle configurations and geometries of particle
trajectories they induce. They possess an excellent integrity
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as implied by the long sequences of stringlike motions with
good alignments from heads to tails. It is remarkable that the
free-volume fragments do not easily disperse as one would
expect in slight or moderate supercooling. This results from
the inability of the individual fragments to activate particle
hops and to be transported due to their small sizes.

The relevance of voids to glassy dynamics has been a
controversial problem [7-9,34,35]. In this work, the removal
of a particle primarily creates a contiguous void. Instead
of remaining contiguous or dissolving completely, it rapidly
transforms into a quasivoid with a lower free energy. There-
fore, quasivoids rather than contiguous voids are more readily
available intrinsically in glasses and can be the dynamically
dominant form of voids. It also explains why previous studies,
focusing essentially on contiguous voids, suggest only weak
correlations of voids with particle rearrangements [7-9].

Stringlike motions have been suggested to dominate glassy
dynamics [12,14,22]. Their origin is not well understood.
Using laser tweezers, this work achieves the generation of
stimulated stringlike motions at precisely controlled positions
by creating quasivoids. This provides further evidence that
voids and, in particular, quasivoids, induce stringlike motions
as proposed in Ref. [22]. Adopting the picture that particle dy-
namics are induced by a sparse population of intrinsic voids,
many phenomena of glass can be reproduced using lattice
models [26,27,36] or analytic calculations [37].

The subdiffusive behavior of quasivoids in Eq. (2) results
from the strong back-and-forth character of their motions as
exemplified in Fig. 6(g). These features are in turn caused by
the rugged potential energy landscape particles and thus qua-
sivoids experience [38]. We have proposed [22] and further
confirmed here that quasivoids facilitate particle motions. The
subdiffusive relation in Eq. (2) hence should also explain a
subdiffusive propagation of facilitated dynamics observed in
simulated glassy systems [27,39].

Quasivoids in glasses are analogous to vacancies in crys-
tals. The latter can be created via irradiation with energetic
particles. Conversely, one can also fill in vacancies with small
atoms, which suppresses diffusion and strengthens the crystal.
Analogous to semiconductors in which electron holes can be
created by doping, better controls of quasivoid creation and
annihilation for glass formers in the future may enable new
approaches for improving material properties.

IV. EXPERIMENTAL COLLOIDAL SYSTEMS

We use PMMA colloidal particles synthesized by mi-
croparticles GmbH for fabricating colloidal glass samples. To
form a glassy state, we employ a bimodal (binary) mixture of
these PMMA spheres to suppress crystallization. In this work,
we use two solutions of small (s) and large (1) PMMA parti-
cles with average diameters oy = 2.96 um and o0, = 3.77 um,
respectively, with number concentrations following a ratio of
0.55: 0.45, as measured by the manufacturer. We use o =
o1 = 2.96 um as the basic length scale for data analysis. The
diameter ratio of the big and small particles is 0, /07 = 1.27.

In all experiments, PMMA particles are immersed in water
and confined between two horizontal transparent glass plates.
The particles fall under gravity onto the lower glass plate
forming quasi-two-dimensional (2D) systems. Only a very
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FIG. 7. Experimental results: (a) An optical image of a colloidal
glass system formed by a bimodal mixture of PMMA particles. The
number of particles within view is 1583. (b) Probability density
function of particle diameters measured from the system in (a).
The fitted function (blue curve) is the mixture of Gaussian with
two components. (c¢) Coarse-grain particle trajectories in part of the
system in (a) with 120 particles. (a) and (c) The region at which
laser-induced relaxation occurs is indicated by a red box with 30
particles. A red dotted circle shows the position of the laser beam
for optical tweezing.

small fraction of particles remains in an upper layer, and they
do not noticeably perturb the 2D system unless they fall into
the bottom layer. Digital videos are then recorded at a rate of
one frame every 2 seconds using an optical microscope with
an oil immersion objective (60X) and a CCD camera. The
number of particles within an optical image is, for example,
1583 in a typical sample. All particles in the imaged region of
the 2D layer are maintained within the depth of focus during
the reported periods and all of them are successfully identified
by image analysis software. Particle tracking is performed
by image-processing codes from Ref. [40], which extract the
positions of the centers of all imaged particles at different
times. Focusing on equilibrated states, all measurements are
performed after samples have been settled for at least one day.

An optical image of the glassy system is shown in Fig. 7(a)
The region inside the red box corresponds to that shown in
Figs. 2(d)-2(f). A red dotted circle marks the location of the
focused laser beam used for ejecting a particle to the upper
layer. Figure 7(b) shows the measured probability density
function of the particle diameters.

The size of the ejected particle has a significant impact
on triggering a stringlike motion and generating a mobile
quasivoid. We have chosen to eject the small to medium-sized
particles (diameters between about 2.8 um and 3.3 um) in the
colloid. Otherwise, if a small particle is ejected, the created
free volumes can be too small to induce any motion. And, if
a large particle is ejected, it may not diffuse more than one
or two particle diameters away in the upper layer and will
likely fall back into the void. We have recorded 33 events
in which small to medium-sized particles were ejected, with
29 instances in which stringlike motions are observed. In the
remaining four cases, the ejected particles are relatively small,
but not necessarily the smallest ones. This lack of a sharp
threshold is because the free volume originally present at
the location of the ejected particle also plays a role in influ-
encing the outcome. In contrast, we find experimentally that
even a relatively small upper-layer particle can annihilate a
quasivoid and terminate further local relaxation. In preparing
our colloidal samples, we have adopted PMMA particles of
an average size optimized for the quasivoid creation process.
A large particle size reduces up-layer diffusion as already
mentioned. If too small, creating the predominantly 2D layer

064603-5



YI-DI WANG et al.

PHYSICAL REVIEW E 110, 064603 (2024)

is challenging as multilayer systems are often obtained. The
lifting of a particle also requires precisely focusing the laser
above the particle for tweezer action. Untargeted laser illu-
mination only results in increased particle vibrations without
stringlike motion.

V. MOLECULAR DYNAMICS MODEL AND METHODS

MD simulations are conducted to further support the
generality of the experimental results. All simulations are
performed by using LAMMPS [41]. We study a 2D polydis-
perse repulsive system with N = 4096 particles, with which
N = 1024 particles has been studied previously in Ref. [36].
The diameters of particles obey a uniform distribution in
the range D € [0.6815, 1.3185) with a mean diameter o = 1.
More precisely, we approximate the continuous distribution
by a discrete one with 128 possible particle diameters for
programming convenience. All simulations are executed by
using the canonical ensemble (NVT) MD method. We impose
periodic boundary conditions and a fixed simulation box size
of 64 x 64 to maintain a particle number density p = 1. A
repulsive potential and dimensionless units are used follow-
ing Ref. [29]. The repulsive potential between particles with
diameter o; and o is written as

vy =w(%)", ®)

where r is the distance between two particles and

O','+O'j
2

O',‘j =

(I —€loi — o)), 4)

where the nonadditive parameter € is 0.2, which promotes
intermixing of particles with large size differences. Using di-
mensionless units, model parameters o, m, and vy are all set to
1, where o, m, and v are mean particle diameter, the mass of
each particle, and unit of energy, respectively. To construct the
initial simulation structure, each particle is assigned a type so
that there is an equal number of particles in each type. Particle
positions are randomly distributed onto a triangular lattice in
the simulation box. Next, this system is equilibrated using a
hybrid MD and swap Monte Carlo algorithm at temperature
T = 0.1 during which the sample becomes amorphous. The
time step for the Verlet integration is A = 0.001, which is
used for all simulations in this work.

To simulate the particle removal from a 2D layer by optical
tweezers in the experiments, we randomly delete a particle
from the equilibrium system We then perform further MD
simulations to study the quasivoid dynamics and the stringlike
motions induced. Finally, we simulate the quasivoid annihi-
lation by inserting a particle at the most recent quasivoid
location, modeling the descent of an upper-layer particle to the
2D layer. To ensure successful insertion with minimal local
stress, the inserted particle is set to be of the same size as
the head particle of the last stringlike motion. The system is
further simulated to demonstrate that no or few subsequent
relaxations occur after the quasivoid annihilation.

FIG. 8. (a)-(d) Coarse-grained trajectories showing a typical
stringlike particle hopping motion from Fig. 2(f) in the main text.
Particle configuration at the beginning of the time period is also
shown. Red circles represent particles participating in the string with
large displacements (r{ > 0.8c"). Free volumes (blue areas) consti-
tuting the invaded quasivoid are determined by successive push-off
processes by the string tail particle based on mirror images of non
empty regions (yellow, green, and purple areas) along the bisectors
(red dotted lines) of the new and old positions of the pushed particles
(b)-(c). The whole set of free volume fragments of quasivoid thus
determined is shown in (d).

VI. IDENTIFICATION OF FREE-VOLUME FRAGMENTS
COMPRISING A QUASIVOID

A quasivoid consists of a number of free volumes in a
small neighborhood. We now suggest more systematic rules
to define the free volumes based on a particle push-off process
associated with a stringlike particle hopping motion. Defin-
ing the direction of a string according to the direction of
free-volume transport and that a string points from its tail to
head, a stringlike motion transports a quasivoid from its tail
to head. Considering also that a particle hop corresponds to
a displacement magnitude bigger than 0.8c, the dip of the
Van Hove correlation function, the last hopping particle in a
string is referred to as the string head particle. We then define
that a head particle directly invades a quasivoid during the
stringlike motion. As Fig. 8(a) shows, the hopping particles
(red circles) all have large displacements. The final occupied
area of the tail particle was not completely free initially. In-
stead, it consists of a free volume (blue), which is the main
fragment of the quasivoid, and two regions (yellow and green)
initially occupied by two neighboring particles. During the
stringlike motion, the two neighboring particles are pushed
away, transporting free volumes in opposite directions for ac-
commodating the tail particle. We thus locate the transported
free-volume fragments in the following way: As shown in
Fig. 8(b), we also draw the final position (blue open circle)
of one of the pushed particles as well as a straight line (red
dashed line) bisecting its initial and final positions. The yellow
region is mirrored to the opposite side of the bisection line.
The part of the mirrored region that is free [yellow region in
Fig. 8(c)] is defined as another free-volume fragment of the
quasivoid. The rest of the flipped region (green) is occupied
by another neighboring particle. Considering similarly two
further push-off and mirroring processes, we can identify two
more free-volume fragments [green and red in Fig. 8(c)]. All
these free-volume fragments of the quasivoid hence identified
are shown in Fig. 8(d). Under this definition, the free volume
fragments can be fitted together to regenerate the whole region
invaded by the string tail (see Fig. 9).

We have found that the above rule-based definition of qua-
sivoids generates reasonable geometries as the free-volume
fragments of each determined quasivoid are closely clustered
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(a , (b) ; () (d)

FIG. 9. Assembly of the quasivoid free-volumes. (a)—(c) Free-
volume fragments of a quasivoid identified in Fig. 8 can be put
together by the reversed mirroring process to generate the continuous
free volume required by the hopping motion at the tail of the string.

within a few particle diameters and are clearly relevant to
the particle hops. Noting the time-reversal symmetry of the
dynamics in equilibrium supercooled liquids, the definition
can similarly be applied to a quasivoid being vacated by the
head particle of a string. In this definition, the quasivoid at
a given position can be vacated and then invaded in two dif-
ferent consecutive stringlike motions and takes two different
geometries. We have found that these geometries nevertheless
share similar dominant free-volume fragments in general. Our
definition of quasivoid geometry is by no means the only
possible one. It is now based on the dynamics of quasivoids.
It will be interesting to define quasivoids objectively in the
future based only on the static structures.

VII. QUASIVOID TRAJECTORIES
IN EXPERIMENTS AND SIMULATIONS

We trace a quasivoid trajectory by identifying a string of
particle hopping motions during a time interval. The free
volume comprising the quasivoid is transported from one end
of the string to the other. At subsequent time intervals, the
quasivoid can generate further stringlike motions to extend the
quasivoid trajectory. The procedures are as follows:

(1) We first identify the initial quasivoid position r,(t = 0).
At t = 0, the quasivoid is situated at the previous position of
the removed particle. As shown in Fig. 6, position 1 represents
the initial quasivoid location.

(2) Identify particle hopping events. A hop at time ¢ =
nét (n=0,1,2,..) is identified by: [r{(t) —r{(t + 6t)| >
0.65 . Here, r{(¢) denotes the coarse-grained position at time ¢
obtained by Eq. (1). The time interval §t we adopt in tracing
quasivoid motion is larger than the coarsening duration Af,.
To ensure the precise tracing of quasivoids, Az, is chosen to
be sufficiently long to ensure particle vibrations are mostly av-
eraged out while it is short enough to minimize the occurrence
of hops during averaging.

(3) Determine quasivoid motion induced by particle hop.
We examine sequentially time ¢t = ndt. The quasivoid moves
if particle i hops at time ¢ and if its hopped position is
closeby to the instantaneous position of the quasivoid, i.e.

[F{(t +6t) —ry(t)] < 0.55. Then we define that the qua-
sivoid is transported to the pre-hopped position of particle
i, 1.e. ry(t + 8t) =ri{(t). Otherwise, the quasivoid’s position
is unchanged. Note that at any time ¢, the quasivoid can be
transported stepwise by multiple hops in a stringlike motion.

For our experiments and MD simulations, we adopt
8t = 258 s, At. = 178 s, and &t = 4000 (dimensionless
time), Ar. = 180, respectively. The coarse-grained position
is evaluated by averaging over 90 instantaneous positions
captured every 2 seconds for colloidal experiments while 10
instantaneous positions captured every 20 time units are used
for MD simulations. By following the procedures above, the
quasivoid positions at different times can be obtained. The
particle hops that contributed to the motions of the quasivoid
are illustrated in Figs. 6(b)-6(f). Note that each hop is de-
noted nevertheless by the minus particle displacement (i.e.,
—(r{(t + At.) —r{(t)), which indicates the direction of qua-
sivoid motion.

In summary, we have demonstrated a way to generate
dynamics-dominating local soft spots in the form of qua-
sivoids in colloidal glass by ejecting particles from a 2D
system with optical tweezers. By using digital video mi-
croscopy, we monitor particle dynamics during and after
particle ejection. A void generated from the particle ejection
process transforms into a quasivoid, which consists of frag-
mented free volumes. The quasivoid can be transported by
the stringlike motions it induces. As indicated by the gen-
eration of a sequence of well-connected stringlike motions,
a quasivoid survives multiple transportation steps that also
result in a mobile particle cluster. The sequence of stringlike
relaxations can be terminated by annihilating the quasivoid
with an upper-layer particle. This demonstrates the possibility
of manipulating local soft spots to modify glassy properties.
Our findings will shed fresh light on the fundamental under-
standing of glass.
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