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To date, there is still a lack of a comprehensive explanation for caged dynamics which is regarded as one of the intri-
cate dynamic behaviors in amorphous alloys. This study focuses on Pdg,Si;g as the research object to further elucidate the
underlying mechanism of caged dynamics from multiple perspectives, including the cage’s lifetime, atomic local environ-
ment, and atomic potential energy. The results reveal that Si atoms exhibit a pronounced cage effect due to the hindrance
of Pd atoms, resulting in an anomalous peak in the non-Gaussian parameters. An in-depth investigation was conducted
on the caged dynamics differences between fast and slow Si atoms. In comparison to fast Si atoms, slow Si atoms were
surrounded by more Pd atoms and occupied lower potential energy states, resulting in smaller diffusion displacements for
the slow Si atoms. Concurrently, slow Si atoms tend to be in the centers of smaller clusters with coordination numbers
of 9 and 10. During the isothermal relaxation process, clusters with coordination numbers 9 and 10 have longer lifetimes,
suggesting that the escape of slow Si atoms from their cages is more challenging. The findings mentioned above hold

significant implications for understanding the caged dynamics.

Keywords: caged dynamics, Pdg,Sijg amorphous alloy, fast and slow atoms, clusters, lifetime

PACS: 71.15.Pd, 64.70.pe, 61.25.Myv, 64.70.D—

1. Introduction

Amorphous alloy is a new type of metal material that is
obtained by using the rapid solidification technology of metal-
lurgy and the concept of entropy control to suppress the crys-
tallization of alloy melt and maintain the disordered structure
of the melt,[! which has attracted increasing attention because
of its unique physical and chemical properties.[>*! The mi-
crostructure and dynamic behavior of amorphous alloys have
always been the focus of research, studying the dynamic be-
havior of amorphous alloys can reveal the formation process
and structural evolution mechanism. A large number of ex-
periments and simulation results showed that the microstruc-
ture of amorphous alloys is heterogeneous. >~ The relaxation
behavior of amorphous alloys is a macroscopic manifestation
of microstructural heterogeneity in response to external ther-
mal stimulation.’®! A consensus regarding the atomic motion
mechanism within glass has been reached based on molecular
dynamics simulations, during quenching, the transport prop-
erties of a glass-forming liquid exhibit a dynamical crossover
from Arrhenius to super-Arrhenius behavior.!>>!%! The Arrhe-
nius crossover temperature 74 marks the onset of spatial het-
erogeneity correlated with dynamics.!'!! During the transi-
tion from liquid to amorphous, numerous cluster structures are
formed and atoms are trapped within these clusters, which is
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known as the cage effect.['?l When the undercooled liquid is
cooled below Ty, liquid-like motions freeze and atomic mobil-
ity becomes gradually constrained by neighbor atoms. Conse-
quently, caged dynamics below 7; become more pronounced.
Atoms’ escape from their cages necessitates overcoming bar-
riers associated with the collective rearrangement of neighbor-
ing atoms to create free space.!'?! Studies on single-atom dy-
namics in glasses have revealed that both bulk and surface
dynamics exhibit Arrhenius behavior dominated by caging
and hopping motions.!"*! The duration of caged dynamics is
shorter than 3 relaxation but longer than the boson peak, re-
sulting in nearly constant dielectric and mechanical magneti-
zation loss.!1>-17]

In the field of metallic glasses, there is still a lack of a
comprehensive explanation for the specific dynamic behav-
ior, as well as its impact on mechanical and physical prop-
erties with other relaxations.!'®! Previous research on various
metal glasses using different experimental techniques has re-
vealed that caged dynamics terminates before the onset of -
relaxation at low frequencies, indicating a coupling between
these two processes where certain attributes of one process can
be transferred or reflected in the other.!°-!1 Therefore, study-
ing caged dynamics is crucial for understanding -relaxation.

Caged dynamics play a crucial role in influencing the
glass transition, deformation behavior under stress, and sta-
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bility of amorphous structures during annealing and process-
ing, which are essential for understanding and predicting the
mechanical, thermal, and physical properties of amorphous
alloys.[??] Pdg,Si g alloy with a deep eutectic composition is
a typical material for studying the formation and properties
of amorphous alloys.[>>-2>] Due to significant differences in
atomic size and chemical properties between eutectic alloys
compared to single-phase alloys, eutectic alloys exhibit more
complex dynamic behaviors.!?®! Therefore, this study selects
Pdg,Sig as the research subject to reveal the mechanism of
caged dynamics from the perspectives of differences between
fast and slow atoms and the cage’s lifetime.

2. Method

LAMMPS (large-scale atomic molecular massively par-
allel simulator) was used to simulate the rapid solidification
process of Pdg,Sijg liquid alloy at 0 GPa. 5 x 10* atoms
(4.1 x 10* Pd atoms and 9 x 103 Si atoms) were randomly
placed in a cubic box, and each atom was assigned an iden-
tity document. The numerical integration of atomic motion

[27) velocity algorithm, and the time step

employed the Verlet
used to integrate the equations of motion is chosen as 2 fs. The
embedded-atom method (EAM) potential was used to describe
the interactions between atoms.?8! Firstly, the system was al-
lowed to relax at a constant temperature of 2100 K for 1x10°
steps (2 ns) to achieve melting and equilibrium. Subsequently,
the temperature was decreased at a cooling rate of 10! K/s
to the temperature of interest. Finally, each system was al-
lowed to relax at the constant temperature of interest for 10 ps.
With recordings of temperature, atomic coordinates, potential
energy, and other information every 5 steps.

3. Results and discussion

Mean square displacement (MSD) describes the deviation
of the particle’s movement from a reference position over time,
serving to characterize the diffusion behavior and mechanisms
of particles. The calculation formula of MSD is as follows:

N
(ar (1)) = <11, L [rs(t+10) = (to)|2>, (1
=

where r;(to) is the position of the particle at the initial time,
rj(t+to) is the position of the particle after a period of time ¢,
and (-) donates the ensemble average.

The utilization of non-Gaussian parameters (NGP) en-
ables the investigation of the dynamic non-uniformity of the
system. The corresponding formula is outlined as follows:

4
ozz(t):?)<r7(t)>2—17 2)
5(r2 (1))
where (r? (1)) is the MSD of the system, and the o (¢) indi-
cates the degree of deviation from the Gaussian distribution.

It is frequently employed to delineate the kinetic behavior of
amorphous materials.
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Fig. 1. The variation of the mean square displacement with time during
isothermal relaxation at different temperatures: (a) Si atoms and (b) Pd
atoms.

According to the literature,*®! the glass transition tem-
perature of Pdg,Sijg was approximately 730 K when the rapid
solidification process was simulated by the molecular dynam-
ics method. Pdg;Si;g that rapidly solidified to 1500 K is in
a melt state; when rapidly solidified to 900 K, it becomes an
undercooled liquid and upon further cooling, transitions to the
solid phase. To explore the caged dynamics of the system be-
fore the fB-relaxation occurred, isothermal relaxation was per-
formed at different temperatures. Figure 1 shows the MSD of
Pd and Si atoms in the Pdg,Sijg amorphous alloy system dur-
ing isothermal relaxation at different temperatures. The MSD
exhibits the expected ballistic behavior with a short period
of time, atoms can move unhindered within clusters, and the
MSD curve shows almost linear growth. When atomic move-
ment is constricted by the surrounding atoms, the diffusion is
hindered, leading to a decline in the slope of the MSD curve,
this phenomenon known as the cage effect, has been exten-
sively documented in the scientific literature. f3-relaxation oc-
curs after the atoms break the cages. It can be observed from
Fig. 1(b) that Pd atoms are not confined within the cages, to put
it another way, they rapidly break their cages and first partici-
pate in f-relaxation, thereby making a significant contribution
to B-relaxation of the system. However, Si atoms experience
a robust cage effect before 0.08 ps; the onset of -relaxation
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of Si atoms occurs when their cages are disrupted. Pd and
Si atoms in Pdg,Sijs amorphous alloys demonstrate different
caged dynamics during isothermal relaxation. It can also be
observed from Fig. 1 that as the temperature decreases, the
cage effect of Si atoms becomes more obvious, the cage effect
of Si atoms is most prominent in the solid Pdg,Sig alloy at
300 K.

Figure 2 depicts the temporal evolution of NGP for
Pd atoms and Si atoms during the isothermal relaxation of
Pdg,Si;s alloy at 300 K. The ; () of Si atoms shows an ab-
normal peak at 0.08 ps in Fig. 2, indicating that the motion
of Si atoms is heterogeneous. The diffusion of Pd atoms con-
forms to the evolution law of atoms that in most systems; 3]
the value tends to zero within a brief interval, reaching a peak
over time; as time progresses further, the curve gradually de-
cays from the peak value to zero. It is evident that Pd atoms
serve as the rapidly moving atoms, while Si atoms represent
the slower ones in the Pdg,Si;g alloy. Next, an in-depth anal-
ysis of the fast and slow atomic behavior of Si atoms with an
anomalous Gaussian peak will be conducted to gain a compre-
hensive understanding of the effects of these distinct atomic
motions on the dynamical heterogeneity of the system and
to elucidate the correlation between caged dynamics and f3-
relaxation. The way to isolate fast and slow atoms is by calcu-
lating the selfpart of the time-dependent Von Hove correlation
function with Ar = 0.08 ps, and the function is defined as

1
Gs(rat) =X

i5(r+rj(0>—rj<t)) - 3)
N bt
j=

As shown in Fig. 3, identifying 10% of Si atoms as fast atoms
and 10% of Si atoms as slow atoms based on atomic displace-
ment during Ar = 0.08 ps. The fast Si atoms are those with
displacement exceeding 0.2291 A during Ar, while the slow
Si atoms are those with displacement less than 0.0629 A dur-
ing At. It can be observed from Fig. 3 that within 0.08 ps,
the displacement of Si atoms is primarily confined to a small
displacement region, while the displacement of Pd atoms is
predominantly situated in the large displacement region. Con-
sequently, Pd atoms contribute significantly to the overall dif-
fusion displacement. The time evolution of the MSD for both
fast and slow Si atoms during the isothermal relaxation pro-
cess at 300 K is shown in Fig. 4. Compared with fast Si
atoms, slow Si atoms have a shorter ballistic region with less
diffusion before experiencing cage effects. The MSD of slow
Si atoms decreases significantly before 0.08 ps, and the onset
of caged dynamics is also earlier than that of fast Si atoms.
Due to the presence of fast atoms, even though slow atoms
gradually reduce their deviation from their initial positions be-
cause of the cage effect, the fast atoms have already deviated
far from their initial positions, resulting in obvious changes
in the local structure of the system. From 0.08 ps onwards,

the slow Si atoms randomly leap from their cages and enter
the B-relaxation; this occurs concurrently with the cracking
of their cages. The findings mentioned above indicate that
slow Si atoms face a greater challenge in escaping their cages
before B-relaxation, as they are bound by more surrounding
atoms in comparison to fast Si atoms. The prominence of their
caged dynamic behavior results in the emergence of local het-
erogeneity in the system’s dynamics, and suggests a lag in the
occurrence of -relaxation for slow Si atoms.
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Fig. 2. The evolution of the non-Gaussian parameter of Pd and Si with
time during the isothermal relaxation process at 300 K.
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Fig. 3. Von Hove correlation functions of Pd, Si, and the system with
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Fig. 4. The variation of the mean square displacement of slow and fast
Si atoms with time at 300 K.

In order to investigate the correlation among dynamic be-
havior, relaxation, and microstructure, as well as further an-
alyze the reasons for the pronounced cage effect experienced
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by slow Si atoms, the local environment of both fast and slow
Si atoms was analyzed. The radial distribution function!3!l is
a frequently employed technique to describe the spatial distri-
bution of particles. It refers to selecting a particle as a refer-
ence point in the system, and then the correlation and distri-
bution between other particles and the reference point are in-
vestigated. Figure 5 shows the partial radial distribution func-
tions of fast and slow Si atoms to Pd atoms at the beginning
of isothermal relaxation. As illustrated in Fig. 5, it can be
observed that the first peak of gsi_p4(r) for slow Si atoms is
significantly higher than that for fast Si atoms, which means
that more Pd atoms are around the slow Si atoms. Figure 5
further provides the number of first nearest neighbor Pd atoms
for fast and slow Si atoms which were searched with the dis-
tance of the first peak appearing. It can be seen that there are
3.2 Pd atoms around each slow Si atom (Ns), while only 2.9 Pd
atoms around each fast Si atom (Ng). Pd atoms are larger in
size compared with Si atoms, so slow Si atoms show a more
pronounced cage effect than fast Si atoms. In the face of small-
size Si atoms or Pd atoms of the same size, Pd atoms break
through their cages more quickly, with a less pronounced cage
effect. Materials tend to evolve towards low potential energy
based on the principle of minimum potential energy,*?! and
this also applies to relaxation and aging in amorphous mate-
rials. Figure 6 shows the relationship between the potential
energy of fast and slow Si atoms over time within the range of
0 ps—1 ps. The potential energy of slow atoms is lower than
that of fast atoms, with slight fluctuations observed in the for-
mer, while a clear downward trend is evident in the latter. This
indicates that slow atoms are in a relatively stable state with
low potential energy. However, fast atoms possess higher po-
tential energy and are less stable, gradually evolving towards
lower potential energy as time progresses.

The differences in caged dynamics of fast and slow Si
atoms, along with their underlying causes, have been given a
preliminary explanation. Atoms are in a specific local envi-
ronment. To gain a deeper understanding of the local struc-
ture of fast and slow Si atoms, the cluster-type index method-
3 (CTIM-3)1334 was employed to search and characterize
atomic local structures. CTIM-3 is an extended cluster-type
index method derived from the H-A [ bond-type index to
describe the topological structures of different atomic clus-
ters. In this method, nine integer indexes (N, ny, ny, n3, na,
ns, ng, n7, ng) are assigned to denote different types of basic
clusters which are defined as a group of atoms bound together
with a central atom as the core surrounded by the nearest-
neighbor atoms, where N is the coordination number (CN),
scilicet, is the number of nearest-neighbor atoms of the cen-
tral atom, and ni, ny, n3, ng4, ns, ng, n7, and ng in turn denote
the numbers of 1441, 1551, 1661, 1421, 1422, 1541, 1431,
and 1321 bond-types. Face-centered-cubic (fcc) and body-

centered-cubic (bcc) clusters can be expressed by (12 0 0 0
120000)and (146080000 0).

8 Ng=3.2
Np=2.9

6F —— Slow atoms
= —— Fast atoms
K]
Lo4r
w0
>
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Fig. 5. The gs;_pa(r) for slow and fast Si atoms.
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Fig. 6. The variation of potential energy with time of slow and fast Si atoms.
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Table 1 lists the most common cluster types with fast and
slow Si atoms as centers at the beginning of relaxation (0 ps)
and at 0.08 ps, along with the likelihood of these cluster types
possessing fast or slow atoms as their centers. The data at
0 ps and 0.08 ps in Table 1 and Table 2 exhibit similar rules
as follows: Slow Si atoms are primarily located at the center
of (10 2/1441 8/1551) clusters, while fast Si atoms mainly re-
side in the core of (11 2/1441 8/1551 1/1661) clusters. The
highest probability centers on slow Si atoms cluster types are
(9 171441 4/1551 4/1431) and (9 3/1441 6/1551), followed by
(10 2/1441 8/1551); (12 2/1441 8/1551 2/1661) is the clus-
ter with the highest probability of having a fast atom as its
central atom, followed by (11 1/1441 6/1551 2/1541 2/1431)
and (11 2/1441 8/1551 1/1661). In other words, slower Si
atoms exhibit a greater propensity to occupy the core of clus-
ters with lower coordination numbers (CN =9, 10), whereas
fast Si atoms are more likely to be in the center of clusters
with higher coordination numbers (CN =11, 12).

The aforementioned analysis demonstrates that slow
atoms possess lower potential energy and tend to be the core
of clusters with lower coordination numbers (CN =9, 10). In
comparisons, fast atoms possess higher potential energy and
tend to be the core of clusters with higher coordination num-
bers (CN =12, 11). How does being at the center of differ-
ent clusters affect the diffusion motion and energy state of
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atoms? A comprehensive analysis of several representative
cluster types is conducted to elucidate this issue.

Figure 7 is the MSD of Si atoms at the center of different
clusters with time, the diffusion displacement in the ballistic
region is minimal for Si atoms with CN =9, and with an in-
crease in CN, the diffusion displacement of Si atoms in the
ballistic region increases.

=
(% 10—2
= (9 3/1441 6/1551)
—— (10 2/1441 8/1551)
(11 2/1441 8/1551 1/1661)
— (12 2/1441 8/1551 2/1661)
102 10! 100

t (ps)
Fig. 7. The variation of MSD of Si atoms at the center of different
clusters with time.
Figure 8 shows the average distance between the central
atom and coordinating atoms in clusters with different coordi-
nation numbers, serving as a rough approximation for the ra-

dius of irregular clusters. From Fig. 8, it can be observed that
the cluster radii of (9 3/1441 6/1551) and (10 2/1441 8/1551)
are smaller than those of (11 2/1441 8/1551 1/1661) and (12
2/1441 8/1551 2/1661). Indicating that atoms within clusters
CN =9 and 10 have a smaller range for free motion, resulting
in less displacement in the ballistic region; they are also con-
strained by cages earlier. Consequently, these atoms exhibit
small displacements within a time frame of 0.08 ps, making
them slow atoms.

2.75} [ |
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245
\
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Fig. 8. The average distance between the center atom and the coordina-
tion atom of different clusters at O ps.

Table 1. The most common cluster types with fast and slow Si atoms as centers at the beginning of relaxation (0 ps), along with the probability of these

cluster types possessing fast or slow atoms as their centers.

Fast atoms Slow atoms
Cluster Number Probability Cluster Number Probability

(11 2/1441 8/1551 1/1661) 125 0.1189 (10 2/1441 8/1551) 162 0.1153
(10 2/1441 8/1551) 108 0.0769 (112/1441 8/1551 1/1661) 97 0.0922

(10 1/1441 5/1551 1/1541 3/1431) 80 0.1047 (9 171441 4/1551 4/1431) 81 0.1375
(11 1/1441 6/1551 2/1541 2/1431) 35 0.1417 (10 1/1441 5/1551 1/1541 3/1431) 81 0.1060
(10 3/1441 6/1551 1/1661) 35 0.1080 (9 3/1441 6/1551) 69 0.1226
(12 2/1441 8/1551 2/1661) 30 0.1676 (10 3/1441 6/1551 1/1661) 28 0.0864

Table 2. The most common cluster types with fast and slow Si atoms as centers at the beginning of relaxation (0.08 ps), along with the probability of

these cluster types possessing fast or slow atoms as their centers.

Fast atoms Slow atoms
Cluster Number Probability Cluster Number Probability

(11 2/1441 8/1551 1/1661) 118 0.1146 (10 2/1441 8/1551) 149 0.1041
(10 2/1441 8/1551) 115 0.0804 (11 2/1441 8/1551 1/1661) 96 0.0932

(10 1/1441 5/1551 1/1541 3/1431) 77 0.0997 (9 1/1441 4/1551 4/1431) 88 0.1472
(10 3/1441 6/1551 1/1661) 34 0.1147 (10 1/1441 5/1551 1/1541 3/1431) 85 0.1101
(11 1/1441 6/1551 2/1541 2/1431) 33 0.1364 (9 3/1441 6/1551) 79 0.1540
(12 2/1441 8/1551 2/1661) 32 0.1584 (10 3/1441 6/1551 1/1661) 26 0.0878

Figure 9 further shows the potential energy of these
atoms, the Si atoms with CN =9, 10 are in a relatively stable
state with lower potential energy. All in all, compared with
clusters with CN =11 and 12, clusters with CN=9 and 10
exhibit lower potential energy, smaller displacements, and are
confined by smaller cages. The findings suggest that in the

Pdg,Sijg amorphous alloy, clusters serve as cages to confine

Si atoms; the smaller the CN of Si atoms, the smaller their
cages and MSD, and the lower their potential energy before
B-relaxation occurs.

Since 0.08 ps, Si atoms have randomly jumped out of
their cages, leading to cage disintegration and subsequent
entry into f-relaxation. To investigate the lifetime of clus-

ters during the relaxation process, the initial point was set at
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Fig. 9. The variation of the potential energy of Si atoms located in dif-
ferent cluster centers with time.
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Fig. 10. Distribution of lifetime of different types of clusters: (a) dura-
tion of continuous existence and (b) final appearance time.

0.08 ps. The duration of continuous existence of clusters from
0.08 ps to 1 ps, as well as the time of the last appearance of
clusters, were analyzed, as illustrated in Fig. 10. The former
only considered the continuous existence of clusters in the re-
laxation process, and its duration would cease if the cluster
structure changed at a certain time, the latter ignores the al-
terations in cluster structure during the relaxation process and
instead focus on the time when the cluster last appears; this
time interval is then considered as the cluster lifetime. Fig-
ure 10(a) shows the distribution of continuous existence dura-

tion. The likelihood of clusters with CN = 11 and 12 terminat-
ing within a short time is higher compared with that of clusters
with CN =9 and 10; clusters with CN =11 and 12 exhibit a
lower probability of continuous existence up to 1 ps than clus-
ters with CN=9 and 10. This means that the first way of
exploring lifetime suggests that clusters with CN =9 and 10
have a longer lifetime. The distribution of the time that the
clusters’ final appearance is shown in Fig. 10(b). On the one
hand, clusters with CN =11 and 12 have a higher probability
of disappearing in a short period compared with clusters with
CN =9 and 10; on the other hand, clusters with CN =9 and
10 have a higher probability of persisting for longer periods
than clusters with CN = 11 and 12. In other words, the second
method confirms that clusters with CN =9 and 10 have longer
lifetimes. The conclusions obtained by two different methods
of exploring lifetime are essentially consistent. In summary, in
Pdg,Sii3 amorphous alloy, low-coordinated (CN =9, 10) clus-
ters centered around Si have longer lifetimes compared with
high-coordinated (CN =12, 11) Si-centered clusters. There-
fore, their cages are more difficult to break, making it harder
for the confined Si atoms to escape.

4. Conclusion

The caged dynamics of Si atoms in Pdg>Sijg amorphous
alloys at low temperatures were investigated by molecular dy-
namics simulations. The emergence of an anomalous peak in
the NGP of Si atoms was observed at 0.08 ps, and its decline
signified that Si atoms escaped their cages and entered into f3-
relaxation. Notable disparities were observed in the caged dy-
namics of both fast and slow Si atoms. This was attributed to
the fact that slow Si atoms, being in a state of lower potential
energy, were surrounded by more large-sized Pd atoms that
hindered their diffusion, thereby rendering their cages bind-
ing more robust compared with fast Si atoms, which were in
a state of higher potential energy. We observed that slow Si
atoms tend to be situated in the center of clusters with CN =9
and 10, while fast Si atoms tend to be in the center of clusters
with CN =11 and 12. Slow atoms are surrounded by a higher
concentration of Pd atoms and are caged by smaller clusters,
resulting in less freedom of movement in the cluster, earlier
onset of the cage effect, and lower potential energy. The find-
ings reveal that the lifetime of clusters with CN =10 and 9 is
longer than that of clusters with CN =11 and 12. This indi-
cates that the cage-like structure of the former is more chal-
lenging to break, and the atoms in its center are more diffi-
cult to escape from the confinement. The investigation is of
great significance for understanding the mechanism of caged
dynamics in binary alloys and provides certain guidance for
exploring the glass transformation, diffusion, and deformation
of amorphous alloys.
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